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  Pref ace   

 Our goal with radiation therapy (RT) is to improve the therapeutic ratio, which 
means to kill cancer cells without increasing normal cell-kill adjacent to the cancer 
cells. A signifi cant advance in RT to improve the therapeutic ratio has been partly 
achieved by application of intensity-modulated radiation therapy (IMRT). IMRT 
has shown improvement of conformality to give a higher dose to the target volume 
and a lower dose to the surrounding normal tissue, especially in organs at high risk 
for toxicity. IMRT has provided us the opportunity to give a simultaneous boost to 
intensify the dose to the gross tumor volume (GTV) and a decreased dose to the 
clinical target volume (CTV). 

 Since the start of IMRT in the mid-1990s, much clinical evidence of the advan-
tage of IMRT has been collected. Now, IMRT is a standard RT technique and is 
widely used for many tumor sites. The number of patients treated by IMRT is 
increasing in Japan, although the clinical application is limited compared with that 
in the United States. One reason for this limitation may be related to the diffi culty 
of treatment planning and quality assurance (QA) for IMRT. It is not easy to carry 
out appropriate treatment planning with high-quality control of IMRT in daily 
 practice. One of the reasons that IMRT has not been used more often in Japan is that 
there is a lack of medical physicists and dosimetrists in Japan, unlike the United 
States. 

 This book is an attempt to provide collected clinical evidence of IMRT with the 
appropriate advanced techniques of IMRT for clinicians and physicists. Several 
books on IMRT were published in the early 2000s. However, clinical evidence was 
scant at that time. In addition to the now-accumulated evidence for IMRT, the 
 techniques for IMRT also have progressed. As an example, tumors and normal 
 tissues move with time, and this movement may be clinically signifi cant from 
 second to second, day to day, week to week, or longer. It has been demonstrated that 
image- guided RT (IGRT) and/or adaptive RT (ART) are clinically advantageous for 
IMRT of these moving targets. Combined with a molecular imaging technique 
using PET/CT, IMRT based on molecular imaging will be soon available. This book 
covers these recent advances in IMRT. 

 In Part I, on foundations and techniques, the history, principles, quality assur-
ance, treatment planning, radiobiology, IGRT, ART, and related topics of IMRT are 
presented. In Part II, on clinical application, several case studies including 
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contouring and dose distribution with clinical results are described, following the 
 description of indications and a review of clinical evidence for each tumor site. 

 While we were making plans to publish this book in 2013, our close friend 
Dr. K. Kian Ang, Professor of Radiation Oncology, Gilbert H. Fletcher Memorial 
Distinguished Chair, Department of Radiation Oncology, The University of Texas, 
MD Anderson Cancer Center, suddenly passed away. Dr. Ang was a great radiation 
oncologist, and produced signifi cant achievements on RT for head and neck cancer, 
which included IMRT. The authors of this book are well recognized for their exper-
tise in their respective fi elds both in Japan and the United States. In addition, all 
authors respected Dr. Ang very much and were greatly saddened by his sudden 
death. Thus, we decided this book should be dedicated to the memory of 
Dr. K. Kian Ang. 

 We would like to acknowledge Ms. Tamaki Yamamoto and Ms. Yoko Arai, 
Editorial Department, Springer Japan KK, for their signifi cant contribution in edito-
rial work on this book. The publication of the book was supported in part by a 
Grant-in-Aid for Cancer Research (H23-009, H26-090) from the Ministry of Health, 
Labour and Welfare of Japan. Finally, we hope that the information contained in this 
book will serve as a valuable resource for daily practice for many radiation oncolo-
gists and medical physicists.  

    Osaka-Sayama ,  Osaka ,  Japan      Yasumasa     Nishimura    , M.D., Ph.D   
   Houston ,  TX ,  USA      Ritsuko     Komaki    , M.D., F.A.C.R., F.A.S.T.R.O.      
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1.1         IMRT: General Overview and Early History 

 There are several published historical reviews of intensity-modulated radiation ther-
apy (IMRT), and this brief review will not recapitulate ground admirably covered by 
others [ 1 – 3 ]. The purpose of this review is to provide an experiential narrative that 
documents the emergence of IMRT beginning with the treatment of the fi rst IMRT 
patient. 

 Briefl y, IMRT is an advanced process of radiation therapy used to treat malignant 
and nonmalignant diseases. IMRT uses special beam modifi ers to vary or modulate 
the intensity of the radiation over the fi eld of delivery. The purpose is to manipulate 
the beam so that when all the radiation delivery is considered, the dose conforms 
closely to the tumor or target volume within the patient. IMRT may use multiple 
radiation beams of varying sizes and varying intensities to irradiate a tumor with 
precision and accuracy. The radiation intensity of each part of the beam is con-
trolled, and the beam shape may change or multiple beams used throughout each 
treatment. The goal of IMRT is to shape the radiation dose to avoid or reduce expo-
sure of healthy tissue and limit the side effects of treatment while delivering a thera-
peutic dose to the cancer. 

 Three-dimensional conformal radiation therapy (3DCRT) is a technique where 
the beams of radiation used in treatment are shaped to match the tumor. 3DCRT 
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technology emerged during the 1980s as CT information became more widely 
available and special computer platforms were developed to model the depiction 
and deposition of radiation dose over a CT image template. Previously, radiation 
treatments matched the height and width of the tumor, meaning that substantial 
healthy tissue was exposed to the full strength of the radiation beams. Advances in 
imaging technology made it possible to visualize and treat the tumor more precisely. 
Conformal radiation therapy uses the CT image targeting information to focus pre-
cisely on the tumor while avoiding the healthy surrounding tissue. This exact target-
ing made it possible to use higher levels of radiation in treatment, which are more 
effective in shrinking and killing tumors. 

 While 3DCRT planning and delivery allows for accurate dose conformity to 
irregular shapes, there are still limitations in the corrections that could be made. As 
its name implies, intensity-modulated radiation therapy allows the modulation of 
the intensity or fl uence of each radiation beam, so each fi eld may have one or many 
areas of high-intensity radiation and any number of lower-intensity areas within the 
same fi eld, thus allowing for greater control of the dose distribution with the target. 
Also, with IMRT, the radiation beam can be broken up into many “beamlets,” and 
the intensity of each beamlet can be adjusted individually. By modulating both the 
number of fi elds and the intensity of radiation within each fi eld, we have limitless 
possibilities to sculpt radiation dose. In some situations, this may safely allow a 
higher dose of radiation to be delivered to the tumor, potentially increasing the 
chance of a cure [ 4 ,  5 ]. 

 The concept of inverse planning for intensity-modulated radiation therapy was 
fi rst elucidated by Anders Brahme [ 6 ]. His article was the fi rst that demonstrated 
intensity-modulated fi elds of radiation would lead to more conformal dose distribu-
tions that would spare normal tissue. The fi rst article dealt with the problem of 
inverse planning a target with complete circular symmetry. The article demonstrated 
how to generate an annulus of uniform dose around a completely blocked central 
circle by rotating a modulated beam profi le. 

 Brahme later showed how inverse planning conceptually reverses the CT imag-
ing planning process [ 7 ]. With CT, radiation beams are analyzed using a computer 
to produce an image. With inverse planning, the image, which is the ideal prescrip-
tion for three-dimensional dose deposition, is generated by the physician as an input 
problem into a computer. The computer determines the position, shape, and inten-
sity of the radiation beams (or the beamlets) to produce this ideal 3D dose delivery, 
thus fulfi lling the prescription. Thus, the physician begins with the (ideal prescrip-
tion) image and ends with the IMRT radiation beams. 

 The clinical implementation of forward planning IMRT is relatively easy, 
because it is closely related to conventional planning. Conventional forward plan-
ning mostly depends on the geometric relationships between the tumor and nearby 
sensitive structures. Time and effort requirements for quality assurance, planning, 
and delivery are similar to the experiences obtained with conformal radiotherapy. 
Manual defi nition of the segments leads to intuitive choices of the segment shapes 
based on the beam’s eye view option of the planning system. Forward planning 
IMRT continues to be useful for the breast [ 8 ] and head & neck [ 9 ]. 

M.D. Mills and S.Y. Woo
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 In comparison, inverse planning is less dependent on the geometric parameters 
but more on specifi cation of volumes of tumor targets and sensitive structures, as 
well as their dose constraints. Inverse planning is far less related to conventional 
radiotherapy because the segment shapes are not defi ned manually and the number 
of segments is usually considerably larger. There are on occasion complex clinical 
situations which require the use of many beam directions and segments. In these 
cases, inverse planning may be the more effi cient strategy. 

 At this point in time, the spatial technology and physics-based solutions are more 
advanced than our biological technology. Although we have the capability to plan 
and calculate doses accurately to within millimeters (or better), we are limited in 
our ability to identify microscopic disease with such accuracy and precision. We are 
also limited by the diffi culties of immobilizing a patient for the time duration of an 
entire IMRT treatment (typically 15–30 min). Both patients and tumors move con-
sequent to voluntary movement and involuntary motion such as peristalsis and res-
piration. Additionally, patients often lose weight over the course of the treatment. 
This renders the dosimetry inaccurate, and at some point the planning process must 
be redone. The next direction in radiation oncology is to account for this movement 
and is being called four-dimensional (4D) conformal radiotherapy (CRT), a logical 
progression from 3DCRT. Researchers have recently developed megavoltage cone- 
beam CT (MVCBCT) for clinical use. MVCBCT will allow the reconstruction of 
the actual daily delivered dose based on the patient’s anatomy in real time. This will 
lead to “adaptive radiotherapy,” the modulation of prescription and delivery based 
on the actual daily delivered dose, as opposed to planned dose [ 10 ]. 

 IMRT creates and delivers a designed and prescribed three-dimensional dose 
distribution within a patient. In principle, modulated beams of radiation can be pro-
jected from any direction; however, most IMRT technologies do not enjoy this level 
of fl exibility. This discussion will only consider those technologies that use copla-
nar beam directions as these are commercially available. The beams may be narrow 
(0.5–2.0 cm) fan beams, modulated in one dimension; this delivery system is termed 
“tomotherapy.” The other major delivery schema uses divergent cone beams modu-
lated in two dimensions. The modulation may be performed using milled metal 
(usually brass) blocks. More commonly, the modulation is accomplished by moving 
the leaves of the multileaf collimator. This may occur while the leaves are stationary 
during the time the beam is on (step-and-shoot IMRT), while the leaves move while 
the beam is on (dynamic MLC IMRT), or while both the leaves and the gantry move 
with the beam on (volumetric modulated arc therapy). For each of these techniques, 
delivery consists of a series of beam confi gurations each associated with a specifi c 
linear accelerator gantry angle. For each beam angle, a coplanar modulated beam is 
projected toward the isocenter. 

 Consider the fan beam delivery technology discussed above. The narrow beam 
rotation of a series of fan beams around a patient generates a dose distribution 
within a slice. This is conceptually analogous to the slice thickness of a CT (com-
puterized tomography) scanner; therefore, this delivery technique was called tomo-
therapy. The fi rst 2D IMRT unit consisted of add-on hardware to a conventional 
linear accelerator; it was the NOMOS Peacock unit [ 11 ]. Later, a helical 
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tomotherapy unit was introduced to the marketplace, the TomoTherapy Hi-Art unit 
[ 12 ]. Continuing the CT analogy, to get a three-dimensional image representation of 
a patient from a CT scanner, it is necessary to capture and present multiple image 
slices. These CT slices may consist of a series of serial slices or a continuous helical 
slice. In order to deliver the three-dimensional IMRT dose distribution in tomo-
therapy, it is necessary to irradiate the serial or helical series of slices with the 
patient being positioned along the axis of rotation. In CT scanning, the axial resolu-
tion is limited by the slice thickness; similarly, in tomotherapy the axial resolution 
of the dose distribution is limited by the slice thickness. The parallels between CT 
scanners and tomotherapy treatment machines are seen in the ongoing development 
of the technology. The fi rst applications of tomotherapy are being delivered one 
slice at a time, requiring accurate indexing of the patient between slices. The more 
modern development of helical tomotherapy in which the patient is moved continu-
ously through the rotating fan beam can be compared with spiral (strictly helical) 
CT. Tomotherapy is an excellent choice for certain patient disease presentations 
such as head & neck cancer and some thoracic malignancies.  

1.2     Early Phase, 1992–2002 

 Although the concept of IMRT and early algorithm for planning were developed in 
Sweden [ 6 ,  7 ], clinical application did not begin until a fully integrated IMRT plan-
ning and delivery system, namely, the NOMOS Peacock system, was invented and 
commissioned in 1993 by the collaborated effort between NOMOS [ 13 – 15 ] and 
Baylor College of Medicine/the Methodist Hospital (Houston, TX, USA). After 
obtaining investigational device exemptions and protocol approval by Baylor’s 
Investigational Review Board, the fi rst patient with brain metastases was to have 
three brain tumors treated simultaneously using IMRT in September 1993. However, 
at the eve of the treatment day, an exhaustive quality assurance (QA) testing discov-
ered a glitch in the MIMiC collimator. The treatment was therefore canceled. After 
modifi cation of the sensors for the moving vanes of the MIMiC was done and cor-
rection of the glitch was achieved, the fi rst patient with a recurrent retropharyngeal 
cancer was treated by the Peacock system in March 1994. The initial patients (adults 
and children) were those with tumors in the brain or head & neck region where rigid 
fi xation of the head by the invasive “Talon” system was used. A detailed QA system 
was developed [ 16 ]. Comparison between IMRT plan and stereotactic radiosurgery 
plan or three-dimensional (3D) conformal plan was performed [ 17 ,  18 ]. Several 
institutions such as Tufts New England Medical Center, University of Connecticut, 
and University of Washington and a radiation oncology practice in Pittsburg and one 
in Phoenix soon began treating patients with the Peacock system. 

 The rollout of the NOMOS Peacock IMRT system occurred in the summer of 
1995. There was a concern that this paradigm shift of treatment delivery could 
deliver less than a tumoricidal dose to a portion of the target each day, depending on 
the plan confi guration. There was much discussion and debate at this conference 
about what was the optimal beam confi guration for IMRT. There was general 
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consensus that energy between 6 and 10 MV photons was acceptable, with the over-
all optimal energy being about 8 MV. 

 By 1996, investigators at the Memorial Sloan Kettering Cancer Center began 
IMRT treatment for prostate cancer with the Varian dynamic multileaf collimator 
[ 19 ]. By July 1997, over 500 patients in the USA have received IMRT using the 
Peacock system. Early results have been reported [ 20 – 23 ]. Institutions such as 
Stanford University; UC, San Francisco; University of Washington; and others 
(including a few in Europe) all started to investigate the clinical use of IMRT. It was 
gradually recognized that rigid immobilization with an invasive device was not nec-
essary for the majority of patients. There was quite a controversy when the use of a 
rectal balloon for treatment of prostate cancer was introduced [ 24 ]. Nonetheless, 
many investigators eventually recognized the value, and later, rectal balloon was 
adopted for proton therapy of prostate cancer. The early reports of clinical results of 
IMRT were single institutional reports but provided tentative evidence of reduced 
toxicity with IMRT [ 24 – 27 ]. 

 A few important lessons were learnt during this period:

    1.    Understanding 3D anatomy on computerized tomography (CT) and magnetic 
resonance (MR), as well as the locoregional pathway of the spread of cancers, 
is of paramount importance when deciding on targets for treatment planning.   

   2.    Signifi cant improvement on the understanding of partial volume organ-at-risk 
tolerance is needed.   

   3.    Treating with IMRT most tumors at a particular site (rather than just the most 
challenging cases) would more rapidly improve the skill, quality, and safety of 
the entire radiation oncology team.   

   4.    Using IMRT for the entire course of treatment would more likely achieve the 
benefi t of IMRT than using IMRT as a “boost” following the conventional 2D 
treatment.   

   5.    A rotational IMRT technique could improve the treatment plan over static 
IMRT fi elds by increasing the “degrees of freedom” for beam angles.   

   6.    If rotational technique is used, noncoplanar beams in most instances do not 
signifi cantly improve the dose distribution over coplanar beams.   

   7.    The fl attening fi lter in an accelerator is not necessary for IMRT.   
   8.    A higher dose rate (than that in a standard accelerator), because of the large 

monitor units required for IMRT, is desirable.   
   9.    Beam energy higher than 10 MV is not necessary.   
   10.    An accelerated fractionation scheme could be delivered once a day without 

resorting to multiple fractions per day [ 20 ].   
   11.    A rigorous quality assurance (QA) system is mandatory [ 16 ].   
   12.    Although the planning algorithm is an “inverse” process, the choice between 

the coverage of the target by the prescribed dose and the dose constraint to the 
adjacent organ(s) at risk dictates the parameter input into the planning com-
puter to start the iteration. This is still a “forward” and somewhat “experienced- 
based” process.     

1 History of IMRT
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 The technical transition from conformal radiotherapy to IMRT was not always 
smooth. This was substantially because the two treatment systems had their own 
processes and terminologies. There was not a smooth path of connection between 
them, nor were there common terms of evaluation. There were often trade-off deci-
sions to be made. For prostate patients, do we accept a lower rectum dose at the 
expense of a higher integral dose to the pelvis? Do we need and desire the dose 
escalation IMRT allows? Does the added complexity and cost of IMRT planning, 
verifi cation, and delivery justify itself in terms of benefi t to the patient? Pretreatment 
dose verifi cation of the isodose curve plan became an important part of the quality 
assurance process, and for good reason. During the initial years of implementation, 
the accuracy of the treatment plan was not trusted by both physicians and physicists. 
Many patients were delayed and plans redone before treatment could begin with 
assurance of quality and safety. Today, verifi cation hardware and software tools 
have made the process much more effi cient, and the overall quality of IMRT deliv-
ery has substantially improved. However, more progress must be made before we 
see common implementation of adaptive therapy solutions [ 28 ]. 

 The clinical advantage of IMRT is the greater control of dose to the normal tis-
sues, allowing greater escalation of dose to the tumor. Because the ratio of normal 
tissue dose to tumor dose is reduced to a minimum with the IMRT approach, higher 
and more effective radiation doses can safely be delivered to tumors with fewer side 
effects compared with conventional radiotherapy techniques. IMRT also has the 
potential to reduce treatment toxicity, even when doses are not increased. Currently, 
IMRT is being used most often to treat cancers of the prostate, lung, head & neck, 
and central nervous system. IMRT has also been used in limited situations to treat 
breast and thyroid, as well as in gastrointestinal, gynecologic malignancies and cer-
tain types of sarcomas. IMRT may also be benefi cial for treating pediatric malig-
nancies. Radiation therapy, including IMRT, stops cancer cells from dividing and 
growing, thus slowing or stopping tumor growth. In many cases, radiation therapy 
is capable of killing all of the cancer cells, thus shrinking or eliminating tumors. 

 It was widely felt and discussed that aggressive use of electrons, especially in the 
head & neck area, would no longer be necessary or justifi ed with IMRT. Planning 
algorithms, it was felt, were adequate to control, optimize, and present the dose 
properly in regions of sharp dose gradient. With proper selection of control points, 
the dose distribution would match and exceed the best conventional forward plans 
that utilized electrons. Many future IMRT machines would be built without electron 
capability. 

 Both 2D and 3D IMRT delivery have been performed both with and without a 
fl attening fi lter. It was recognized in the NOMOS Peacock 1995 meeting that IMRT 
could be easily if not optimally performed without a fl attening fi lter in place. The 
TomoTherapy Hi-Art machine was designed without a fl attening fi lter. Modern con-
ventional linear accelerator machines are now offering the option of beam delivery 
without the fl attening fi lter in place. This has the advantage of increased dose out-
put, making the treatment times shorter. Also, there are some advantages of a sim-
pler photon spectrum with consequently better modeling of the beam within the 
treatment planning system. 

M.D. Mills and S.Y. Woo
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 The NOMOS MIMiC unit is an add-on collimator to a conventional linear accel-
erator. It delivers radiation in a tomographic fashion, one arc at a time. Each arc 
radiates a slice with both entrance and exit dose. The slice thickness is determined 
by the beamlet width: 0.85 cm in the 1 cm MIMIC mode and 1.7 cm in the 2 cm 
mode. The table must be advanced manually between each arc, making this poten-
tially a very time-consuming treatment. The distance of table advance is defi ned by 
the width of the beam from the MIMiC device. The resolution of beam intensity 
modulation in the direction of couch motion is defi ned by the beamlet width. The 
binary collimator leaves are driven by compressed air into the computer-determined 
confi guration during each moment of the delivery arc. This sound is described as 
being like “popping corn.” 

 During the early years of IMRT, far more patients were treated with the NOMOS 
Peacock equipment than with any other technology. Most of the pioneers in IMRT 
gained most of their early experience with NOMOS equipment. Most disease sites 
were considered to see if IMRT could offer any therapeutic gain. IMRT demon-
strated special promise for head & neck, prostate, and CNS treatments. It was deter-
mined that by using a collimator that narrows the fan beam, termed the “beak,” 
NOMOS equipment could be used for stereotactic radiosurgery [ 29 ]. Several cen-
ters used the NOMOS equipment to treat cranial patients using arc vertex fi elds, 
adding a degree of freedom in addition to coplanar IMRT delivery.  

1.3     Later Phase, 2002–Present 

 By 2002, most radiation oncology centers in North America and Europe and a few 
in Asia have become familiar with IMRT. About a third of radiation oncologists 
were already users of IMRT, and about 90 % of nonusers were planning to imple-
ment IMRT within 3 years [ 30 ]. The fi rst tomotherapy unit which could deliver 
rotational IMRT and perform megavoltage scanning like a helical CT scan was 
installed in the University of Wisconsin. 

1.3.1     TomoTherapy Hi-Art Machine at the University 
of Wisconsin 

 The TomoTherapy Hi-Art unit was designed and developed at the University of 
Wisconsin, Madison. A linear accelerator was mounted on a CT gantry using a slip- 
ring confi guration. This allowed the linear accelerator to move in an arc so that a fan 
beam could be delivered in a continuous helical motion while the table is also 
advanced continuously. The energy of the unit was 6 MV photons. The unit was also 
capable of imaging a patient by lowering the energy to about 2 MV and utilizing a 
special CT detector array. Thus, the patient could be fi rst imaged and then treated 
without changing machines or position. The TomoTherapy Hi-Art was the fi rst pop-
ular image-guided radiation therapy (IGRT) treatment unit [ 31 ].  

1 History of IMRT
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1.3.2     Verification of IMRT by the NOMOS MIMiC 
and the Wisconsin Machine 

 Early on, it occurred to those developing IMRT technology that the IMRT plan 
could be delivered to an IMRT dose verifi cation phantom. It was a simple matter 
fi rst to execute the plan onto the image of the phantom stored in the treatment plan-
ning system. The purpose of the IMRT dose verifi cation phantom is to verify dose 
distributions and absolute dose values produced by IMRT beams, either subbeams 
or total beams. The phantom may be loaded with fi lm, ion chambers, or thermolu-
minescent dosimeters. The verifi cation is performed by irradiating the IMRT verifi -
cation phantom and by comparing the measured phantom values and the calculated 
values of the radiotherapy treatment planning system. If the values match within a 
certain preset dose and distance, the plan is considered valid. Almost all early IMRT 
dose validation was performed in this manner [ 32 ]. 

 The fi rst commercial treatment planning system (TPS) available with an inverse 
planning code for IMRT was originally known as Peacock Plan from the NOMOS 
Corporation. It uses a simulated annealing algorithm and was originally designed to 
plan for delivery with the MIMiC technique. The beam modeling algorithm was a 
relatively simple ray-tracing algorithm optimized for speed to arrive at an inverse 
planned solution on the computer technology available in the mid-1990s. 

 Corvus was developed by the NOMOS Corporation after recognizing the need 
for a more sophisticated and accurate computer algorithm that would calculate dose 
distributions not only for the MIMiC but also for conventional plans. This algorithm 
employed a fi nite-size pencil beam (FSPB) convolution algorithm, which it incor-
porated during the fi nal optimization process. It also allowed conventional planning 
of patient volumes with the boost volume to be calculated using the MIMiC delivery 
system [ 11 ]. 

 The TomoTherapy planning system was developed by the same team that pro-
duced the Pinnacle system, and the photon calculation algorithms are similar. The 
TomoTherapy planner uses a simplifi ed optimization algorithm, but performs the fi nal 
dose calculation with its version of the superposition convolution algorithm. This 
results in very accurate calculations when presented with heterogeneities such as lung 
or air cavities in the head & neck region. The workstation uses an array of processors 
to reduce greatly the optimization time required to optimize a plan. The TomoTherapy 
planner does not calculate dose for conventional linear accelerators. It is possible, 
however, to export the dose grid from the TomoTherapy planner to a conventional 
planning system using DICOM RT exchange. This would allow the summation of 
conventional plans with TomoTherapy plans on an external workstation [ 33 ]. 

 Later, volume-based IMRT such as VMAT and RapidArc and cone-beam CT on 
accelerators were introduced [ 34 ]. The planning systems have continued to improve 
including the addition of Monte Carlo-based algorithms and class solutions which 
have emerged to render planning more effi cient [ 35 – 37 ]. With the introduction of 
four-dimensional (4D) CT and techniques of motion management, IMRT for mov-
ing targets such as those in the lung and liver became feasible and increasingly used. 
The National Cancer Institute in the USA published guidelines for the use of IMRT 
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in clinical trials [ 38 ], and cooperative groups in North America and Europe increas-
ingly allowed the use of IMRT in certain protocols. In addition to large nonrandom-
ized series on lung cancer, prostate cancer, head & neck cancer, and anal cancer 
[ 39 – 44 ], results of a few randomized studies became available to provide class 1 
evidence of the benefi t of IMRT in head & neck cancer and prostate cancer [ 45 – 47 ]. 
In 2006, Hall raised the issue of total body exposure to leakage radiation because of 
the high number of monitor units used in IMRT and the resultant possibility of an 
increase in second malignancy (especially in children) [ 48 ]. Since then, improve-
ments in the design of the multileaf collimator for IMRT have occurred. In 2010, 
Varian introduced a fl attening fi lter-free accelerator with signifi cantly higher output 
of monitor units per minute. At present, radiation treatment facilities without IMRT 
are a distinct rarity in North America and Europe, and increasing proportion of 
patients is being treated with IMRT. Hypo-fractionated schedules are being intro-
duced for many tumor sites. Stereotactic body irradiation for lung cancer, liver 
tumors, and vertebral metastasis most frequently utilizes the technique of IMRT.   

1.4     Summary 

 It would be reasonable to state that the introduction of IMRT has “revolutionized” 
radiation therapy. IMRT has proven to be a “versatile” technology that could pro-
vide excellent radiation dose distribution and in some cases better tumor control and 
lesser side effects. Further improvement of therapeutic ratio would likely require 
another genre of radiation, such as protons. Randomized studies are under way to 
determine if proton therapy could indeed produce a better outcome than what the 
best photons could do with IMRT.     
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2.1         Introduction 

 This chapter describes the basic principles of intensity-modulated radiation therapy 
(IMRT), providing the necessary background for subsequent clinical chapters. We 
start by describing the IMRT treatment planning and delivery process, introducing 
the wide range of different approaches and technologies currently in clinical use. 
Then, other topics important in the implementation of IMRT are discussed, includ-
ing quality assurance (QA), facility design, and respiratory motion management. 
The chapter closes by reviewing some potential advantages and challenges of IMRT.  

2.2     Treatment Planning 

 IMRT relies on many of the same tools for imaging, dose calculations, plan evalua-
tion, QA, and delivery as conventional treatments do. However, some signifi cant 
differences exist, particularly in the planning and treatment delivery processes. The 
following sections describe the workfl ow for the entire IMRT process, from the 
viewpoint of patients and clinic staff. 
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2.2.1     Imaging and Delineation 

 The fi rst step in the IMRT process, in common with conventional conformal RT, 
is to obtain images of the patient and delineate the targets and relevant normal 
tissues on those images. The primary type of imaging used for target delineation 
and dose calculation is computed tomography (CT), although other imaging 
modalities such as positron emission tomography (PET) and magnetic resonance 
imaging (MRI) can also be used. The various volumes that form the skeleton or 
outline of the treatment plan are described by the International Commission on 
Radiation Units and Measurements [ 52 – 54 ], and their clinical application is dis-
cussed in detail elsewhere in this book. The main volumes to be considered are the 
gross tumor volume (GTV), which is the gross demonstrable extent and location 
of the tumor; the clinical target volume (CTV), which includes the tissue that may 
contain subclinical malignant disease; and the planning target volume (PTV), 
which is the CTV after geometric expansion to account for uncertainties in the 
planning and treatment process. Other treatment plan components are the organs 
at risk (OARs), which are the normal tissues that can suffer radiation damage dur-
ing treatment; the planning organ-at-risk volume, which is analogous to the PTV, 
but applied to normal tissues; and the remaining volume at risk, which describes 
uncontoured parts of the patient. These components are all important in creating 
an IMRT plan, and they are discussed further in other chapters. IMRT planning 
also involves the use of “dose- shaping” or “dummy” structures (sometimes called 
“pseudostructures”), which are nonanatomic structures created by treatment plan-
ners to guide optimization of the IMRT plans. One example of such a structure is 
a ring created around the target, to which the planner sets constraints that keep the 
dose to this region low. Planners may also add structures to which dose must be 
reduced after the fi rst plan iteration to cover regions where the dose is too high, 
such as in a normal tissue or in the target itself. Additional concepts, such as the 
volume to account for respiratory motion (internal target volume [ITV] [ 54 ]), are 
also important for treating disease at particular anatomic sites (as described in 
other chapters). 

 The use of these volume defi nitions is not unique to IMRT. The quality and accu-
racy of the delineation of targets and normal tissues, however, require particular 
attention in IMRT, as this information is the basis for the creation of treatment fl u-
ences by inverse-planning algorithms [ 40 ]. Structures must be consistent from slice 
to slice to produce smooth 3D structures. Clinicians or treatment planners must also 
take care to “clean up” all structures created during the planning process. For exam-
ple, inadvertent volumes, such as those created if the user accidentally pressed a 
mouse button when the cursor is not where they wanted it to be, must be removed. 
Such volumes may represent only a single point that may not be apparent visually, 
but they can become serious issues when the inverse-planning algorithm attempts to 
design the fl uence that confers dose to them.  
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2.2.2     Number and Configuration of Radiation Beams 

 After the necessary structures have been delineated or contoured, the next step in 
the IMRT process is placement of the treatment beams, including the choice of the 
number of beams. This step requires determining the treatment isocenter, which 
may already have been set during the acquisition of scans during treatment simula-
tion. Standard practice for isocenter placement varies among clinics. In some cases, 
the isocenter is placed in the center of the primary target (e.g., the center of the 
prostate), but in other cases, the isocenter is placed in a generic location (e.g., the 
anterior edge of C2 for head and neck tumors). As is true for conventional treat-
ments, shifts may be apparent between the marks on the patient (from the treatment 
simulation) and the actual treatment isocenter. With IMRT (and unlike most con-
ventional treatments), the isocenter is not necessarily within the treatment volume 
at all; rather, it may be placed so as to aid image-guided radiation therapy (IGRT) or 
to avoid geometric restrictions during treatment delivery. For example, when rela-
tively wide targets are to be treated, common practice is to try to place the isocenter 
so as to minimize the number of adjacent fi elds needed to cover the entire target (in 
IMRT, the width of the fi elds is limited by the length of the multileaf collimator 
[MLC], as described later in this chapter). 

 In most planning systems, beams are positioned manually by the treatment plan-
ners, although automatic beam placement is also possible [ 66 ,  125 ]. Factors to be 
considered in beam placement include normal tissue location (e.g., we prefer to 
minimize beams that pass unnecessarily through the contralateral lung) and the 
desire to minimize treatment time. Thus, although using more beams provides more 
degrees of freedom for optimizing the plan, excessive numbers of beams should be 
avoided because of the additional time needed for treatment (and for plan optimiza-
tion). Another common practice is to avoid using noncoplanar beams or multiple 
isocenters. The exact clinical trade-offs (target coverage, normal tissue dose, and 
treatment time) depend on the clinical situation, but in most cases, the appropriate 
number of beams is between 7 and 9 [ 99 ,  127 ]. Of course, IMRT may not be deliv-
ered as a series of individual beams, but rather may be delivered during a gantry 
rotation (as in tomotherapy or volume-modulated arc therapy [VMAT]), as described 
further below.  

2.2.3     Treatment Plan Objectives 

 Once the beam confi guration has been determined, the next step is to determine the 
treatment plan objectives—in other words, the doses that represent the intended 
treatment, such as target dose and coverage and normal tissue doses. In many cases, 
these doses come from templates, with standard objectives used for a given clinical 
site, although the doses can be edited based on individual patient prescriptions or 
anatomic characteristics. The constraints on those doses may be hard or soft and 
may be based on dose, dose-volume, or dose-response (e.g., predicted probability of 
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tumor response), as described below. The desired objectives as specifi ed are often 
not achieved because the optimizing software tries to balance the requirements of 
various structures. Thus, specifi ed objectives may be quite different from what is 
desired. Specifying the objectives, in combination with suitable “penalties,” usually 
leads to an acceptable approximation of what is desired. Penalties and specifi ed 
objectives are often achieved through experience and may vary among institutions. 

 An important part of IMRT planning that is hidden from the user is how the 
inverse-planning algorithm quantifi es how well the treatment plan (dose distribu-
tion) meets the planners’ objectives. The functions used for this task are summa-
rized below. 

2.2.3.1     Hard and Soft Constraints 
 The constraints that the optimization algorithm attempts to meet can be either 
“hard” or “soft.” A hard constraint is one that the treatment plan must meet. For 
example, the intensities in the fl uence cannot be negative in value. In another exam-
ple, the maximum dose to the spinal cord must not exceed 45 Gy. If the fi nal dose 
distribution results in a spinal cord dose that exceeds this hard constraint, then the 
algorithm may automatically scale down the entire dose distribution. A soft con-
straint is one that could be violated, although violations may incur a penalty. For 
example, the mean dose to the parotid could be a soft constraint, refl ecting our level 
of understanding of the radiobiology of the parotid and the clinical compromises 
needed when treating patients. That is, we would like to minimize the dose to the 
parotid, and we know that maintaining the mean dose at less than 26 Gy will pro-
duce less toxicity. However, we also know that a slightly higher dose would be 
acceptable, and ultimately, we want to treat the tumor and may be willing to sacri-
fi ce parotid function to do so. The level of “softness” of a constraint is controlled by 
the planner by increasing or decreasing its relative weight or penalty.  

2.2.3.2     Dose- and Dose-Volume-Based Objective Functions 
 A simple objective function for optimizing dose distributions could be expressed as 
a sum of the squares of the differences of desired and computed dose at each point 
in the volume of interest. Each tissue could be assigned a different weight (or pen-
alty) such that it contributes differently to the overall objective function. For tumors, 
dose increases (hot spots) and decreases (cold spots) may be important. For normal 
tissues, only dose increases would be considered. This simple dose-based approach 
is generally considered insuffi cient in practice. Radiobiologically, the response of 
both tumors and normal tissues to radiation is a function of the volume of the tissue 
that receives each level of dose—hence the common use of dose-volume histograms 
(DVHs) to assess the quality of radiation therapy plans. DV-based objectives are the 
most common approach used in IMRT optimization. For each normal structure, the 
DV constraint can be expressed as the volume of that structure that is allowed to 
receive a certain dose or higher. Typically, several DV objectives are used for each 
normal structure. For targets, a constraint is also included that describes the accept-
able  minimum  dose to a certain volume, for example, the minimum dose to 95 % of 
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the PTV. Further, as noted above, each constraint is also assigned a weight that 
refl ects how much it will contribute to the overall objective function. 

 Notably, the DV constraints that treatment planners often set for plan optimiza-
tion are not necessarily the same as those they are aiming for in the fi nal treatment 
plan. Despite extensive and ongoing research into developing treatment plan opti-
mization engines, treatment planning is still an “art” in that treatment planners are 
often required to “trick” or “massage” the optimization engine to obtain the optimal 
plan. The process is achieved by varying the DV constraints, varying the relative 
penalties of the different constraints, and adding dummy structures to help force 
dose either away from or toward certain areas. Thus, although optimization of a 
treatment plan is nominally automatic, the experience of the treatment planner is 
important in determining objectives, priorities, dummy tissues, and beam angles. 
One approach to mitigate the need for such experience-based artistry is the use of 
class solutions, which provide a systematic way to plan treatments for specifi c sites 
that is consistent and robust. Use of class solutions is particularly promising in the 
many situations in which objectives confl ict [ 65 ,  120 ,  128 ]. 

 One disadvantage of DV constraints is that each constraint may describe only a 
single point on the DVH curve. Use of multiple DV constraints can reduce this, and 
some planning systems actually allow the planner to draw the optimal DVH and 
then use that to guide the optimization. However, multiple DVHs could, in general, 
lead to the same dose-response, and another DVH in the space of DVHs of one 
structure may be more helpful to other structures. Thus, specifying the so-called 
optimal DVH may not be the ideal solution. One approach to help overcome the 
limitations of DV-based optimization is to supplement this process with dose-
response- based constraints, such as constraints that are based on calculations of 
tumor control probability, normal tissue complication probability, or equivalent uni-
form dose [ 89 ,  132 ]. Constraints such as these have the potential advantage of 
including treatment response in the optimization. Notably, however, in many cases, 
the treatment response of the irradiated tissues is not well understood.   

2.2.4     Optimization of Intensity Distribution 

 Once the beam confi guration and plan objectives are established, the optimum 
intensity distribution for each beam can be determined. This is achieved through an 
iterative optimization process as follows. Each radiation ray (beamlet) is traced 
from the source of radiation through the patient. Only rays passing through the tar-
get plus a small margin are considered. The dose at each voxel in the patient is cal-
culated for an initial set of weights for each individual beamlet, and the resulting 
dose distribution is then used to calculate an objective function that describes how 
close the current dose distribution is to the goals set by the treatment planner. The 
effect of a change in the weight of each individual ray or beamlet is then calculated, 
with the weight increased, decreased, or left the same depending on whether the 
change would be favorable for the patient. Mathematically, these changes in ray 
weight are determined from the gradient of the objective function with respect to the 
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ray weight. Because improvements in the treatment plan are a result of changes in 
many rays from many beams, only small changes in ray weight may be permitted in 
any one iteration. This iterative process then continues until no further improvement 
occurs, at which point the optimization is assumed to have converged on the optimal 
solution. Most of the optimization algorithms used for IMRT planning use varia-
tions of gradient techniques. The large search space of RT plans can contain many 
local minima [ 20 ,  35 ,  131 ,  138 ], and alternative optimization approaches such as 
simulated annealing can reduce the probability of getting trapped in a nonoptimal 
local minima [ 11 ]. However, this is not a signifi cant issue in clinical practice [ 67 , 
 131 ]. Another common practice in clinical treatment planning (depending on the 
capabilities of the planning system) is to “massage” the optimization in real time by 
adjusting the constraints and weights as the optimization progresses. 

 At this point, the optimized intensity modulation must be converted to a deliver-
able fi eld. Typically, this involves fi rst determining the MLC sequence that will 
achieve a fl uence as close to the optimal fl uence as possible, given the physical 
constraints of the delivery mechanism (including the radiographic properties of the 
MLCs). The details of this sequencing process are described later in this chapter. 
Notably, in some situations the optimal fl uence and the actual deliverable fl uence 
are suffi ciently different that the fi nal dose distribution is compromised. 

 One approach used in some treatment planning systems to overcome this issue is 
to directly include the MLC constraints in the optimization process. For example, in 
direct aperture optimization, only MLC aperture shapes that satisfy the mechanical 
constraints of the MLC system are considered [ 1 ,  33 ,  108 ]. In this approach, the 
fi nal plan typically uses fewer segments (apertures) than other approaches. In other 
systems, deliverable dose distributions are fed back into the optimizer to further 
adjust intensity distributions and the resulting leaf positions so that the optimized 
and deliverable dose distributions are essentially identical.  

2.2.5     Dose Calculation 

 During inverse planning, the dose distribution is recalculated many times. Some 
compromise between dose accuracy and speed of the dose calculation is necessary 
because, in general, the faster an algorithm is, the less accurate it is and vice versa. 
If a fast, inaccurate dose calculation algorithm is used during the optimization, then 
the fi nal dose calculation (calculated with an accurate algorithm) may well not be 
the same as the one calculated with the inaccurate algorithm, and it may not even be 
the optimal solution. Several solutions have been developed to minimize this issue. 
One approach is to start with a less accurate, fast algorithm to get close to the fi nal 
solution and then carry out the fi nal iterations using a slower, more accurate algo-
rithm [ 81 ,  110 ]. The less accurate algorithm may be a simple pencil-beam algorithm 
that may not accurately model the effect of the delivery hardware (e.g., MLCs), as 
described below. The impact of this approach depends on the anatomic characteris-
tics of the area being treated (e.g., signifi cant heterogeneity in tissue density in the 
lungs) and the complexity of the treatment plan. The graphics processing unit 
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recently emerged as an option for reducing the processing time for IMRT optimiza-
tion and dose calculation [ 34 ,  45 ,  55 ,  76 ,  101 ]. The accuracy of dose calculations in 
the buildup region, especially with many tangential fi elds, is particularly important 
in IMRT, especially for anatomically complex areas such as the head and neck, and 
additional care is needed when commissioning the treatment planning system [ 27 ].  

2.2.6     Treatment Plan Evaluation 

 IMRT dose distributions are usually very conformal, but they can also be very com-
plex and are different from dose distributions in conventional RT. As is true for 
conventional RT, DVHs are useful tools for summarizing and comparing treatment 
plans. Unlike conventional RT, the need to review treatment fi eld beam’s eye view 
(including block shape) is usually not important in IMRT, with some notable excep-
tions (e.g., ensuring that beams do not travel across the top of the shoulders in 
patients being treated for head and neck cancer). Instead, the complex dose distribu-
tions, and clinical compromises that occur near normal tissues, underscore the 
importance of careful review of the dose distribution for each CT slice.  

2.2.7     Special Planning Considerations 

 Some of the more common planning considerations experienced by clinicians are 
summarized here. Additional details on IMRT planning for tumors at various sites 
are given elsewhere in this book. 

2.2.7.1     Targets in the Buildup Region 
 Severe skin reactions, reported in some patients treated with IMRT, can be caused 
by a variety of factors, including the use of immobilization masks or IGRT couches 
(both of which can have a “blousing” effect), multiple tangential fi elds (IMRT typi-
cally consists of many fi elds, many of which are tangential to the patient, unlike 
traditional treatments), inappropriate strategies during IMRT inverse planning (e.g., 
including the skin in the PTV expansion), and the inability of the treatment planning 
system to accurately calculate dose in the buildup regions [ 23 ,  27 ,  28 ,  44 ,  63 ,  118 ], 
particularly when the treatment targets are close to the patient’s skin. Strategies 
used to mitigate these effects include delineating the skin as a sensitive structure 
(and applying a maximum dose constraint during optimization) and pulling the PTV 
back several millimeters from the body surface; however, care must be taken to 
avoid unintended consequences such as reduced target coverage [ 28 ].  

2.2.7.2     Overlap Regions and Pseudostructures 
 Target volumes (PTVs) will often overlap with critical normal tissues, creating a 
potential confl ict between target objectives and normal tissue constraints. For exam-
ple, the PTV in head and neck treatments often overlaps with the parotid or other 
nearby structures. Various solutions to this potential dilemma have been proposed, 
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including creating dummy (pseudo) structures with no overlap or implementing a 
priority system in the optimization. As noted previously, pseudostructures (struc-
tures that are not necessarily related to specifi c anatomic structures) are widely used 
in IMRT planning. Examples include ring structures created around target struc-
tures to help force the optimization to minimize dose to surrounding structures; 
structures created in regions that the planners expect, from experience, that the opti-
mization process may deposit excess dose; and structures created based on isodose 
lines after initial optimization to remove unwanted high-dose regions (which could 
be in the target or normal tissues).  

2.2.7.3     Hybrid IMRT Approaches 
 Treatment plans do not have to be constructed only for IMRT or only for VMAT, 
and many treatment centers combine IMRT and static treatments in therapy for 
breast cancer [ 73 ] or thoracic cancer (cancer of the lung or esophagus). In such 
cases, hybrid techniques typically concurrently combine static fi elds (~2/3 of the 
dose) and IMRT or VMAT fi elds (~1/3 of the dose) [ 17 ,  74 ]. Potential advantages 
of this type of treatments include a reduction in the volume of lung exposed to low 
doses.    

2.3     Treatment Delivery 

2.3.1     IMRT Delivery Hardware 

 Several hardware approaches are used to deliver IMRT; the most common involve 
rotating multileaved slits and moving MLCs and are described below. For the sake 
of completeness, we also briefl y describe the use of compensators and jaws-only 
IMRT, although these approaches are rarely used for clinical purposes. 

2.3.1.1     Compensators 
 Physical compensators (or compensating fi lters or modulators) can be used to create 
complex x-ray fl uence distributions. The advantages of physical compensators 
include not requiring MLCs, with their attendant requirements for commissioning 
and maintenance (although these benefi ts are countered by issues related to the 
accuracy of machining and compensator placement). Other advantages include the 
fi ner resolution that is possible with compensators, the less complicated QA, and 
the lack of interplay effects (interactions between a moving radiation aperture and a 
moving target) [ 90 ], although interplay can be reduced with appropriate planning 
approaches [ 24 – 26 ]. Similarly, although some of the complexities involved in cal-
culating dose for complex fl uences created with MLCs (e.g., transmission, interleaf 
leakage, and tongue-and-groove effects) do not exist with physical compensators, 
other issues must be considered such as the effects of beam hardening and scatter 
from the fi lter [ 40 ]. Currently, at least one company in the United States is creating 
patient-specifi c compensators for IMRT (.decimal), and some users create their own 
[ 90 ]. The use of compensators in modern RT is extremely rare.  
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2.3.1.2     Rotating Multileaved Slit Approaches 
 The delivery of radiation using a rotating multileaved slit that produces an intensity- 
modulated fan beam is called tomotherapy [ 41 ]. Radiation can be delivered as a 
series of axial slices, where the patient is translated discretely through the linear 
accelerator (LINAC) between slices, or in a helical form, where the patient is trans-
lated continuously through the LINAC as the LINAC gantry rotates around the 
patient. These approaches can be considered analogous to axial and helical CT 
scans. Much of the initial experience with IMRT involved use of an axial tomo-
therapy system called MIMiC (Nomos) [ 40 ]. MIMiC was a binary MLC system, 
with two banks of pneumatically controlled opposing leaves arranged to give a fan 
beam of radiation parallel to the rotation of the LINAC. The intensity of the fan 
beam is modulated by controlling how long each leaf blocks the fan beam. The 
MIMiC system was an after-market add-on system that allowed centers to add 
IMRT capabilities to existing LINACs. Its successor still offers similar options 
(nomosStat; Best nomos,   http://www.nomos.com/pdf/nomoSTAT_Bro_03.pdf    ). 

 Although axial tomotherapy has remained an after-market add-on system, helical 
tomotherapy was developed as a purpose-built system, called the TomoTherapy 
Hi-Art (Tomotherapy Inc). As is true for axial tomotherapy, helical tomotherapy has 
a fan beam parallel to the gantry rotation plane. In helical tomotherapy, the couch 
translates through the gantry as the gantry rotates. The pitch (couch movement/fan- 
beam width) is typically 0.2–0.5.  

2.3.1.3     Multileaf Collimators 
 The vast majority of modern IMRT delivery systems use MLCs, small, individually 
motorized leaves that can be used to shape or modulate the intensity of the treatment 
fi eld. Several basic approaches incorporate MLCs into the treatment unit [ 12 ], with 
the MLCs either taking the place of one of the LINAC adjustable jaw pairs or being 
positioned below the jaws. Common designs have between 10 and 60 opposed leaf 
pairs, with the width of the MLC in the beam’s eye view at the isocenter plane 
between 2 mm and 1 cm, depending on the manufacturer and model. 

 The ability of MLCs to shape fi elds (or segments of IMRT fi elds) depends on 
several aspects of their physical design and control mechanism. These include max-
imum leaf travel (determined by the length of the MLC leaves), maximum fi eld size 
perpendicular to the MLCs (MLC width × number of MLCs), and whether the leaves 
on one side can interdigitate with neighboring leaves on the opposite side. These are 
all important considerations; for example, a machine with small MLCs (such as 
those used for stereotactic applications) may not be able to cover suffi cient length to 
treat head and neck tumors or large lung tumors. 

 The x-ray properties of the MLC can also have a signifi cant effect on the dose 
distribution. Leakage of radiation through the MLCs is much more important in 
IMRT than in conventional RT because radiation is delivered with narrow openings 
of the moving leaves of MLCs, and so leakage contributes more to the target dose. 
For the same reason, scatter from the MLCs is also more important in IMRT than in 
conventional RT [ 68 ,  69 ]. 

2 Principles of IMRT

http://www.nomos.com/pdf/nomoSTAT_Bro_03.pdf


24

 Another important design consideration is the cross-sectional shape of the 
MLCs, which is complex because leaves must incorporate divergence in the direc-
tion perpendicular to their travel, and adjacent MLCs must overlap to minimize 
interleaf transmission. Details of this overlap are very important in IMRT, as the 
exposed stepped sides (known as the tongues) may block or scatter radiation, lead-
ing to underdosing the target [ 40 ]. This effect can be signifi cant, with reported 
underdoses as large as 10–25 % [ 105 ,  116 ,  124 ], as shown in Fig.  2.1 . Inclusion of 
this so-called tongue-and-groove effect in dose calculation algorithms is diffi cult, so 
leaf-sequencing algorithms are often designed to minimize this effect (rather than 
including it in the dose calculation), although some investigators have included this 
effect in the actual optimization stage [ 105 ].  

 The leaf end shape is also important. It can either be straight, in which case the 
collimator moves along the circumference of a circle, with the ends of the leaves 
always remaining along the divergent x-ray beam, or rounded, for designs in which 
the MCL moves perpendicular to the beam central axis. When MLCs have rounded 
ends, an offset of 0.4–1.1 mm is present between the edge of the radiation fi eld and 
the nominal location of the MLC leaf, depending on leaf design, beam energy, and 
distance from central axis [ 40 ]. The effect of this offset must be included in the 
treatment planning system dose calculations. 

 The accuracy and precision of MLC positioning are also important. In conven-
tional conformal RT, MLCs are used to defi ne the aperture of the treatment beam, 
thereby conforming it to the treatment target. When used in this way, an uncertainty 
in the leaf position of 1–2 mm may be acceptable, because an uncertainty of this 
size (typically small compared with the total aperture size) has only minimal effects 
on the radiation output. However, in IMRT the situation is very different. First, the 
segments can be quite narrow (<1 cm), and uncertainties of only a few tenths of a 
millimeter can cause errors of several percentage points in delivered dose. Further, 
the cumulative dose distribution in IMRT comprises contributions from many 

  Fig. 2.1    Example of an IMRT case in which the tongue-and-groove effect resulted in a line of 
reduced dose through the target.  Black isodose lines  show the calculated dose distribution;  colored 
isodose lines , the results of fi lm-based IMRT quality assurance       
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segments. The beam edges move to many different locations during the treatment 
(i.e., not just at the edge of the target as is the case in conformal treatments), so it is 
essential that their positional accuracy is maintained to better than a millimeter. 
Without this level of accuracy, the contributions of the different segments may not 
sum correctly [ 40 ].    

2.4     Volume-Modulated Arc Therapy 

 VMAT is a form of IMRT in which the treatment is delivered in one or more dynam-
ically modulated arcs [ 5 ,  16 ,  93 ,  94 ,  104 ]. As the gantry rotates, the MLCs move, 
giving a different aperture shape for each angle of the gantry. The rate of rotation of 
the gantry and the LINAC dose rate can both be modulated during treatment to give 
the required delivered dose for each gantry angle. The quality of the planned dose 
distributions that can be achieved is equivalent to those that can be achieved with 
other forms of IMRT. The plan quality depends on achievable modulation, which, in 
turn, depends on the gantry speed, number of arcs, or both. The main advantage of 
VMAT is that the entire treatment can be completed quickly. For example, a typical 
treatment of two complete 360° arcs, with different couch rotations for each arc, 
takes less than 2.5 min. This advantage is signifi cant, especially for a busy clinic, 
and thus we expect that VMAT will become the IMRT delivery technique of choice 
for most treatments. 

2.4.1     Leaf Sequencing 

 As noted above, some optimization algorithms do not consider the physical charac-
teristics or limitations of the delivery system when calculating the optimal intensity 
distribution. This optimal intensity is then used to create the MLC leaf positions 
(leaf positions as a function of time/monitor units [MUs]) that will deliver a fl uence 
that is as close as possible to the optimized distribution. 

 In step-and-shoot multifi eld IMRT, modulated delivery is achieved with multiple 
static MLC segments, with each segment having its own aperture shape and weight 
(MU). The leaf-sequencing algorithm fi rst coverts the optimized intensity distribu-
tion to discrete levels, which are then converted into separate MLC segments 
(Fig.  2.2 ). The ideal algorithm will create an MLC sequence for which the summa-
tion of all the segments gives a delivered fl uence that is close to the optimized fl u-
ence, uses the minimum number of segments, and may also minimize the MLC 
motion between segments. In general, the agreement between the optimized and 
delivered intensity distribution increases as the number of intensity levels is 
increased. This process has been shown to increase the target coverage, but it also 
results in an increase in the number of MLC segments (MLC shapes). Because the 
beam is turned off as the MLCs move between segments, this can signifi cantly 
affect the treatment delivery time. The advantage of step-and-shoot delivery is that 
factors such as MLC speed and dose rate are less important, so the IMRT delivery 
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is possible with a less advanced treatment machine. Also, importantly, step-and- 
shoot IMRT typically requires less MUs than dynamic IMRT.  

 In sliding-window IMRT delivery, the MLCs move across the target volume 
while the radiation is on [ 8 ,  13 ,  40 ,  113 ]. The size of the gap between opposing 
MLCs and the speed of the MLCs are constantly changing. The dose rate may also 
be adjusted. Conceptually, the amount of radiation received by a point within the 
target is proportional to the number of MUs delivered while the system is in the 
open gap. When the two opposing leaves are far apart, the delivered dose is high; 
when they are closer together, the delivered dose is reduced (see Fig.  2.3 ). To 
account for unexpected variations in dose rate, the position of the MLCs is indexed 

  Fig. 2.2    ( a ) Leaf trajectory as a function of dose index for a step-and-shoot IMRT delivery. ( b ) is 
the resulting fl uence map (From Xia and Verhey [ 133 ])       
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  Fig. 2.3    ( a ) Leaf trajectories as a function of dose index for dynamic multileaf collimator (MLC) 
delivery. ( b ) is the resulting intensity fl uence (From Xia and Verhey [ 133 ])       
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to the delivered MUs rather than to time. Advantages of sliding-window IMRT 
include faster delivery than step-and-shoot IMRT, reduced numbers of MUs, and 
potentially reduced wear and tear on the MLC mechanism (because motion is 
mono-directional).  

 The delivered and ideal fl uence can differ for several reasons, including overly 
complex ideal fl uence distributions [ 80 ] and practical limitations related to the leaf 
design (transmission, non-divergent leaf end design, leaf scatter) [ 99 ]. Although 
these limitations refl ect the choice of the planning and delivery system, treatment 
planners can take steps to minimize them. For example, planners should take care 
not to push the IMRT optimization excessively, as can happen when extreme values 
of the weights are used for the DV constraints. Some planning systems also allow 
the planner to control how smooth the ideal fl uence will be. One way to monitor 
fl uence complexity is to ensure that the MU per beam is not unusually high. 
Commonly, the agreement between ideal and deliverable MU decreases as the MU 
increases. Also, the complex MLC patterns that high-MU fi elds require can be more 
diffi cult for the MLC controller to deliver, resulting in unwanted delays at the time 
of treatment.  

2.4.2     Jaws-Only IMRT 

 As described above, with MLC-based IMRT, MLCs are used to create many irregu-
lar shapes that are superimposed to create a complex fl uence pattern. Complex fl u-
ences can also be created from many rectangular segments created by the LINAC 
jaws alone [ 38 ,  41 ]. The main advantage of jaws-only IMRT is the lack of additional 
complexity and expense of an MLC, which could allow IMRT to be achieved at 
lower cost. One possible application of this approach could be a low-cost LINAC 
for low- and middle-income countries, where affordable, reliable RT equipment is 
desperately needed [ 47 – 49 ]. In modern radiation therapy centers, however, IMRT is 
dominated by MLC-based delivery.  

2.4.3     Image-Guided IMRT 

 IMRT alone can achieve impressive dose distributions, reducing toxicity to normal 
tissues. However, the high conformality that can be achieved with IMRT increases 
the need for image guidance (i.e., IGRT). Moreover, realizing these planned dose 
distributions over a treatment course lasting days or weeks requires highly accurate 
patient setup, particularly when taking advantage of tight dose distributions could 
lead to use of margins as small as 3–5 mm [ 30 ]. Many approaches are used for 
IGRT, including orthogonal (or stereotactic) kilovoltage or megavoltage x-ray 
imaging and CT imaging (cone beam or CT on rails), and MRI-guided treatments 
are only a few years away [ 57 ,  83 ,  102 ,  109 ]. Specifi cs of IGRT for IMRT are dis-
cussed elsewhere in this book.   
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2.5     Intrafraction Motion and IMRT 

 Use of IMRT to treat tumors in regions of the body that experience involuntary 
intrafraction motion (e.g., tumors in the lung or liver that move with respiration or 
tumors in the lower abdomen that move with the passing of bowel gas or other 
involuntary bodily functions) has been controversial for two reasons, namely, the 
potential for geometric miss and interplay effects between the motion of the tumor 
and the motion of the machine (gantry, collimator, and MLC) used to create the 
modulation pattern [ 10 ,  107 ,  136 ]. Both of these concerns can be managed by 
appropriate imaging and plan design. 

 The issue of geometric miss should be addressed by design of appropriate mar-
gins (in the same way that all geometric uncertainties are addressed) and the IGRT 
process (understanding the relationship between the imaging surrogate and the 
actual target and realizing that this relationship can be infl uenced by the motion 
management technique that is chosen). Motion can also be minimized by gating, 
abdominal compression, or other approaches [ 56 ]. Any residual motion should be 
carefully evaluated and included in the treatment margins. 

 The issue of the interplay effect has been extensively studied, and although 
extremely large dose deviations are theoretically possible, such deviations are gen-
erally not found in the MLC sequences of real clinical cases. Even when the inter-
play effect does cause dose deviations from day to day, these deviations average out 
after a few fractions [ 26 ]. Notably, however, treatment planners could potentially 
create an extremely complicated, overmodulated plan for which the interplay effect 
can become important. In situations where possible interplay effects are a concern, 
the dosimetric errors caused by the interplay effect can be reduced by reducing the 
dose rate [ 25 ]. This works because the longer treatment times result in more oppor-
tunities for the effects to average out. For the same reason, the interplay effect is not 
expected to be a signifi cant clinical issue with stereotactic ablative RT (where the 
doses are high and treatment times are long). Another planning technique shown to 
reduce the impact of interplay effect for VMAT plans is to use several arcs instead 
of a single arc [ 26 ]. To minimize any interplay effects when moving targets are 
treated with IMRT (or VMAT), treatment planners should take care to not over-
modulate the treatment plan and to use multiple arcs. If these approaches are not 
possible, a reduced dose rate can be considered.  

2.6     Quality Assurance Specific to IMRT 

2.6.1     Commissioning and Routine Machine Quality Assurance 

 Rigorous commissioning of the processes for IMRT planning and delivery is abso-
lutely essential. Nevertheless, the Radiological Physics Center, an imaging and 
radiation core QA facility based at MD Anderson Cancer Center, has reported that 
as many as 28 % of institutions failed to meet even the loose criteria of ±7 % dose 
accuracy or 4 mm distance to agreement in a high gradient when subjecting a head 
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and neck phantom to IMRT [ 51 ]. This is a rather frightening statistic, given that 
these institutions were obtaining credentials for implementing clinical trials involv-
ing IMRT (and presumably thought their planning and delivery process was ade-
quate to treat patients). Although some of the failures resulted from incorrect 
phantom setup, other reasons include incorrect output factors in the treatment plan-
ning system, incorrect CT-to-density conversion, and inadequacies in beam model-
ing at the leaf ends. The commissioning process involves careful measurement of 
any physical parameters that the treatment planning system may need (e.g., MLC 
transmission), evaluation of the mechanical and radiation characteristics of the 
delivery system (e.g., MLC leaf positioning accuracy) [ 58 ], and end-to-end tests. 
Many of the tolerances (for commissioning or routine QA of IMRT equipment) are 
different than for non-IMRT machines. For example, step-and-shoot IMRT can 
involve segments with few MUs; the dose per MU, as well as fl atness and symmetry 
of the beam, should be checked throughout the range of MUs used for IMRT 
[ 40 ,  58 ]. 

 In addition to measuring individual characteristics of different parts of the deliv-
ery process, end-to-end tests are important as well. The American Association for 
Physicists in Medicine created a series of tests for IMRT commissioning that are 
designed to represent common clinical treatments. These tests include the measure-
ment of point dose and also dose planes assessed by using the gamma criterion of 
3 %/3 mm, the most prevalent standard for acceptance testing and QA [ 87 ]. Nine 
centers (all of which passed the Radiological Physics Center’s phantom irradiation) 
planned, delivered, measured, and analyzed these tests, and the fi ndings were used 
to create confi dence levels for use as reference by other institutions attempting the 
same tests. Notably, however, despite the common acceptance of 3 %/3 mm as a 
standard [ 3 ], other criteria can be used; moreover, the 3 %/3 mm standard may not 
be appropriately “tight” for commissioning or for patient-specifi c QA [ 22 ]. Some 
have proposed a DVH-based metric as the fi nal goal [ 15 ].  

2.6.2     Patient-Specific Quality Assurance 

 Each plan in IMRT can be highly complex, and completing patient-specifi c QA 
before a patient’s treatment is begun is common practice [ 3 ,  39 ,  40 ,  46 ,  103 ,  111 ]. 
This process verifi es the ability of the treatment planning system to calculate the 
dose accurately for this patient’s plan (which can be done with a secondary dose 
calculation software package, as used in conventional RT) and the ability of the 
delivery system to accurately deliver the dose. Typically, the QA process involves 
comparing a dose plane delivered to a regular phantom with the dose calculated by 
the treatment planning system for the same geometry [ 87 ]. However, correlation can 
be lacking between conventional IMRT QA passing rates and actual dose errors in 
anatomic regions of interest [ 88 ]. For example, plans can pass planar IMRT QA but 
still have relatively large dose errors to some of the patient’s anatomy. For example, 
Kruse and colleagues concluded that gamma analysis on a per-plane basis for a set 
of highly modulated head and neck plans was insensitive for detecting calculational 
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errors [ 60 ]. In a separate study, McKenzie and others found that some devices were 
relatively insensitive for detecting failing plans [ 75 ]. That said, these QA approaches 
should not be discounted, as they do ensure that no large errors in dose calculation 
are present. Products are now available that include a calculation of the dose to the 
patient’s anatomy (rather than just to a dose plane in a phantom), although these 
products are still relatively new [ 22 ,  86 ,  91 ,  126 ]. Details on how to commission 
IMRT QA equipment and processes, equipment choices, and QA criteria are avail-
able elsewhere [ 39 ,  40 ,  78 ].  

2.6.3     Process Quality Assurance 

 As indicated previously, the delivered dose distribution is less likely to match the 
planned distribution if the plan is excessively complex. Modeling MLCs tends to be 
more important for complex plans (e.g., the tongue-and-groove effect), and the 
interplay effect is also more pronounced for complex plans, underscoring the desir-
ability of avoiding these complex plans. Complexity can be quantifi ed in a variety 
of ways, including average distance between opposing MLCs, but the easiest is 
probably to quantify the number of MUs for the total plan. Plan MUs depend on a 
variety of factors, including treatment planning system, IMRT approach (step-and- 
shoot vs. sliding window), and expectations of the clinicians (tighter constraints or 
many iterations during the planning process will invariably result in plans with 
higher MUs). In the example shown in Fig.  2.4 , a single, relatively inexperienced 
treatment planner was responsible for all plans that involved more than 2,000 MUs. 
Interestingly, this planner’s plans tended to have more broken-up isodose lines as 
well as higher MUs, indicating that optimization engine was being overworked, 
which probably led to constraints being weighted too strongly. About a year after 
these data were obtained, the expected plan MUs had dropped signifi cantly.    

2.7     Facility Design for IMRT 

 The number of monitor units required for IMRT plans is much higher than that 
needed for conformal RT plans (with the exception of VMAT), leading to a signifi -
cant increase in radiation “leakage.” This leakage should be accounted for in shield-
ing calculations by using the so-called IMRT factor, the ratio of average MU per 
unit prescribed absorbed dose needed for IMRT and the MU per unit prescribed 
dose for conventional treatments [ 84 ,  85 ]. The IMRT factor is a function of treat-
ment site (being lower for simple plans like breast, higher for more complex plans 
like head and neck), delivery mode (higher for sliding window than for step-and- 
shoot IMRT), and treatment planning system (e.g., effi ciency of the MLC sequencer). 
Given the wide range in published values (from 2 to 10 or more), the shielding 
designer should ensure the use of appropriate values, erring on the conservative 
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side. An additional consideration when designing a new treatment room is that 
IMRT tends to require less high-energy beams [ 95 ,  112 ,  119 ], in which case the 
high-energy workload may be reduced. 

 Tomotherapy, which is a special case of IMRT, has a narrow fan beam that is only 
a few centimeters long; thus, the primary barrier can be much narrower than that 
required by a conventional treatment unit. The IMRT factor for these units is rela-
tively high, meaning that the secondary shielding barrier may have to be thicker 
than for conventional treatments [ 85 ]. The secondary shielding barrier requirements 
for scattered radiation are the same in tomotherapy and IMRT as for conventional 
treatments.  

2.8     Advantages and Challenges of IMRT 

 The ability of IMRT to shape the dose around the target, thereby minimizing dose 
to adjacent normal structures, is signifi cant, especially for individual patients. 
However, IMRT also has some limitations. In many cases, these limitations can be 
mitigated by careful clinical implementation (guided by awareness of the limita-
tions) and future technology developments. Some of the advantages and disadvan-
tages of IMRT are noted briefl y below. 
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  Fig. 2.4    Frequency distribution of total plan monitor units (MUs) in sliding-window IMRT for 
head and neck treatment at a single institution (These data were obtained in 2005, relatively early 
in the institution’s experience with IMRT; in subsequent years, the total numbers of MUs were 
lower)       
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2.8.1     Higher Conformality/Margin Reduction 

 The high degree of conformality possible with IMRT can signifi cantly improve nor-
mal tissue toxicity [ 4 ,  100 ,  106 ,  115 ,  129 ,  137 ], as discussed elsewhere throughout 
this volume. Combining this high degree of conformality with IGRT offers the 
potential for further reducing toxicity while maintaining local-regional control [ 64 ]. 
One group successfully reduced PTV margins for patients with head and neck can-
cer from 5 to 3 mm, reducing the incidence of gastrostomy tube dependence and 
esophageal stricture but without affecting local-regional control [ 19 ]. Image-guided 
IMRT may also offer the possibility of dose escalation, which can improve control 
of some tumors [ 117 ]. Of course, the risk is that inappropriate reduction in treat-
ment margins will result in geographic miss of the tumor. Little clinical data are 
available on this issue, but careful understanding of the uncertainties accounted for 
in the PTV margin is necessary before any reduction is implemented. Even IGRT 
can still involve signifi cant uncertainties that must be considered, particularly in 
target delineation [ 18 ,  77 ,  97 ,  130 ] and the actual extent of microscopic disease 
[ 123 ], but also in interfraction and intrafraction motion/deformation [ 121 ,  122 ].  

2.8.2     Treatment Errors 

 Error rates in RT have been reported to be less than 1 % per fraction [ 42 ,  43 ,  70 ]. 
Moreover, the error rate is often reduced as new technology is introduced. For 
example, one group showed that the introduction of MLCs reduced error rates rela-
tive to “low-technology” machines without MLCs [ 72 ]. Error rates with IMRT have 
also been reported to be lower than those with three-dimensional/conventional RT 
[ 71 ]. One of the main reasons for the lower error rates is that IMRT usually does not 
involve the use of accessories (e.g., blocks, electron cones), the incorrect use of 
which is one of the main source of errors in conventional RT. Other reasons are that 
patients who require urgent treatment (with correspondingly rushed planning) tend 
to be treated with techniques other than IMRT. Presumably, the extensive patient- 
specifi c QA that is carried out for IMRT patients is also important in reducing error 
rates. 

 Even though the introduction of new technology tends to reduce error rates, the 
types of errors change when new technology is introduced. In one analysis, the most 
common errors with IMRT were found to be related to incorrect data entry (to the 
record-and-verify system) compared with conventional treatments, for which acces-
sory and setup errors were more common [ 71 ]. As integration of the planning sys-
tem, record-and-verify system, and treatment delivery system improves, the 
probability of such errors should be progressively reduced. Several IMRT treatment 
errors have had devastating consequences [ 50 ], including a well-publicized case in 
which a series of computer errors resulted in a patient being treated with MLCs 
parked in the open position instead of moving across the fi eld to modulate the x-ray 
intensity. In addition to technology failures, treatment errors can also occur because 
of the different data needed to commission treatment planning systems for IMRT. For 
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example, very small fi elds are possible in IMRT. If these are measured incorrectly 
(e.g., by using too large a detector), this can result in incorrect treatments [ 50 ]. 
Similarly, the radiation characteristics of MLCs (e.g., transmission) make a larger 
contribution to IMRT treatments than for conventional treatments, so incorrect entry 
of these parameters into the treatment planning system can result in incorrect dose 
calculations. Thus, as is true with any new technology, the clinical implementation 
of IMRT must be approached cautiously, with an understanding of the risks, full 
consideration of the workfl ow/processes, and appropriate staffi ng levels, training, 
tools, and techniques. Further guidance on safety considerations in IMRT is avail-
able elsewhere [ 82 ].  

2.8.3     Unanticipated Clinical Consequences 

 IMRT dose distributions can be quite complex and are unusual in comparison with 
dose distributions from the pre-IMRT era. For example, depending on the technique 
or treatment site, high doses may be close to normal tissues, and large volumes of 
normal tissue may be exposed to low doses. Some of the dose-response data used 
clinically may have been based on patients who were not treated with IMRT, and 
care is needed when using such data to evaluate dose distributions from IMRT plans 
to avoid unanticipated clinical consequences. An example of such consequences 
was described by Allen and colleagues, who found that IMRT for mesothelioma led 
to an unexpectedly high rate of fatal pneumonitis [ 2 ]. This case highlighted the need 
for extreme care when applying DVH constraints to new clinical treatment tech-
niques [ 2 ,  59 ].  

2.8.4     Out-of-Field Dose and Secondary Malignancies 

 Patients treated with RT may be at increased risk of developing secondary malig-
nancies caused by radiation outside of the treatment volume (i.e., out-of-fi eld dose) 
[ 7 ,  14 ,  61 ]. For example, before the introduction of IMRT, Brenner and colleagues 
found the absolute risk of secondary malignancies caused by out-of-fi eld dose to be 
1.4 % among patients surviving more than 10 years after treatment [ 14 ]. Sources of 
out-of-fi eld dose include photon leakage (proportional to MUs), radiation scattered 
from the collimators (also related to MUs), radiation scattered within the patient 
(proportional to target dose) [ 114 ], and neutrons, which are produced mostly 
through high-energy photons interacting with high-Z materials (e.g., tungsten or 
lead) [ 62 ]. Contributions of these factors depend on photon energy as well as dis-
tance from the target, with the former MU-dependent sources being most impor-
tantly distant from the fi eld edge. Although the higher MUs required for IMRT 
mean that the risk of secondary malignancy is unavoidably higher, this increase can 
be minimized to some extent by the choice of IMRT approach (e.g., dynamic IMRT 
delivery vs. step and shoot) and energy (see Kry et al. [ 61 ]).  
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2.8.5     Concerns About Interplay Effects 

 The dose delivered to a tumor can vary from day to day when IMRT (whether step 
and shoot, dynamic, or VMAT) is used to treat moving tumors [ 9 ,  12 ,  29 ,  37 ,  107 ]. 
This variation results from the interplay between motion of the tumor and motion 
(or changing aperture shape/position) of the delivery system. As previously dis-
cussed, this effect can generally be minimized by careful planning that avoids overly 
complex plans. That is, for dynamic IMRT, small MLC separation and fast MLC 
motion should be avoided; for step-and-shoot IMRT, small segments with small 
MUs should be avoided; and for VMAT, more than one arc should be used. Interplay 
effects in complex treatment plans can be avoided by reducing the dose rate (and 
thus reducing the MLC speed and allowing more averaging over the respiratory 
cycle). In all but the most complex situations, dose deviations average out after 
several (<5) fractions [ 26 ]. Use of IMRT to treat moving targets is discussed in 
greater detail elsewhere in this volume.  

2.8.6     Changes in Workflow 

 Another potential disadvantage of IMRT is the increased effort needed to create and 
check each treatment plan. Many factors contribute to the overall time needed to 
prepare an IMRT plan, including contouring of many more structures than for 3D 
conformal RT, plan optimization, and phantom planning (for patient-specifi c QA); 
the main factor is probably the time spent waiting for the treating physicians to 
provide target volumes [ 32 ]. The need for patient-specifi c IMRT QA before the fi rst 
treatment can also add signifi cantly to the effort in preparing a plan for treatment 
[ 79 ,  96 ]. Selection of the treatment planning system and other tools is important 
here; for example, some planning systems have better tools for manipulating struc-
tures (e.g., cleanup, processing, Boolean operations to combine anatomic structures 
or to exclude overlapping regions) than others [ 32 ]. Similarly, dose calculation 
times can vary widely between planning systems. Radiation oncology researchers 
and equipment manufacturers are investing considerable effort in developing seg-
mentation, treatment planning, and general work management tools to improve the 
workfl ow of IMRT plan preparation, including reducing variations between users 
[ 36 ,  92 ,  134 ,  135 ], so these potential hurdles to the smooth integration of IMRT are 
being addressed. 

 The introduction of IMRT can also make some positive contributions to work-
fl ow. For example, forward planning can be extremely diffi cult. In some cases, only 
the best treatment planners can create conformal treatment plans that meet the clini-
cal goals of target coverage, minimal dose hotspots, and acceptable normal tissue 
doses. The process of inverse planning, in which the plan is automatically created 
based on user-defi ned dose objectives, can signifi cantly simplify this process. This 
reduction in planning time with IMRT has been noted by several groups [ 1 ,  73 ]. 
Also, because IMRT typically uses treatment beams from more directions than most 
conformal plans, the choice of beam angle is less important. Together, this means 
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that at least in some cases, IMRT treatment planning is actually easier than planning 
for conventional treatments. Ongoing developments in multi-criteria optimization 
and automated plan optimization are further leading to greater planning effi ciency 
and improved consistency and quality of IMRT plans. Multi-criteria optimization 
techniques allow users to navigate a space of multiple plans favoring individual 
anatomic structures to trade off competing clinical objectives; automated plan opti-
mization automatically adjusts specifi ed objectives and beam confi guration to 
achieve an improved dose distribution.  

2.8.7     Treatment Time 

 When IMRT was fi rst introduced, the “beam-on” treatment time was signifi cantly 
longer for IMRT than for treatment that involved conventional static fi elds. However, 
this time increase varies widely depending on the delivery technique [ 6 ]. Although 
this disadvantage still exists for some forms of IMRT, the relatively recent clinical 
introduction of VMAT, in which treatment is delivered with 1 or more arcs around 
the patient, means that IMRT treatments are much faster than the original forms [ 21 , 
 31 ,  93 ,  98 ]. In fact, in cases in which conventional treatment would have included 
electron and photon fi elds, VMAT treatments are faster than conventional 
treatments.   

2.9     Summary 

 We have described the basic principles of IMRT planning and delivery, together 
with the associated advantages and challenges that accompany its use in clinical 
settings. Subsequent chapters in this volume describe the use of IMRT for tumors at 
various anatomic sites in further detail.     
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3.1  Introduction

Intensity-modulated radiation therapy (IMRT) has established its role in the defini-
tive treatment of various cancers. Owing to the excellent dose distribution in the
target volume and sparing of normal tissues, higher doses than those can be
delivered with the conventional technique can be administered safely, and clinical
data showing the advantage of IMRT are accumulating; our own experiences with
prostate cancer have been published recently [1, 2]. While advantages of IMRT are
evident upon physical grounds, a few radiobiological issues remain unresolved
regarding the evaluation of radiation doses employed in this new treatment modal-
ity. One of the issues is regarding the prolonged beam delivery time. In conventional
radiotherapy, photon beams from one portal are irradiated continuously, and radia-
tion delivery time in daily treatment is usually within 1–2 min. In contrast, IMRT
takes a much longer time, ranging from 3 to 20 min or even longer for one treatment
session. In IMRT, segments in target volumes receive intermittent irradiation even
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during one fixed-portal beam delivery, so the situation is quite complicated. From a
radiobiologic point of view, it is questioned whether the radiation dose delivered
with such intermissions is equivalent to that administered without breaks, since it is
well known that sublethal damage repair (SLDR) occurs when intervals are set
between two radiation doses [3, 4]. To date, several studies have been conducted to
address this issue, and we review the results and summarize our previous studies on
this issue in the first part of this article.
Another issue is regarding the evaluation of different fractionation schedules and

conversion of radiation doses using mathematical models. With the development of
high-precision radiotherapy, various fractionation schedules become available,
because irradiation to the normal tissues can be minimized. For IMRT, while most
institutions use a conventional daily dose of 2 Gy or a slightly higher daily dose,
some investigators use much higher daily doses up to 8 Gy with a much fewer frac-
tion number [5]. Trends toward the use of a high dose per fraction are more evident
in intensity-modulated stereotactic radiotherapy [6, 7]. To evaluate the treatment
outcome, comparison among different fractionation schedules is necessary. For this
purpose, many clinicians use the linear–quadratic (LQ) formalism. However, it has
been questioned whether the LQmodel is really applicable to high-dose-per-fraction
treatment [8, 9]. Therefore, evaluation of the reliability of LQ formalism in the
high-dose range and, if inadequate, proposal of the method to correct the error or
alternative models are important issues in clinical radiation biology. In the latter part
of this article, we review recent works on this issue, including our own studies. The
main part of this article has been published elsewhere [10], which is reproduced
after updating, with permission from the publisher.

3.2  Biological Effects of Intermittent Radiation Delivery

3.2.1  SLDR During Intermittent Radiation Exposure 
in Cultured Cells

First, we show the results of our own experiments.We have conducted four series of
laboratory studies regarding the biological effects of intermittent irradiation [10]. In
the first study, the effects of fractionated doses delivered at intervals of a few min-
utes were evaluated in EMT6 mouse mammary sarcoma and SCCVII mouse squa-
mous cell carcinoma cells [11]. These two cell lines were employed throughout the
series of experiments, and their characteristics were described in detail previously
[12, 13]. In experiments where 8 Gy was given in 2 fractions, SLDR was observed
when the interval was 2 min or longer in EMT6 cells and when it was 3 min or lon-
ger in SCCVII cells. In the next experiment where 8 Gy was given in 5 fractions at
intervals of 1–5 min, significant SLDR was observed when the interval was 2 min
or longer in both cell lines (Fig. 3.1). When the interval was 5 min, 8 Gy in 5 frac-
tions corresponded to 7.38 Gy in a single fraction in EMT6 cells and 7.29 Gy in
SCCVII cells.
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Furthermore, the effects of 2 Gy given in 5 or 10 fractions at intervals of
0.5–5 min were estimated in EMT6 cells using the cytokinesis-block micronucleus
assay, which is a sensitive assay to evaluate radiation effects at low doses [13, 14]. 
In the 5-fraction experiment, the micronucleus frequency decreased significantly as
compared to single 2-Gy irradiation when the interval was 2 min or longer (Fig. 3.2). 
When the interval was 5 min, 5 fractions of 0.4 Gy corresponded to a single dose of
1.72 Gy. In the 10-fraction experiment, the micronucleus frequency decreased when
the interval was 1 min or longer. With an interval of 3 min each, 10 fractions of
0.2 Gy corresponded to a single dose of 1.76 Gy.
To summarize this in vitro study, it was concluded that dose-modifying factors of

1.08–1.16 need to be considered when the total irradiation time is 20–30 min.
However, further in vivo study is considered necessary to extrapolate this result to
clinical situations.

3.2.2  Influence of the Fraction Dose and Number and Dose Rate 
on the Biological Effect

The next in vitro study was conducted to investigate the effects of intermittent irra-
diation like IMRT [15]. A total dose of 8 Gy was given to EMT6 and SCCVII cells
in 2, 5, 10, 20, and 40 fractions within a fixed period of 15, 30, or 46 min, and the
effects were compared with continuous 8-Gy irradiation given at a dose rate of
1.55 Gy/min or at reduced dose rates over 15, 30, or 46 min. The 20- and 40-fraction
schedules would be closer to the IMRT situation than other irradiation schedules.
When the total radiation time was 15 min, there were no differences in cell survival
among the fractionation schedules, but when the period was 30 or 46 min, the radia-
tion effect tended to decrease with an increase in the fraction number up to 20
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Fig. 3.1 Relative surviving fractions of EMT6 and SCCVII cells after 8 Gy given without a break
or in 5 fractions at various intervals. Cell survival after continuous 8-Gy irradiation was regarded
as 1. Bars represent SD (Reproduced from Ref. [10] with permission from the publisher)
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fractions (Fig. 3.3). Two-fraction irradiation yielded the greatest effect among the
fractionated radiation groups. Continuous low-dose-rate irradiation had a greater
effect than 20- or 40-fraction irradiation. Implications regarding the clinical appli-
cation of these results are complicated; nevertheless, this study showed that biologi-
cal effects could differ with the fractionation schedule even when the total radiation
time and dose are identical. Judging from the in vitro study, intermittent irradiation
as used in IMRT seems to be less effective than continuous irradiation, and to mini-
mize the decrease of biological effects, total irradiation time should be kept as short
as possible.
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Fig. 3.2 Relative micronucleus frequency in EMT6 cells after 2 Gy given without a break or in 5
or 10 fractions at various intervals. The micronucleus frequency after continuous 2-Gy irradiation
was regarded as 1. Bars represent SD (Reproduced from Ref. [10] with permission from the
publisher)
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3.2.3  Effects of Intermittent Irradiation on Murine Tumors 
In Vivo

The effect of prolonged radiation delivery was also studied in vivo [16]. EMT6 and
SCCVII tumors were transplanted into the hind legs of Balb/c and C3H/HeN mice,
respectively. When subcutaneous tumors grew to 1 cm in their longest diameter, the
mice received 20 Gy in 2, 5, or 10 fractions at various intervals.Within 24 h from the
first irradiation, the tumors were excised, minced, and enzymatically disaggregated
into single cells. Then, cell survival was assessed using a colony assay. Figure 3.4 
shows the results of a 5-fraction experiment. Contrary to the in vitro data, no decrease
in radiation effects was observed; instead, by placing 2.5-, 7.5-, 10-, or 15-min inter-
vals for EMT6 tumors and 2.5-, 5-, 7.5-, or 15-min intervals for SCCVII tumors, the
effect became stronger. Similar results were obtained in 10-fraction experiments. It
was speculated that SLDR in vivo might be counterbalanced or overweighed by
other phenomena such as reoxygenation. Therefore, we investigated reoxygenation
in SCCVII tumors during intervals of several minutes in the next study.

3.2.4  Reoxygenation Shortly After Irradiation and SLDR In Vivo 
in the Absence of Reoxygenation

Using 1-cm-diameter SCCVII tumors transplanted into C3Hmice, reoxygenation at
0–15 min after a 13-Gy dose was investigated [17]; the hypoxic fraction was mea-
sured at 0, 2.5, 5, 10, and 15 min after 13 Gy using a paired survival curve assay. At
given times, the irradiatedmice were divided into alive and dead groups and received
a second irradiation with 15 Gy. Cell survival in the two groups was compared to

Fig. 3.4 Relative surviving fractions of EMT6 and SCCVII cells irradiated in vivo at 16, 18, or
20 Gy without a break or 20 Gy in 5 fractions at various intervals. Cell survival after continuous
20-Gy irradiation was regarded as 1. Bars represent SD Reproduced from Ref. [10] with permis-
sion from the publisher)

3 Radiobiology for IMRT



48

assess the hypoxic fraction. As shown in Fig. 3.5, the hypoxic fraction was 100 % at
0 and 2.5 min after the end of the first irradiation, but, at 5 min, it fell to 67 % (95 %
confidence interval, 41–93 %). Thus, reoxygenation was observed at 5 min after
irradiation. It was suggested that rapid reoxygenation could compensate for SLDR
in vivo.
To investigate the effect of intermittent irradiation under conditions of restricted

reoxygenation, 1-cm-diameter SCCVII tumors in the hind legs of C3H mice were
irradiated with the leg fixed using adhesive tape. This procedure was considered to
increase the hypoxic fraction and restrict reoxygenation [18]. Figure 3.6 compares
the growth delay of SCCVII tumors irradiated with 20 Gy, 25 Gy, or 5 fractions of
5 Gy given at 3-, 6-, or 10-min intervals. The effect of radiation decreased by impos-
ing intervals of 3–7 min; the effect of 25 Gy given in 5 fractions was between that
of 20 Gy and that of 25 Gy delivered continuously. Therefore, it was suggested that
the effects of intermittent radiation in vivo decrease due to SLDR when reoxygen-
ation is restricted.

3.2.5  Other Laboratory Studies on the Biological  
Effects of Intermittent Irradiation

Classically, Elkind and his coworkers [3, 4] were the first to report the SLDR phe-
nomenon. In their experiments, a significant increase in cell survival was observed
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Fig. 3.5 Relative surviving fractions of SCCVII tumor cells after a priming dose of 13 Gy and a
second dose of 15 Gy given at 0–15 min intervals to air-breathing (○) or dead (●) mice. The sur-
viving fraction in the dead group that received the second dose immediately after the priming dose
was regarded as 1. The hypoxic fraction is given by the surviving fraction of tumor cells in air-
breathing mice divided by that in dead mice at respective time points. Bars represent SE
(Reproduced from Ref. [10] with permission from the publisher)
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when intervals of 30 min or longer were set between two radiation doses. However,
they never investigated shorter intervals. With the development of radiotherapy
techniques, it has become necessary to investigate the influence of radiation inter-
ruptions of shorter than 30 min.
After the 1990s, Benedict et al. [19] attempted to estimate dose correction factors

for stereotactic radiosurgery using U-87MG cells in vitro. In their experiments, the
effect of radiation decreased with prolongation of the treatment time, and the cor-
rection factor of 0.02–0.03 Gy/min was proposed when a total dose of 6–18 Gy was
given. This indicates that when the treatment time prolongs by 30 min, 8 Gy would
correspond to approximately 7.1–7.4 Gy delivered continuously, giving dose-
modifying factors of 1.08–1.13. These results appear to agree with our own. Mu
et al. [20] conducted an in vitro study with V79 cells using much more complicated
fractionation schedules than those we employed and compared the surviving frac-
tion ratios between the continuous and prolonged delivery of radiation with those
estimated by biological models derived from the LQ model. Their conclusion was
that the biological models underestimated the effect of prolonging the fraction time
when a total dose of 2 Gy was fractionated. Therefore, estimation of the influence
of prolonging the treatment time using biological models alone seems to be insuf-
ficient in clinical practice. More recently, Zheng et al. [21] investigated the impact
of prolonged fraction delivery times simulating IMRT on two cultured nasopharyn-
geal carcinoma cell lines. The fraction delivery time was 15, 36, or 50 min. The
dose-modifying factor for a fraction dose of 2 Gy was 1.05 when the delivery time

Fig. 3.6 Relative volumes of SCCVII tumors after 20 (▲) or 25 (●) Gy given as a single dose or
5 fractions of 5 Gy given at intervals of 3 (○), 6 (■), or 10 (□) minutes.△: no irradiation. Tumor
volumes before irradiation in each group were regarded as 100 %. Bars represent SE (Reproduced
from Ref. [10] with permission from the publisher)
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was 15 min, but it increased to 1.11 or 1.18 when the time prolonged to 50 min.
They emphasized, however, that these results do not necessarily hold in vivo.
Moiseenko et al. [22] obtained results similar to those of the abovementioned stud-
ies and suggested that DNA repair underlies the increase in cell survival observed
when dose delivery is prolonged, based on measurement of the retention of gam-
maH2AX, a measure of the lack of DNA damage repair.
Moiseenko et al. [23] investigated the correlation between the magnitude of the

loss of effect brought about by prolonged radiation delivery and the α/β ratio in
three cell lines. When their results were projected to a 30-fraction treatment, the
dose deficit to bring cell survival to the same level was 4.1 Gy in one line, but it was
as large as 24.9 and 31.1 Gy in the other two lines. The dose deficit did not relate to
the α/β ratio of the three cell lines. On the other hand, Zheng et al. [24] also investi-
gated the issue in two hepatocellular carcinoma cell lines, and a significant decrease
in cell survival due to prolonged fraction delivery was observed in one line with an
α/β ratio of 3.1 Gy but not in another with an α/β ratio of 7.4 Gy. Therefore, the
relationship with the α/β ratio remains unclear and requires further investigation.
All these results indicate that SLDR certainly takes place when radiation deliv-

ery is prolonged or given intermittently in daily stereotactic irradiation and IMRT
settings. However, it should be noted that these results were obtained using in vitro
single cells. Until recently, there have been no in vivo studies except for our own
ones, but other studies have been published. The results of a study by Wang et al.
[25] agree with our own; when C57BL mice bearing Lewis lung cancer were irradi-
ated under conditions of limited reoxygenation, intermittent radiation delivery led
to a significant reduction in the biological effects. The study by Jiang et al. [26] also
showed a similar result. However, more in vivo investigations appear to be war-
ranted in the near future. Our study suggests that SLDR in vivo can be counterbal-
anced by reoxygenation. In tumors that reoxygenate rapidly, therefore, the adverse
effects of prolonging the radiation delivery timemay be none or negligible. However,
little is known about the reoxygenation of tumors in humans, so this issue is also an
important topic to be investigated in the future to elucidate the effect of intermittent
or prolonged radiation delivery in clinical practice.

3.3  Applicability of the LQ Model to High-Dose-per- 
Fraction Radiotherapy

3.3.1  Current Controversy

To compare different fractionation schedules, the LQ formalism
( n d n d d d2 2 1 1 1 21 1/ / / / / /= + [ ]( ) + [ ]( )a b a b (where d1 and d2 are fractional
doses and n1 and n2 are fraction numbers) and the biologically effective dose (BED)
derived from the LQ model (BED=D(1 + d/[α/β]), where D is the total dose and d is
the fractional dose) are often used because of their convenience and simplicity [10,
27]. While LQ formalism is useful for conversion between relatively low radiation
doses as used in conventional radiotherapy, it has been suggested that it is not
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applicable to higher daily doses or smaller fraction numbers [9, 10]. However, many
clinicians have used LQ formalism to convert hypofractionated doses to single
doses in their publications [28, 29], and many have used BED to evaluate the doses
of stereotactic irradiation [30, 31]. To further complicate the issue, some investiga-
tors, in contrast, claim that the LQ model is applicable to stereotactic irradiation
[32, 33]. The ground for the latter group is somewhat limited in that the existing
clinical data do not significantly deviate from those expected from LQ model calcu-
lations, and their data do not necessarily indicate that the LQ model fits best to the
high-dose data. Since clinical data usually contain many errors, experimental evalu-
ation of the reliability of the LQ model in single-fraction and hypofractionated
radiation schedules appears to be important and desirable.

3.3.2  Cell Survival Data for the Reliability of the LQ Model  
at High Doses per Fraction

The theoretical basis behind the LQ model not being applicable with high doses per
fraction is that dose-survival curves for cultured cells cannot be fitted well by the
LQ model in high-dose ranges. This has been pointed out for a long time; in the
pioneering work of Puck and Markus [34] who established the colony formation
assay, the high-dose region of the dose-survival curve was apparently straight in
HeLa cells. Therefore, the LQ model, with which the cell survival curve continues
to bend downward at high doses, does not seem to fit the actual curves at high doses.
Joiner and Bentzen [10] stated that extrapolations by the LQ model beyond 5–6 Gy
per fraction are likely to lack clinically useful precision. More recently, Garcia et al.
[35] investigated the compatibility of the LQ model regarding dose-survival curves
of 4 cell lines in broad dose ranges. In the 4 lines, the LQ model did not fit the
curves at very high dose ranges that were >7.5, 9.5, 11.5, or 13 Gy depending on the
cell line. Therefore, the inadequacy of the LQ model at high doses was clearly
demonstrated.
In a previous study, our group investigated the reliability of LQ formalism in

converting hypofractionated doses (in 2–5 fractions) to single doses in single cells
and spheroids in culture [36]. That study showed that LQ formalism is inadequate
in doing so; the equivalent single doses for the hypofractionated doses calculated by
LQ formalism were apparently lower than the equivalent single doses actually mea-
sured. LQ formalism underestimated the effect of fractionated irradiation. The mag-
nitudes of errors were 6–19 % for 2- or 3-fraction schedules in cultured V79 and
EMT6 single cells and 18–30 % for 2- to 5-fraction schedules in V79 spheroids.
Since the reoxygenation of hypoxic tumor cells takes place in in vivo tumors
between respective fractions [17, 37, 38], the compatibility of LQ formalism to
single and hypofractionated radiation regimens was also investigated using murine
tumors in the subsequent study.
Using EMT6 tumors, the applicability of LQ formalism for converting hypofrac-

tionated doses (in 2–5 fractions) to single doses was evaluated [39], as in the previ-
ous in vitro study. Again, the use of LQ formalism produced large errors; the
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equivalent single doses for the hypofractionated doses calculated from LQ formal-
ism were much lower than the equivalent single doses actually measured. The mag-
nitudes of errors were larger than those seen in the in vitro study; they were 21–31%
for 2- or 3-fraction schedules and 27–42 % for 4- or 5-fraction schedules. The pos-
sible larger discrepancy in in vivo tumors as compared to in vitro single cells and
spheroids was considered to be largely due to the reoxygenation of hypoxic tumor
cells during intervals between fractions in the hypofractionated groups. This study
clearly showed that LQ formalism is inadequate for high-dose-per-fraction radio-
therapy, especially in in vivo tumors.
To further evaluate the appropriateness of the BED concept in hypofractionated

irradiation, we compared 2- to 5-fraction irradiation schedules simultaneously in
the EMT6 tumors in Balb/mice [39]. Total doses of 18–30 Gy were given in 2–5
fractions to the tumor-bearing mice at 4-h intervals, and tumor cell survival was
assessed employing an in vivo–in vitro colony assay, as in the previous experiment.
Tumor cell survival was plotted against the total dose and BED3.5. In the in vitro
cell survival determination conducted along with the in vivo experiment, the α/β 
ratio of the cell line was 3.5 Gy, so BED3.5 was adopted as a substitute for “BED10”
often used clinically to represent the tumor response. Figure 3.7 shows tumor cell
survival plotted against the total dose and BED3.5. Respective dose–response
curves almost overlapped when cell survival was plotted against actual radiation
doses. However, the curves tended to shift downward by increasing the fraction
number when cell survival was plotted against BED3.5. If the BED concept is cor-
rect, the respective cell survival curves would overlap on this figure. Thus, it seems
that BED is inadequate for use in this dose-per-fraction range, especially for tumors.
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Fig. 3.7 Surviving fractions of EMT6 cells in vivo after 2-fraction (○), 3-fraction (X), 4-fraction
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The total dose reflected the actual effect (tumor cell survival) more accurately than
BED in this experiment. The calculated BED tended to become larger than expected
from the actual effects when the fraction number decreased. Thus, BED tends to
overestimate the actual biologically effective dose with increasing radiation doses.

3.3.3  Normal Tissue Response Data for the Reliability of the LQ 
Model at High Doses per Fraction

The reliability of the LQ model can also be evaluated based on normal tissue data.
In classic radiobiology studies, raw data for various normal tissue responses from
animal and human studies were presented as a series of dose–response curves [40–
43]. Measured responses were plotted against total radiation doses for each sched-
ule. From horizontal cuts, isoeffect doses could be read off, and these isoeffect
doses could then be plotted as a log dose against the log number of fractions or log
fraction size. Since the isoeffect curves are concave downward, it is difficult to
determine any particular slope for the curves. Instead, the isoeffect curves can be
plotted as the reciprocal total dose as a function of the dose per fraction [43]. This
reciprocal total dose or Fe plot was elaborated to estimate the α/β ratio of normal
tissues [40]. When the normal tissue response data fall in a straight line on this Fe 
plot, the LQ model is considered to be appropriate. The isoeffect curves for most
normal tissues were linear in the dose range of 1–8 Gy [44], suggesting that the LQ
model is adequate in this range of dose per fraction. Brenner [33] found that the
isoeffect curves for the rat spinal cord response, mouse skin reaction, and murine
intestinal damage could be visually fitted with straight lines in the dose range
between 0 and 25 Gy and insisted that the LQ model is applicable throughout this
dose range. However, statistical validation of the linearity was not performed. Later,
Astrahan [45] analyzed the data for various normal tissues in more detail and found
that the LQ formula closely fitted the curve for the late reaction of the mouse spinal
cord for fractions up to about 10 Gy. However, the data for cervical vascular damage
did not fit the LQ model but fitted the LQL (linear–quadratic–linear) model, which
is stated later. Fowler et al. [46] suggested that for certain epithelial tissues, the LQ
model may be applicable up to 23 Gy per fraction.
These observations are somewhat contradictory and confusing, but the discrepancy

may be, in part, explained by the α/β ratio for the normal tissue responses. The appli-
cability of the LQmodel may not simply depend on the absolute dose per fraction; for
a tissue with a large α/β ratio, its applicability may be extended to a higher dose
region. This is the case with epithelial tissues that usually have an α/β ratio of around
10 Gy. Since the α/β ratio represents the dose at which cell killing from linear (α) and
quadratic (β) components of the LQ formula is equal, the LQ model holds around the
dose level of the α/β ratio. However, with the increase in the dose, the β-cell kill com-
ponent dominates in the LQ model, from which actual cell survival data have been
shown to deviate. This deviation appears to become evident in the dose range over
twofold the α/β ratio [35]. From these considerations, it may be said that the model is
applicable up to a radiation dose approximately twofold the α/β ratio.
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Recently, Borst et al. [47] analyzed radiation pneumonitis data in patients under-
going stereotactic body radiotherapy. Various fractionation schedules were
employed ranging from 35 Gy in 4 fractions to 60 Gy in 8 fractions. They tried to
correlate the mean lung dose with the occurrence of radiation pneumonitis. They
found that the data were best fitted by the LQ model with an α/β ratio of 3 Gy.
Although the prescribed dose per fraction was 7.5–2 Gy, the mean lung dose per
fraction is usually much lower, so it may not be surprising that the LQ model fitted
their mean lung dose data.

3.3.4  Other Alternatives to the LQ Model

Since it is becoming clearer that LQ formalism is not adequate for stereotactic irra-
diation, other models have been proposed one after another. These include the uni-
versal survival curve model [48], LQLmodel [49] (or modified LQmodel [50]), and
generalized LQ (gLQ) model [51]. The universal survival curve model hybridizes
the LQ model for low doses and the classic multitarget model ( S D D n

= − −( )−1 1 0e / ,
where S is the surviving fraction,D is the dose,D0 is a parameter that determines the
final slope of the survival curve, and n is the y-intercept of the asymptote) [52] for
high doses beyond a single transition dose (DT). Hence, the concept is relatively
simple. The LQL model derived from a mechanism-based lethal–potentially lethal
model [53] has a mechanistic basis. Although the equations for the LQL model are
more complex, cell survival curves extend nearly linearly in a high-dose range, as
compared to the LQ model [49]. Therefore, the applicability of the universal sur-
vival curve model and LQL model to a high-dose region may be similar. The most
recently proposed gLQ model takes SLDR and the conversion of sublethal damage
to lethal damage during irradiation into account; the model is designed to cover any
dose delivery patterns. All of these newer models seem to fit better than the LQ
model in the high-dose range.We have also evaluated how the LQ and other models
fit experimental data. In an in vitro study, the classic multitarget model and the
repairable–conditionally repairable model tended to fit better than the LQ model at
high doses [54]. In the near future, it is desirable for an optimal model to be estab-
lished for clinical use in high-dose-per-fraction radiotherapy. However, it should be
noted that these models are generally applicable to the normal tissue response, espe-
cially late damage, and not to tumors, since none of these models take the reoxygen-
ation phenomenon, as well as cell cycle effects, host immune effects, and effects on
vascular/stromal elements, into account. When the overall treatment time becomes
longer than that conventionally used, a factor deriving from repopulation should
also be considered [55, 56]. In future studies, models that incorporate these factors
as well as reoxygenation should be developed in order to use the models for in vivo
tumor responses to high-dose-per-fraction irradiation and more conventional
radiotherapy.
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4.1         Introduction 

 Intensity-modulated radiation therapy (IMRT) is an advanced form of conformal 
irradiation techniques that can generate highly optimized dose distributions with 
steep dose gradients [ 1 ]. Studies have demonstrated the benefi ts of IMRT for 
improving target coverage and decreasing the doses delivered to the organ at risk 
(OAR), particularly in clinical situations where concave targets surround adjacent 
OARs [ 2 – 4 ]. In prostate cancer, concave absorbed-dose distributions have enabled 
the establishment of dose escalation strategies without increasing rectal complica-
tions [ 5 ]. In head and neck cancers, this approach enables for a greater sparing of 
various normal tissue structures such as the salivary glands, optic nerves, temporal 
lobes, auditory apparatus, brainstem, and pharyngeal constrictor muscles while also 
improving tumor control [ 4 ,  6 – 8 ]. 

 In this chapter, the process for treatment planning of IMRT will be discussed 
from a practical perspective. This process consists of several phases, as follows: (1) 
delineation of the target volume and various normal tissue structures on three- 
dimensional (3D) images, (2) optimization of the radiation dose distribution using 
inverse planning, (3) leaf-sequence generation followed by calculation of dose 
 distributions, and (4) evaluation of the planning results. Additional rounds of 
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iterative optimization would be required with constraint modifi cations that defi ne 
the objective function until satisfactory planning goals have been achieved. 

 The International Commission on Radiation Units and Measurements (ICRU) 
addressed the issue of the volume defi nition and dose specifi cation for radiotherapy 
by publishing the ICRU Report 50 in 1993 and its supplement 62 in 1999 [ 9 ,  10 ]. 
The most recent ICRU Report 83 (ICRU 83) described updated information to stan-
dardize the techniques and procedures for prescribing, recording, and reporting of 
IMRT using growing technological advances [ 11 ]. It should be noted that the most 
protocols used in previous or ongoing clinical trials may be still based on previous 
reports. Therefore, the defi nition of a consistent volume and dose specifi cation for 
treatment planning of IMRT should be translated along with ICRU 83. The descrip-
tions in this chapter have been adequately adapted according to the recent changes 
in the recommendations.  

4.2     Delineation of Target Volumes, Critical Structures, 
and the Regions of Interest at Risk 

 In inverse planning of IMRT, radiation oncologists must explicitly defi ne what is to 
be treated and what is to be avoided. The careful selection and accurate delineation 
of target volumes and structures is essential because errors in this process could not 
be recovered by the subsequent optimizations and may often result in the marginal 
recurrences of the tumors and/or severe late radiation toxicity to the adjacent struc-
tures after IMRT. The proper delineation of target volumes and OARs to achieve 
optimal dose distributions requires experience in anatomical and diagnostic imag-
ing and a thorough understanding of the spread patterns of the disease. Consensus 
guidelines have been published and updated for target volume delineation to help 
standardize treatment planning of IMRT at specifi c tumor sites [ 12 – 18 ]. Nevertheless, 
standards for target defi nition, dose specifi cation, and normal tissue constraints for 
IMRT are still evolving. 

 During treatment planning and reporting processes, several volumes related to 
the tumor and normal organs are typically defi ned as follows: (1) the gross tumor 
volume (GTV), (2) clinical target volume (CTV), (3) planning target volume (PTV), 
(4) OAR, (5) planning organ-at-risk volume (PRV), (6) internal target volume 
(ITV), (7) treated volume (TV), and (8) remaining volume at risk (RVR). 

4.2.1     Gross Tumor Volume (GTV) 

 According to ICRU 83 [ 11 ], GTV is defi ned as the gross demonstrable extent and 
location of the tumor. GTV may consist of a primary tumor, metastatic regional 
lymph nodes, or distant metastasis. Typically, different GTVs are delineated for 
primary tumors and regional nodes. However, if primary lesions could not be dif-
ferentiated from adjacent nodal lesions, a single GTV encompassing both the pri-
mary tumor and the nodes may be delineated. Such situations are often observed in 
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advanced nasopharyngeal carcinomas (NPCs) that have infi ltrated into the retropha-
ryngeal space, including possible nodal lesions. Combinations of various anatomi-
cal and/or functional imaging modalities can be useful for the delineation of GTV. 

4.2.1.1     GTV Delineation Using Anatomical Imaging 
 Typically, anatomical imaging modalities such as computed tomography (CT) and 
magnetic resonance imaging (MRI) have been used to contour the boundary of 
GTV. Among these, contrast-enhanced CT is used most commonly for treatment 
planning. It reveals the precise anatomical fi ndings of primary tumors and involved 
nodes. In addition, CT enables the radiation dose to be calculated and the generation 
of the digitally reconstructed images necessary for treatment verifi cations. 

 In general, MRI provides better anatomical visualizations than CT because of its 
excellent soft tissue contrast. In cases of advanced NPC with the skull base involve-
ment (Fig.  4.1c ), MRI is superior to CT for determining tumor extension and the 
involvement of the skull base, cavernous sinus, and parapharyngeal and retropha-
ryngeal spaces. In particular, gadolinium-enhanced and/or fat-saturated T1-weighted 
images with 3D views are useful for GTV delineation, as shown in Fig.  4.2a . A 
previous study demonstrated that, compared with CT, MRI-based target volumes 
were signifi cantly larger, more irregularly shaped, and did not always include the 
CT targets in NPCs [ 19 ]. Other studies showed that CT–MRI image fusion improved 
the delineation of the target volume and decreased variability between observers in 
head and neck or prostate cancers [ 20 ,  21 ]. Therefore, the combined use of MRI and 
CT is desirable for target determination at most tumor sites. In addition, diffusion- 
weighted MRI may signifi cantly improve nodal staging in comparison with CT or 
routine MRI [ 22 ]. Despite various imaging modalities, physical examination is 
essential for the accurate determination of GTV. For example, base-of-tongue can-
cers could be examined easily by palpation, and the precise mucosal extension of 
oropharyngeal and laryngeal cancers could be revealed only on visual inspection or 
using fi ber-optic endoscopy.   

 For prostate IMRT, MRI is superior to CT for defi ning of the prostate apex for 
targeting and the erectile tissues for sparing purposes [ 23 – 26 ]. Furthermore, the 
location of a dominant lesion in the prostate could be well predicted using multiple 
MRI parameters, including diffusion-weighted, dynamic contrast-enhanced, 
T2-mapping, and 3D spectroscopic MR images for high-dose intraprostatic  boosting 
using IMRT [ 27 ,  28 ].  

4.2.1.2     GTV Delineation Using Functional Imaging 
  18 Fluorodeoxyglucose positron emission tomography (FDG-PET) has been applied 
increasingly to radiation treatment planning to increase the accuracy of GTV delin-
eation besides the staging work-up. FDG-PET may be expected to visualize the 
“true” pathological tumor volume or refl ect the “actual” tumor burden depending on 
the levels of glucose metabolism. Interestingly, several studies showed that PET-
based GTV (PET-GTV) was often smaller than the CT- or MRI-based GTVs [ 29 –
 31 ]. Daisne et al. showed that the macroscopic GTVs in surgical specimens were 
even smaller than GTVs obtained using FDG-PET, suggesting that all imaging 
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modalities overestimate GTV. However, when examined in detail, all imaging 
modalities underestimated the actual tumor extent, particularly in terms of the small 
mucosal and submucosal infi ltration of pharyngolaryngeal squamous cell carcino-
mas in specimens [ 29 ]. Therefore, the importance of clinical examinations for deter-
mining GTVs should be emphasized. 

 Unlike CT and MR images, in which the tumor has well-defi ned margins, it 
should be noted that the extent and the size of PET-GTV is highly dependent on the 
display windowing. Different studies have suggested various methods to determine 
the outline of PET-GTV, such as using the threshold of 2.5–4 of the standardized 
uptake value (SUV), 20–50 % of the maximal SUV, or the multiple-threshold meth-
ods [ 20 ,  31 – 33 ]. However, a standardized technique for contouring PET-GTV is 

  Fig. 4.1    Delineation of the target volumes using FDG-PET/CT and MRI. An advanced nasopha-
ryngeal carcinoma showing extensive infi ltrations to the skull base and the clivus. ( a ) and ( b ) The 
FDG-PET/CT fusion images for delineation of CTV/PTV. The physiological uptake in the brain 
considerably disturbed the determination of the extent of tumor near the skull base region. ( c ) The 
T1-weighted MRI well visualized the tumor infi ltration to the skull base and even into the right 
carotid canal as the gadolinium-enhanced areas. In this case, MRI is the most useful for delineation 
of CTV/PTV in combination with CT in bone window. ( d ) The dose distributions in an initial plan 
of two-step IMRT. Because of overlapping of the PTV and the ventral portion of the brainstem, 
CTV-to-PTV margins at this region were reduced up to 2 mm       
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  Fig. 4.2    A case of nasopharyngeal carcinoma with lymph node metastasis. ( a ) The T1-weighted 
MRI with gadolinium enhancement clearly demonstrated the extensive extracapsular invasions of 
the bulky nodal metastasis in a case of nasopharyngeal cancer before IMRT. ( b ) The initial plan to 
the large fi eld included both the clinically detectable tumors and the elective regions. ( c ) The boost 
plan to the high-dose boost volume on the CT at the dose of 36 Gy. Please note the marked volume 
changes of both the lymph node volumes and the body contours during IMRT with concurrent che-
motherapy. Thus, a two-step IMRT    planning is a useful means for an adaptive planning strategy       
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still not available, and a universal standard may be impossible to establish because 
FDG uptakes can vary among individual tumors depending on their histological 
type and differentiation grade and the expression of metabolic enzymes. Moreover, 
PET-GTV delineation can be challenging because certain areas can be FDG avid, 
particularly in head and neck regions such as the tonsils and the base of the tongue, 
skeletal muscles, the thyroid gland, the brain, and parotid glands (Fig.  4.1a ). Despite 
these limitations, some authors have attempted to validate the automatic segmenta-
tion of GTVs on FDG-PET using objective and user-independent methods. For 
example, Gregoire et al. [ 16 ] reported the use of automatically delineated PET-GTV 
in a dose escalation trial. In contrast, Eisbruch et al. proposed using a composite of 
CT-GTV and PET-GTVs [ 34 ,  35 ]. This proposal has been supported by several 
studies suggesting that local recurrences are not always detected within PET-GTVs 
[ 35 ,  36 ]. Therefore, FDG-PET should not be used as the sole modality for GTV 
defi nition, and high-risk GTV volumes could be defi ned based on all available 
information from the fi ndings of CT, PET/CT, MRI, and physical examination. 

 Functional imaging using PET with various tracers could be also used to defi ne 
subvolumes within GTV depending on specifi c biological factors. A partial dose 
escalation with IMRT may be attractive if we could consistently defi ne certain sub-
volumes that are at a high risk of failure due to tumor hypoxia, high clonogen den-
sity, or the cell proliferation rate [ 37 ]. For example, the use of  18 F-fl uoromisonidazole 
(FMISO) PET-guided IMRT dose painting was proposed to potentially overcome 
the radioresistance of hypoxia in head and neck cancers [ 38 ]. However, hypoxia 
imaging using FMISO-PET showed signifi cant spatial variability when repeated 
sessions were performed either before or during therapy; this fi nding suggests that 
reoxygenation and dynamic changes occur at the locations of tumor hypoxia [ 39 , 
 40 ]. Thus, GTV segmentation methods using functional imaging are appealing but 
are still being investigated.   

4.2.2     Clinical Target Volume (CTV) 

 As described in ICRU 83, CTV is the volume of tissue that contains a demonstrable 
GTV and/or subclinical malignant disease with a certain probability of occurrence 
that is considered relevant for therapy. However, there is no general consensus 
regarding what probability is considered relevant for therapy. Based on clinical 
judgment, a possibility of microscopic disease typically over 5–10 % would be 
assumed to require treatment. The concepts of subclinical malignant disease sug-
gest the possibility of both microscopic extension outside GTV and the potential 
involvement of regional lymph nodes, which are usually undetectable by clinical 
examinations or using any imaging modalities. 

 CTV may be created practically by adding margins (5–10 mm) to GTV, although 
these margins should be tailored based on anatomical and pathological consider-
ations. Particularly, in head and neck tumors, a thorough understanding of the com-
plex regional anatomy is required, including knowledge of the cervical compartments 
and fasciae that are barriers to tumor extension. Different head and neck primary 
tumors also exhibit a variety of spread patterns and biological behaviors. Therefore, 
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the delineation of CTV is currently based on clinical experience and oncological 
considerations. Consensus guidelines and recommendations [ 12 – 18 ] have been pro-
posed to help standardize the target volume selection and delineation of head and 
neck tumors. A 2013 update by Gregiore et al. [ 14 ] clearly illustrated several node 
groups not considered previously, including the supraclavicular, retroauricular, 
occipital, buccal, and parotid nodes. They have also shown that translation from the 
node levels to CTV delineation may need some adjustments. In terms of the risk of 
extracapsular extensions (ECEs), two previous studies reported that ECEs were lim-
ited to within 5 mm of nodes <3 cm at their largest diameter in 96 % of cases and 
were always within less than 10 mm [ 41 ] or that ECEs were always within 8 mm 
range [ 42 ]. In cases with larger lymph nodes, CTV delineation may need to consider 
that expansion from the nodal GTV may be limited by the surrounding structures, 
such as the sternocleidomastoid muscle, the paraspinal muscles, or the parotid 
gland. The proper implementation of these guidelines in daily practice will require 
common sense and good knowledge of anatomy and oncology, which could result 
in a reduction in treatment variations.  

4.2.3     Planning Target Volume (PTV) 

 PTV is a geometrical concept that was introduced for treatment planning and evalu-
ation. It is a recommended tool to shape dose distributions to ensure that the pre-
scribed dose will actually be delivered to all parts of CTV at a clinically acceptable 
probability despite geometrical uncertainties such as organ motion and setup varia-
tions. The delineation of GTV and CTV is based on anatomical and oncological 
considerations and is independent of the irradiation technique used. In contrast, the 
delineation of PTV is dependent on the technique used and is part of the treatment 
prescription. 

 ICRU 83 [ 11 ] emphasized that the delineation of the primary PTV margin should 
not be compromised even in cases when PTV encroaches or overlaps with other 
PTVs, OARs, or PRVs. Developments in treatment planning software now make it 
possible to manage dose distributions using priority rules during optimization. 
Alternatively, PTV could be subdivided into regions with different dose prescrip-
tions. Such methods may be often applicable to IMRT optimization for head and 
neck cancers. In some cases, PTV extends close to or even outside the patient’s skin 
because of tumor invasion or added margins. Most dose computation algorithms 
cannot accurately compute the absorbed dose in buildup regions. To overcome this 
limitation, ICRU 83 provided possible solutions such as PTV subdivisions and 
relaxation of the absorbed-dose objectives for planning.  

4.2.4     Organs at Risk (OAR) 

 OAR or critical normal structures are tissues that, if irradiated, could suffer signifi -
cant morbidity and thus may infl uence treatment planning and/or the absorbed-dose 
prescription. In principle, all nontarget tissues could be OARs. However, normal 
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tissues that are considered typically as OARs depend on the location of CTV and/or 
the prescribed absorbed dose. 

 From a functional perspective, OARs have been divided conceptually into 
“serial” and “parallel” organs [ 43 ]. In serial OARs such as the spinal cord, the integ-
rity of each functional subunit with a serial architecture is critical to organ function, 
and the inactivation of any individual subunit results in dysfunction of the whole 
organ. In parallel OARs such as the parotid gland, independent functional subunits 
are organized with a parallel architecture, and it is assumed that no complication 
will occur until a suffi ciently large number of functional subunits have been elimi-
nated, in so-called volume effects. This concept of tissue organization is operation-
ally useful for determining dose–volume constraints. In principle, for serial OARs 
showing a threshold binary response, the maximum dose in a given volume is typi-
cally the best predictor of complications. In contrast, for parallel OARs showing 
graded absorbed-dose responses, the mean dose or the volume that receives exces-
sive doses of a defi ned value has been used to predict complications [ 44 ]. 

 For establishing normal tissue complication probability (NTCP) models, Emami 
et al. reported the tolerance dose for irradiation of one-third, two-thirds, or the 
whole of various organs [ 45 ]. Burman et al. provided fi ts to Emami’s consensus 
dose–volume data using a Lyman model [ 46 ]. In addition, Kutcher et al. proposed a 
dose–volume histogram (DVH) reduction algorithm analysis that enabled the 
extrapolation of Emami’s constraints to any dose distribution [ 47 ]. These mathe-
matical methods amounted to a common formula that introduced the generalized 
equivalent uniform dose (EUD). The resulting Lyman–Kutcher–Burman model 
remains the most widely used NTCP model, although it is not always the best model 
that should be considered [ 48 – 50 ]. Recently, the Qualitative Analyses of Normal 
Tissue Effects in the Clinic (QUANTEC) has provided a critical overview of current 
knowledge of the quantitative dose–response and dose–volume relationships for 
clinically relevant normal tissue endpoints, and QUANTEC provided practical 
guidelines that enabled radiation oncologists to reasonably categorize toxicity risk 
based on dose–volume parameters or the results of models for a number of treat-
ment sites [ 51 ,  52 ]. Information provided by QUANTEC is not currently ideal, and 
continued adjustments and validations should be necessary after the release of 
 further clinical data regarding dose–volume modeling [ 53 – 56 ].  

4.2.5     Planning Organ-at-Risk Volume (PRV) 

 Similar to PTV, uncertainties and variations regarding the position of OAR during 
treatment must be considered to avoid serious complications. For this reason, mar-
gins have to be added to OARs to compensate for these uncertainties and variations 
using similar principles as those used for PTV, which defi nes PRV. 

 A margin for serial OAR is much more critical than that for parallel OAR. It 
should be noted that the delineation of PTV and PRV often results in one or more 
overlapping regions. To ensure a suffi cient sparing of normal tissue, the use of prior-
ity rules in the planning system for PTV or PRV can be subdivided into regions with 
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different dose constraints. Nevertheless, ICRU recommends that the absorbed dose 
should be reported in the full PRV and PTV [ 11 ].  

4.2.6     Treated Volume (TV) 

 As described in ICRU 83 [ 11 ], TV is the volume of the tissue enclosed within the 
specifi c isodose envelope that receives the absorbed dose specifi ed by the radiation 
oncology team as being appropriate to achieve tumor eradication or palliation, 
within the boundaries of acceptable complications. According to ICRU,  D  98 %  (the 
absorbed dose for 98 % of PTV) could be selected to determine TV. It is important 
to identify the shape, size, and position of TV in relation to PTV because it can 
provide information to evaluate the causes of local recurrences inside or outside the 
PTV.  

4.2.7     Remaining Volume at Risk (RVR) 

 In ICRU 83, RVR is defi ned operationally as the difference between the volume 
enclosed by the external contour of the patient and that of CTVs and OARs on the 
slices that have been imaged. RVR is important for the treatment optimization pro-
cess. If RVR is not specifi cally determined and the dose objectives are not imposed 
accordingly, the planning systems for IMRT will then extensively seek any possible 
solutions to achieve the desired dose distribution according to the planning aims. It 
is possible that this could result in the delivery of unacceptably high doses else-
where in RVR and that steep dose gradients may not be produced between PTV and 
RVR. To avoid these diffi culties, the planning aims should be applied to RVR. In 
addition, the absorbed dose in RVR may be useful for estimating the risk of late 
adverse effects, such as carcinogenesis. Therefore, evaluating the absorbed doses in 
RVR is particularly important in younger patients who are expected to have a long 
lifespan.   

4.3     IMRT Treatment Planning and Optimization 

4.3.1     IMRT Optimization Process 

 Compared with conventional RT, the main features of IMRT optimization include 
the use of mathematical objective functions defi ned by a set of dose constraints and 
their priorities and the use of a computer-based algorithm to seek the optimal solu-
tion in an iterative manner. 

 IMRT optimization consists of the following processes: (1) defi ning constraints 
and establishing an objective function, (2) computing the beamlet weights or the 
beam segment shapes and weights, (3) computing the absorbed-dose distribution, 
and then (4) evaluating if the results meet the optimization requirement. If 
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necessary, this then leads to additional rounds of iterative optimization with con-
straint modifi cations that defi ne the objective function. Finally, the radiation oncol-
ogist makes a decision regarding the acceptability of the plan.  

4.3.2     Optimization and Objective Functions 

4.3.2.1     Planning Aims and Prescription 
 In treatment planning for IMRT, the distribution of the absorbed dose to any speci-
fi ed volume including PTVs, PRVs, OARs, and TV could be prioritized and tailored 
using an iterative process referred to as optimization. In ICRU 83, the “planning 
aims” are defi ned as the dosimetric goals when starting the IMRT treatment plan-
ning. Parameters such as the desired absorbed doses and planning constraints should 
be described in planning protocols when initiating the planning process. In contrast, 
“prescription” represents the fi nally accepted set of values based on the modifi ed 
“planning aims” via the optimization process. The use of multiple dose–volume 
objective functions for each defi ned volume can lead to increased precision in the 
planning aims. Analysis of treatment outcome in terms of tumor control and normal 
tissue toxicity as a function of the absorbed-dose and dose distribution provides 
important information regarding desirable dose–volume constraints, such as  D  V  (the 
absorbed dose in fraction  V  of the volume) and  V  D  (the volume receiving at least the 
absorbed dose  D ). During the optimization process, the priority of one constraint 
over another and/or the priority of one volume over another are specifi ed by param-
eters that quantitatively weigh the set of priorities. The priority ranking is a clinical 
decision that may be described in a clinical protocol. The constraints can then be 
modifi ed iteratively to achieve an acceptable goal with an optimal intensity 
pattern.  

4.3.2.2     Dose and Dose–Volume Objective Functions 
 To achieve the desired absorbed-dose distribution, a set of constraints is specifi ed 
for selected target volumes and normal structures. In general, the objective func-
tions for IMRT are established to achieve absorbed-dose homogeneity within PTVs 
and reduce the absorbed dose in PRVs or OARs according to the dose and dose–vol-
ume criteria for each structure and its relative importance. The main reason for the 
use of such criteria in the IMRT planning is that dose coverage of volumes can be 
determined explicitly from DVH and could be better controlled via the optimization 
process. 

 As shown in Fig.  4.3 , the maximum ( D  max ) and the minimum ( D  min ) dose values 
for PTVs have been generally specifi ed as dose-based objective functions to limit 
both the hot and cold spots, respectively. In addition, for PRVs of critical OARs, a 
high priority is that the  D  max  values should not exceed the tolerance limits. The 
dose–volume metrics  D  min  (= D  100 % ) or  D  max  (= D  0 % ) values represent those at a single 
or small number of voxels with the lowest or the highest absorbed doses, respec-
tively. These values may not be accurately computed because they are highly 
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sensitive to the resolution of the calculation and accuracy of PTV. Therefore, ICRU 
83 recommends that  D  100 %  or  D  0 %  should be replaced by the near-minimum,  D  98 % , 
or the near-maximum,  D  2 % , values, respectively, which can be determined more 
accurately [ 11 ]. It is also recommended that other values, such as  D   95% , may also be 
used but should not replace  D  98 % . In addition, the median absorbed dose, specifi ed 
by  D  50 % , should be reported because it is considered to correspond best to the previ-
ously defi ned dose at the ICRU reference point. The clinical relevance of the lowest 
doses can depend on their position within PTV. In cases close to the edge of PTV, a 
low-dose region may have less clinical relevance than one that is well within 
PTV. Therefore, it is important to not rely solely on DVH for evaluation but to 
instead carefully inspect the dose distributions slice by slice to ensure adequate dose 
coverage for PTV.  

 For parallel OARs, mainly dose–volume-based criteria with relative priorities 
are applied for optimization, as shown in Fig.  4.4 . Their dose–volume constraints 
are specifi ed as  V  D . If the sole criterion is specifi ed for OAR, any DVH curves that 
cross through this particular point obviously meet such a criterion (Fig.  4.5 ). To 
avoid such limitations, multiple dose–volume criteria with their relative weights for 
a single structure can be given, or even the entire DVH could be defi ned, which 
enables the shape of the cumulative DVH for that structure to be controlled.   

 Optimization may be performed using physical (or dose- and dose–volume- 
based) rather than biological (or dose–response-based) criteria, such as tumor con-
trol probability (TCP), NTCP, and EUD. Dose–response-based optimization is 
particularly attractive because IMRT provides a dose-painting strategy for some 
biological targets according to functional imaging for metabolic status, hypoxia, 
and cell proliferation.  
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  Fig. 4.3    Objective functions in dose-based optimization of the IMRT planning. ( a ) Application of 
minimal ( D  min ) and maximal dose ( D  max ) constraints to achieve, as much as possible, the dose 
homogeneity in the PTV. ( b ) Application of maximal dose ( D  max ) constraints with the high-priority 
factor in the PRV of the critical structure such as the spinal cord to prevent the dose delivery 
beyond the threshold. According to the ICRU 83,  D  98 %  and  D  2 %  are preferable instead of  D  min  and 
 D  max , respectively. D 50 %  should be reported for evaluation of the PTV dosing       
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4.3.2.3     Iterative Optimization Using a Computer-Based Algorithm 
 A computer-based algorithm for inverse planning can incorporate “hard” constraints 
that cannot be altered or “soft” constraints that could be changed. Hard constraints 
restrict the process to only solutions that are feasible; examples include physical 
constraints such as forbidding negative beam intensities and restrictions on the 
beam size or direction. Solutions that are based on hard constraints are not the 
“best,” but can be feasible if they merely satisfy all hard constraints. Instead, “soft” 
constraints can better help achieve clinical goals. Such constraints can include spec-
ifi cations such as dose–volume uniformity, other dose–volume criteria, or the 
absorbed-dose limits to various structures. The optimization algorithm searches the 
parameter space seeking to achieve an objective function for the generation of an 
optimized solution in combination with soft and hard constraints. It should be noted 
that hard constraints bind the solution space, whereas soft constraints defi ne a global 
minimum for a given objective function. 
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  Fig. 4.4    Objective functions 
in dose–volume-based 
optimization of the IMRT 
planning. Application of the 
dose–volume-based 
constraint at the point ( D  V , 
 V  D ) in the structure with a 
large volume effect such as 
the parallel-like organs. DVH 
constraint indicated that no 
more than  V  D  % of the 
volume sho   uld receive a dose 
of  D  V  Gy.  D  median  and  D  mean  
values should be reported for 
evaluation       
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  Fig. 4.5    Representation of 
limitations of the DVH for 
the structure with a large 
volume effect such as the 
parallel-like organs. Three 
DVH curves producing the 
different effects will fi t for 
one dose–volume-based 
constraint (at  D  V  and  V  D  of 
the volume). Application of 
multiple constraints may well 
control the shape of the DVH 
as desired       
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 Optimization algorithms used to search for the possible solutions could be clas-
sifi ed into the following two broad categories: deterministic and stochastic methods. 
In deterministic methods, the same solution will always be found when the same 
setup and initial conditions are used; they do not contain any random elements. 
Examples of deterministic methods include linear least squares and gradient 
descents [ 57 ]. A commonly used gradient descent in IMRT is nonlinear least- 
squares minimization [ 58 ], which is also called the steepest descent method. This 
algorithm follows the negative gradient of the objective function, similar to a down-
hill skier who could always go down the steepest slopes. Therefore, it iteratively 
fi nds a value for the objective function that is smaller than the last, getting closer to 
the minimum using relatively few steps [ 44 ,  59 – 61 ]. Compared with stochastic 
methods, the main advantage of the gradient descent and other deterministic meth-
ods is speed. However, if multiple minima are expected, the gradient descent 
searches then cannot escape from a local minimum of the objective function without 
fi nding the global minimum [ 62 ]. 

 In inverse planning for IMRT, one of the most widely used stochastic algorithms 
is simulated annealing. Annealing is a physical process involving the heating and 
controlled cooling of a material being crystallized. This process is simulated during 
optimization of treatment plans. Higher temperatures indicate larger sizes of the 
random steps within the search space and even control the probability of “hill climb-
ing.” In other words, many iteration steps may result in the temporal acceptance of 
a worse treatment plan than the previous one, because of the random principle 
involved [ 63 ,  64 ]. Generally, stochastic algorithms allow plans to escape from the 
local minima and continue to explore the solution space to reach the global mini-
mum if there is unlimited time to search the parameter space. Because time is 
restricted for treatment planning, the iterative search needs to be stopped either 
manually or automatically if its progress has slowed. The computed value of the 
objective function is usually displayed graphically to help decide when to stop the 
search. In practice, stochastic and gradient descent methods could be combined. 

 If the cost function depends only on the dose-based objectives with the aim of 
one dose per volume, local minima do not exist. In contrast, dose–volume-based 
objectives can cause local minima. Multiple local minima can exist when optimiz-
ing beam angles and numbers and during optimization using biological models 
(dose–response-based), in which even different dose distributions can result in the 
same response probability. If multiple minima exist with a dose–volume-based opti-
mization, it is diffi cult to know whether a given solution is optimal. In such cases, 
one must attempt to discover ways to force inverse planning systems into different 
parts of the solution space by changing the initial conditions.  

4.3.2.4     Leaf Segmentation, Forward Dose Calculation, 
and Plan Evaluation 

 Dose constraints are assigned to both target volumes and OARs, and inverse optimi-
zation is then performed to identify the individual weights of a large number of 
beamlets. The computer adjusts the fl uences of these beamlets according to the 
required planning dose objectives. After optimization, the intensity profi les need to 
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be converted into delivery instructions for the specifi c system used. For multileaf 
collimator (MLC) systems, a leaf-segmentation or leaf-sequencing algorithm deter-
mines a series of “deliverable” MLC shapes and/or movements to best replicate the 
desired dose pattern. It is required that MLC should move at the maximum allow-
able speed in each segment, thereby minimizing the treatment time. Both transmis-
sion through MLCs and the effect of their rounded edges should be considered. 
Therefore, the original intensity profi les cannot be converted with complete fi delity 
using these processes, and so the fi nal leaf motion is converted back into a deliver-
able intensity profi le for subsequent forward calculations of absorbed dose and 
monitor unit (MU). 

 Once the forward absorbed-dose calculation has been completed using the 
 deliverable profi les, the plan is evaluated using standard methods including planar 
dose distributions, DVHs, and radiobiological indices such as TCP and NTCP. If the 
dose distribution does not achieve the planning aims, the optimization parameters, 
optimization- only structures, or beams are adjusted, and the process is repeated. 
The choice between plan improvement and plan acceptance is often based on trade- 
offs among confl icting aims. As such, the prescription could be considered accept-
able but be different from the original planning aim.  

4.3.2.5     Beamlet Optimization and Aperture-Based Optimization 
 For both stochastic and deterministic strategies, there are two general frameworks 
for IMRT optimization: beamlet optimization [ 64 – 66 ] and aperture-based optimiza-
tion [ 67 ]. Both strategies use the same criteria (constraints and objective functions). 
For beamlet optimization, each fi eld is discretized into a grid of beamlets with mod-
ulated intensities. Beamlet-based optimization, which was pioneered for serial 
TomoTherapy (TomoTherapy Inc., Madison, WI, USA), is used to design dynamic 
MLC IMRT because it can achieve relatively highly modulated intensity patterns. 
After the leaf-sequencing step, calculating the fi nal absorbed dose and MU could 
result in a signifi cantly different absorbed-dose distribution than that suggested by 
the optimized plan; this discrepancy is called “convergence error” [ 68 ]. The cause 
of the discrepancy is partly because a simpler model of energy deposition is often 
used for the optimization algorithm than for the fi nal dose calculations to accelerate 
the process. Because the accuracy of the fi nal dose calculations is most important, it 
considers the limitations of MLC delivery that are not accounted for by the opti-
mizer, as described above. 

 Aperture-based optimization takes into account the limitations of MLC during 
each optimization step, so that the segmentation step is eliminated. Instead, the best 
set of aperture shapes (and their relative weights) is directly sought to deliver the 
intensity pattern without explicit discretization of the fi eld into a grid of beamlets. 
This approach is used for segmental MLC and intensity-modulated arc therapy 
(IMAT). If the same dose calculation algorithm is used for iterative optimization of 
apertures as that for the fi nal absorbed-dose calculation, this method will then also 
avoid convergence errors. The automated aperture-based optimization procedure, in 
addition to new segments, could modify the boundaries of previous segments to 
better avoid normal tissue or improve the target dose homogeneity.  
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4.3.2.6     Methods of Delivery of IMRT 
 IMRT can be delivered using a conventional linear accelerator (linac) equipped with 
an MLC system designed to shape fi eld apertures. This type of IMRT is delivered at 
fi xed gantry angles by delivering multiple fi eld segments statically (known as step-
and- shoot IMRT) or by having the leaf pairs slide across the fi eld dynamically 
(called dynamic or sliding window IMRT) [ 69 ]. The TomoTherapy HI-ART System 
[ 70 ] is a rotational IMRT approach that uses a binary collimator. Recently, IMAT 
was developed as a form of rotational IMRT [ 71 ,  72 ]. 

 As the complexity of the IMRT plan increases, there is a dramatic increase in the 
number of MUs required to deliver IMRT [ 73 ,  74 ]. This increase in MU is associ-
ated with increased treatment time and a greater leakage of radiation from MLCs, 
which can increase the total body dose and the risk of secondary cancers [ 75 ]. It is 
also associated with increased dosimetric uncertainty. Therefore, attempts should 
be taken to reduce such complexity, including setting intensity limits and placing 
penalties on the cost function [ 76 ]. 

 IMAT has greater fl exibility in shaping the dose distribution than conventional 
IMRT. Studies have shown that IMAT could reduce treatment time and provide bet-
ter plan quality in terms of target dose coverage and the sparing of normal tissue, as 
it uses fewer MUs per fraction as compared with fi xed-fi eld IMRT [ 77 – 79 ].    

4.4     Solutions to the Pitfalls Associated with IMRT 
Planning Optimization 

 The clinical situations described below are often encountered during IMRT plan-
ning: (1) overlapping volumes and confl icting absorbed-dose objectives and (2) 
planned absorbed dose in the buildup region and in a PTV extending outside the 
body contour. 

4.4.1     Overlapping Volumes with Conflicting 
Optimization Criteria 

 The concepts of PTV and PRV have been widely adopted to compensate for the 
geometric uncertainties and variations in the position of targets and structures. 
Adding margins around the contoured volumes can often result in signifi cant over-
laps between different volumes, including PTVs and PRVs. A confl ict can always 
occur because the planning aims at overlapping volumes that lack a common desired 
dose range, which results in a highly heterogeneous dose distribution with unac-
ceptably cold and hot spots in PTVs and PRVs or even in RVR. 

 In cases of advanced NPCs with extensive infi ltration to the skull base or the 
clivus (Fig.  4.1 ), PTV frequently encroaches or overlaps with the PRV of the brain-
stem. Some previous protocols have suggested that the margin could be as small as 
1 mm in these situations [ 80 ]. In addition to prostate IMRT planning, one may 
shrink the CTV-to-PTV margin in the anterior–posterior (AP) direction to spare the 
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rectum [ 5 ]. Generally, the setup uncertainty could be larger in the AP direction than 
in other directions during prostate IMRT. However, ICRU 83 recommends that the 
primary PTV margins should not be compromised in such manners. 

 An inverse planning algorithm cannot automatically judge to make much or less 
of parts of PTVs. In such cases, parts of PTV must be separated or prioritized spe-
cifi cally. ICRU 83 also suggests at least two different methods to resolve confl icts 
in the overlapping volumes [ 11 ]. One method is based on subdividing the volumes. 
Different dose–volume criteria are applied to individual subdivisions, including 
overlapping and nonoverlapping volumes. In the second method, the dose–volume 
constraints are relaxed for one or more of the contoured volumes that overlap. Both 
methods intend to achieve the same goal: a “controlled underdosage” for parts of 
PTV, a “controlled overdosage” for parts of PRV, or both. By changing the impor-
tance of the constraints, it is possible to achieve an underdosage in PTV to an 
overdosage in PRV, or anything between these extremes. Both methods require 
priority ranking according to a clinical decision that should be specifi ed in the 
planning protocols. These methods enable the delineation of PTV and PRV to be 
maintained without compromise. For example, PTV often overlaps the parotid 
gland during head and neck IMRT (Fig.  4.6 ). Different dose–volume constraints 
could be applied separately to the overlapping and nonoverlapping volumes to 
manipulate target coverage at a higher priority than parotid sparing. The doses 
prescribed for the whole parotid gland should then be calculated to evaluate or 
predict functional sparing.   

  Fig. 4.6    A solution in    IMRT optimization for the overlapping of the PTV and the parotid gland. 
( a ) A planning confl ict may occur in the case that the contour of right parotid gland overlaps with 
the PTV. ( b ) One may prefer to choose a solution of controlled overdosing to the overlapping parts 
of the parotid to maintain the whole PTV coverage with higher priority (Reprinted from Jpn J Clin 
Radiol 2013: 58(5), with permission)       

 

T. Shibata



75

4.4.2     PTV in the Buildup Region or Outside the Body Contour 

 In some clinical situations such as in head and neck cancers, CTV is located very 
close to the surface of the skin. By adding the CTV-to-PTV margin in a 3D concen-
tric manner, parts of PTV could extend into the buildup region or even outside the 
body contour. This may be an extreme analogy of the above-mentioned overlapping 
volumes. It is known that the doses calculated in most dose computation algorithms 
are often inaccurate and lower than the doses delivered to the buildup regions. 
During IMRT optimization, such an algorithm could cause convergence errors by 
increasing the absorbed dose in parts of PTV within these regions, which often leads 
to unacceptably heterogeneous absorbed-dose distributions in PTV or regions of 
high absorbed doses elsewhere [ 68 ]. Instead, removing the part of PTV outside the 
body contour or bordering PTV expansion at the skin contour avoids irrelevant opti-
mization of the absorbed dose in air; however, this is not an ideal solution. 

 ICRU 83 suggests some solutions for these limitations [ 11 ]. If CTV is very close 
to the skin in the buildup region, underdosage is a real and unacceptable problem 
that is better solved by adding a bolus, as in conventional radiotherapy. It is better to 
use the bolus for the CT scan, so that it is accurately represented in the planning. If 
underdosage in the buildup region is clinically acceptable, two different methods 
could be followed, as mentioned above for overlapping volumes: PTV subdivision 
or relaxation of the absorbed-dose objectives for planning.   

4.5     Designs for IMRT Planning Protocols 

4.5.1     Simultaneous Integrated Boost (SIB) and Sequential 
IMRT Strategies 

 Because IMRT can achieve excellent dose homogeneity within target volumes and 
conformally avoid adjacent normal tissues, it permits a variety of treatment designs 
with different doses and fractionations toward the gross tumor targets and subclini-
cal target areas. Such strategies, known as the SIB technique, are commonly used to 
perform differential dose painting (66–74 Gy to the gross disease and 50–60 Gy to 
the subclinical disease) for each treatment fraction throughout the entire radiation 
course, particularly in head and neck tumors. In contrast, standard fractionation 
could also be used to design IMRT strategies with an initial plan (46–50 Gy to a 
large fi eld) and a separated boost plan (20–24 Gy to the boost volume) for up to 
7 weeks, which are known as sequential (or two-step) IMRT techniques. 

 Some authors reported that the SIB strategy not only produces a superior dose 
distribution but is also an easier, more effi cient, and a less error-prone way to plan 
and deliver IMRT, because it uses the same plan for the entire treatment course [ 6 , 
 81 – 83 ]. Because each target volume receives different doses per fraction in SIB, the 
prescribed nominal dose and fraction must be adjusted appropriately. 
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 The standard dose per fraction could be chosen for the gross disease using SIB, 
which may be a lower dose per fraction for the subclinical disease or in elective 
areas. At the Mallinckrodt Institute of Radiology, SIB IMRT for the defi nitive treat-
ment of head and neck cancers prescribed 70 Gy in 35 fractions at 2 Gy per fraction 
to the gross disease, 63 Gy at 1.8 Gy per fraction to the adjacent soft tissue and the 
nodal volume at a high risk, and 56 Gy at 1.6 Gy per fraction to the elective nodal 
regions. Chao et al. have shown that this strategy is well tolerated with concurrent 
chemotherapy [ 3 ]. 

 The standard 2 Gy per fraction could also be selected for lower-dose target 
volumes, which would require a higher dose per fraction, 2.5 Gy or more, at the 
gross targets. At Virginia Commonwealth University, an IMRT protocol using 
accelerated fractionation with SIB was performed for locally advanced head and 
neck squamous cell carcinomas. Total doses of 68.1, 70.8, and 73.8 Gy were 
delivered in 30 fractions to GTV with escalating doses per fraction (2.27, 2.36, 
and 2.46 Gy, respectively). CTV was defi ned as the tissue within 1 cm around 
GTV (at a high risk of subclinical disease) that received 60 Gy in 30 fractions of 
2.0 Gy. The elective volume received 54 Gy in 30 fractions of 1.8 Gy. Lauve et al. 
reported that 70.8 Gy in 30 fractions of 2.36 Gy was the maximum tolerated dose 
deliverable [ 84 ]. 

 In the Radiation Therapy Oncology Group (RTOG) 0022 trial, patients with 
early oropharyngeal cancers were treated using SIB IMRT that delivered 66 Gy in 
30 fractions of 2.2 Gy to the PTV of the gross disease, 60 Gy to the high-risk 
regions, and 54 Gy to the subclinical disease regions. Eisbruch et al. [ 85 ] reported 
that this moderately accelerated hypofractionated IMRT without chemotherapy was 
feasible and that it achieved high tumor control rates and reduced salivary toxicity. 

 In the RTOG 0225 phase II trial, NPCs were treated using SIB IMRT with the 
delivery of 70 Gy in 33 fractions of 2.12 Gy to the PTV of the gross disease and 
59.4 Gy to the subclinical regions with or without chemotherapy. Lee et al. reported 
that this SIB regimen was feasible with or without chemotherapy and this regimen 
produced excellent results with a 90 % LRPF rate [ 80 ]. 

 In a previous study, Mohan et al. [ 83 ] suggested that SIB IMRT resulted in a 
superior dose distribution compared with sequential IMRT and that it permitted the 
delivery of graded doses to various targets with different risks while sparing normal 
tissues to the greatest extent possible. Evaluating the isoeffect using the linear- 
quadratic model revealed that the biological effective dose to normal tissues outside 
the targets using accelerated SIB strategies was lower; however, normal tissues 
embedded within or adjacent to target volumes were assumed to receive a similar 
dose to that received by the tumor and, therefore, were at higher risks compared 
with IMRT with standard fractionation. However, long-term data are not yet avail-
able for these approaches regarding the late effects on normal tissues, including the 
muscle, blood vessels, and nerves embedded within target volumes, or regarding 
concerns with the concurrent use of chemotherapy. 
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 Sequential IMRT, such as two-step IMRT [ 86 ,  87 ], may be a useful adaptive 
strategy and may even have a lower-dose conformity than SIB. It is known that 
measurable anatomic changes occur during fractionated IMRT for head and neck 
cancers. These changes in body contour, target volumes, and OARs may become 
signifi cant during the second half of treatment (after 3–4 weeks) and could poten-
tially have a detrimental effect on the dose distribution. Therefore, it is reasonable 
to develop an adaptive RT scheme that takes into account such treatment-related 
anatomical and volumetric changes [ 88 ]. Nishimura et al. previously revealed excel-
lent overall survival and the locoregional control rates without xerostomia using this 
IMRT method to treat NPCs [ 86 ,  87 ].  

4.5.2     An Experience of a Japanese Multi-institutional 
Trial Using Two-Step IMRT Planning 

 The Radiation Therapy Study Group of the Japan Clinical Oncology Group (JCOG) 
is currently conducting the fi rst multi-institutional trial using IMRT for locoregion-
ally advanced NPC. In this phase II study (JCOG 1015) [ 89 ], the treatment regimen 
is concurrent chemoradiotherapy with two-step IMRT (70 Gy in 35 fractions over 
47 days). This two-step IMRT was designed to deliver an initial large-fi eld IMRT 
plan of 46 Gy in 23 fractions to the gross targets and elective regions followed by a 
boost IMRT plan of 24 Gy that was confi ned to the gross and high-risk target vol-
umes (Figs.  4.2  and  4.7 ). We assumed that this adaptive IMRT scheme may be desir-
able for undifferentiated or poorly differentiated NPC, which is known to be 
radiosensitive and to show rapid tumor shrinkage during IMRT with concurrent 
chemotherapy. Even with such advantages, this method requires a longer time to 
perform two separate planning steps including contouring, inverse planning with 
more diffi culty, and repeated quality assurance procedures compared with SIB 
without a replanning step.  

 Because this is the fi rst multi-institutional trial using IMRT in Japan, dry-run 
tests were performed prior to the initiation of the trial to generate IMRT plans using 
the same CT image data sets together with MRI and FDG-PET scans of two NPC 
model cases according to the protocol requirements of the individual participating 
institutions. During the initial survey, there were large interinstitutional variations in 
the contours of target volumes and OARs and the planning results (data not shown). 
To standardize the contouring rules among institutions, we have developed a 
consensus- based atlas for this particular scheme and have fi nished repeated dry-run 
tests, so that all participants were trained for this two-step IMRT planning. Such 
procedures have been recognized as useful for establishing standardized IMRT 
planning in a multi-institutional setting. There is now a strict quality control and 
quality assurance program in place, including a dosimetry audit, dry run, and indi-
vidual case review using the ITC Remote Review Tool. Therefore, we now await the 
results of this prospective trial using two-step IMRT.      
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  Fig. 4.7    An example of a two-step IMRT planning in JCOG 1015 protocol. ( a ) The initial plan of 
46 Gy in 23 fractions to the large fi eld included both the clinically detectable tumors and the elec-
tive regions. ( b ) The boost plan of 24 Gy in 12 fractions up to 70 Gy in total to the high-dose boost 
volume       
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5.1         Introduction 

 Recent technological developments, including of computing and image processing 
technologies, have played a vital role in the introduction of modern techniques of 
radiation therapy, such as intensity-modulated radiation therapy (IMRT) and stereo-
tactic body radiation therapy (SBRT), which enable us to deliver high doses of radia-
tion more precisely as compared to that possible in conventional radiation therapy. 
For improving the clinical outcomes of treatment of locoregional tumors, it is indis-
pensable to increase the treatment intensity without eliciting an increase in the sever-
ity or incidence of treatment-related complications. Among the various radiation 
therapy techniques available currently, IMRT is the most sophisticated. Treatment 
plans of IMRT are based on a set of computed tomography (CT) images of patients 
obtained in the treatment position, and delineations of the gross tumor volume (GTV) 
and clinical target volume (CTV) are carried out based on information obtained from 
clinical diagnostic imaging. In the delineation of the target volume, precise determi-
nation of the tumor extent is important, and image fusion or detailed diagnostic infor-
mation regarding the extent of tumors, including from advanced imaging modalities 
such as multi-slice CT, magnetic resonance image (MRI), and functional imaging, 
must be gathered during the process of treatment planning for IMRT. For this reason, 
the imaging quality and optimal selection of imaging modalities are essential for 
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IMRT. In addition, application of imaging modalities for IMRT is also important, 
because geometrical errors and positional gaps between the planned target localiza-
tion and actual target localization would compromise the clinical outcomes due to 
insuffi cient target coverage and/or overdose to the surrounding normal tissues. 
Proper management of target localization can be performed by image guidance using 
several imaging systems and is directly related to the concept of treatment margins 
such as the width of the GTV, CTV, setup margin (SM), or internal margin (IM). 
Image-guided radiation therapy (IGRT), which refers to radiation therapy under 
image guidance, is aimed at reducing these margins without compromising the suc-
cess of local control or the clinical outcomes. 

 In this section, we summarize the concept of IGRT, the importance of image 
guidance in IMRT, the advantages and disadvantages of IGRT technologies and the 
systems used for application of these technologies in clinical practice, and the con-
cept of treatment margins in IGRT. The process of radiation therapy has always 
been more or less image-guided, and introduction of the concept of IGRT has made 
us to move from patient-oriented positioning toward target volume-based position-
ing. Therefore, proper understanding of the concepts and techniques are indispens-
able for successful implementation of modern radiation therapy techniques.  

5.2     Why Is Image Guidance Needed for IMRT? 

 As described in the Introduction section, IMRT has been applied for patients with 
various primary sites of cancer, including prostate cancer, head and neck cancer, 
brain tumor, lung cancer, etc. and enables delivery of higher doses to the target 
organs or tumors while keeping the doses to the surrounding normal tissues and 
organs at relatively low levels. In fact, dose-escalated IMRT has been demonstrated 
to yield excellent clinical outcomes without increasing the incidence of late compli-
cations, such as rectal bleeding, in patients with localized prostate cancer. In the 
radiotherapeutic management of head and neck cancer also, IMRT has been shown 
to yield satisfactory local control while sparing organs at risk, such as the parotid 
glands, thereby leading to a reduction in the frequency of late radiation morbidities 
such as xerostomia. However, excellent dose distribution per se is insuffi cient to 
obtain satisfactory clinical outcomes, partly because interfractional organ motion or 
deformation of the target tumors or organs caused by respiratory motion or com-
pression due to expansion of the surrounding organs could cause positional gaps 
between the planned dose distribution to the targets and the actual irradiation area. 
These organ motions can be attributable to an unexpectedly insuffi cient dose to the 
target tumor or excessive dose to the surrounding normal tissues. The major prob-
lems that result from such positional errors are an increased probability of impaired 
local control or development of unexpected complications resulting from an exces-
sive radiation dose to normal tissues. Therefore, reduction and/or management of 
positional errors are indispensable to maximize the physical and clinical advantages 
of IMRT. Image guidance is an effective approach for the management of positional 

H. Tachibana and T. Akimoto



87

errors. Through the process of actual procedures of daily treatments, we summarize 
the importance of image guidance. 

 Based on the treatment planning and dose evaluation, daily treatment is given. 
The patient lies down on a treatment couch, and radiation therapists or technologists 
position the patient in accordance to tattoos or markers on the patient’s skin surface 
that almost represent the position of the isocenter of the X-ray beams. These pro-
cesses are common for conventional radiation therapy, including 2-dimensional or 
3-dimensional (2D or 3D) radiation therapy and IMRT. Treatments that are per-
formed after checking the marker position of the skin alone are classifi ed as radia-
tion therapy without image guidance (non-IGRT). In contrast, recent technological 
advancements enable us to precisely evaluate the position or posture of the patients 
daily through various modalities of image guidance. For IGRT, several imaging 
modalities can be used to acquire the information on the patient’s body position or 
the position of the target organs, including bone structures, soft tissues, or a tumor 
itself. In daily treatment, the distance and rotation of the patient’s position from the 
planned position are checked, and positional gaps are evaluated by using image 
registration of the treatment planning attached software programs (Fig.  5.1 ). In 
order to correct the positional gap or differences, the treatment couch is moved, and 
the patient is repositioned appropriately before the start of the daily treatment.  

 Ideally, treatment beams should be directed only to the volume of the tumor 
without any margins such as setup margin, CTV or PTV margins; however, this is 
unrealizable, mainly because the patient’s movements, including physiological move-
ments and unexpected movements of the tumor and patient, are unavoidable (Fig.  5.2 ). 
In addition, changes in the patient’s body contour could also be expected during the 

  Fig. 5.1    Image registration measuring geometric variation between treatment planning and actual 
positioning prior to the start of treatment (blended images of planning CT and kV-CBCT images 
are shown)       
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course of treatment, due to body weight loss, etc. Hence, it is necessary to add optimal 
margins surrounding the target tumor or organs, indicating that the treatment volume 
becomes larger than the actual tumor volume. The treatment planning can be done 
precisely to cover the volume of the tumor while keeping the dose to the normal tis-
sues within acceptable level by evaluating the dose-volume histogram. However, the 
treatment plan is only a snapshot of a moment, no matter how precisely it is prepared. 
Therefore, it is necessary to keep in mind the discrepancies and limitations of treat-
ment planning and the problems of daily treatment. In other words, the balance 
between tumor coverage and sparing of normal tissues is a trade-off, and IGRT pro-
vides an optimal and effective solution toward realizing ideal radiation therapy.  

  Fig. 5.2    ( a ) Differences in irradiated volumes according to the expansion of the rectum in the 
patients with prostate cancer. ( b ) Differences in irradiated volumes according to the deformation 
of the prostate gland and expansion of the rectum       
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 IGRT is an effective tool for direct visual evaluation of the target tumor location in 
relation to the location of the landmark structures, such as bones, close to the target, 
which represent the target location or position. In addition, online correction of 3D 
positional gaps is also possible based on optimal image guidance. Thus, IGRT enables 
coverage of the treatment volume with less extra margins or volume even after provid-
ing for organ motion or patient setup errors, indicating that tumor can be covered by 
higher dose while allowing the surrounding organs to be spared (Fig.  5.3 ).  

 The laser-setup technique is still used for non-IGRT. The tattoos and the markers 
on the patient’s skin as an indication of the isocenter are movable by 3–5 mm; there-
fore, the markers on the skin are not necessarily an accurate representation of the 
intended target position. However, the radiation therapists position the patient with 
the use of the correspondence between the point of the tattoos/markers and the posi-
tion of the laser indicating the irradiation isocenter. Thus, extra margin for the 
uncertainties must be added in the treatment planning. This means that the setup 
margin should be increased for obtaining suffi cient coverage of the target volume. 

 The dose distributions of IMRT with or without image guidance for prostate 
cancer are demonstrated in Fig.  5.4 . The method used for image guidance is 
kV-cone- beam computed tomography (kV-CBCT). In the treatment plan made 
without image guidance, an additional 3 mm margin around the PTV is provided for 
as compared to the PTV margin in the treatment plan made with image guidance. 
Comparison between the treatment plans made with or without image guidance 
shows that utilization of image guidance allows the dose to the rectum and urinary 
bladder to be reduced, especially in terms of the area receiving less than 50 Gy, due 
to the effect of the reduced margin. Figure  5.5  shows a comparison of the dose 
 volume histogram (DVH) between the treatment plans made with or without image 
guidance. The volume of the rectum receiving 60 Gy (V60 Gy) in the treatment plan 
with image guidance was 8 % and that without image guidance was 13 %. Similarly, 
V60 Gy for the urinary bladder in the plan with image guidance was 25 % and that 
without image guidance was 35 %. As described above, the utilization of image 

  Fig. 5.3    Target coverage according to different width of the PTV margins. Compared to a situa-
tion shown in the  left , the larger margin can provide safer for tumor coverage (prostate) during the 
treatment irradiation; however, organ at risk (rectum) receive more dose and it may increase the 
risk of side effect       

 

5 IGRT for IMRT



90

guidance contributes to reducing the PTV margin, resulting in dose sparing to the 
organs at risk. On the other hand, complicated dose distribution, such as concave-
shaped dose distribution, and the higher-dose gradient of IMRT are susceptible to 
geometric uncertainties as compared to the case in conventional radiation therapy 
techniques. We need to pay attention to the balance between the benefi t of obtaining 
a reduced margin and the geometric uncertainties of IMRT.   

 Furthermore, the accuracy and effectiveness of image guidance are infl uenced by 
the imaging modalities used. The contrast and resolution of images differ according 
to the imaging modality used, and low contrast or insuffi cient resolution cause dif-
fi culties in the image registration, resulting in discrepancies between the distance in 
the treatment plan and the actual treatment positions. Therefore, medical physicists 
must perform quality assurance for the imaging devices, the computer program used 
for registration, and the accuracy of the couch table movement. It is indispensable 
for radiation oncologists and radiation technologists to understand the  characteristics 
and limitations of these imaging devices. 

  Fig. 5.4    Dose distributions in IMRT with and without image guidance for localized prostate 
cancer       
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 Currently, 2D kV imaging and 3D kV-CBCT are commonly available clinically as 
imaging modalities. 2D kV images are easier to acquire than CBCT with less radia-
tion exposure dose. The main advantages of CBCT are that it enables identifi cation 
of both bony structures and soft tissues, in contrast to the planer X-ray images in 
which soft tissues are diffi cult to visualize [ 1 ]. Soft tissue structures, such as tumors 
in the prostate and lung, not only move away from the intended position relative to 
the isocenter but also change in shape during the course of treatment because of 
physical expansion of the intestines or respiratory movements. Therefore, volumetric 
CBCT registration would be better than 2D bony structure registration [ 2 – 5 ].  

5.3     Image Guidance System for IGRT 

5.3.1     Megavoltage (MV) Imaging and MV Cone-Beam 
Computed Tomography (CBCT) 

 Electronic portal imaging devices (EPIDs) generate 2D images for portal verifi ca-
tion of the radiation fi eld as well as verifi cation of the patient positioning [ 6 ]. There 
are a variety of EPID types, including liquid-fi lled (Li-Fi) EPID, camera-based 
EPID, and amorphous silicon (a-Si) EPID. Among these, a-Si EPID is the most 
commonly used in clinical practice [ 7 ,  8 ]. The EPID is equipped with the treatment 
machine where the therapy beam is along with (Fig.  5.6 ). In regard to the 
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  Fig. 5.6    2D MV image ( b ) and 3D MV-CBCT image ( c ) using a Linac with an on-board MV 
imaging system ( a )         
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advantages and disadvantages of using EPIDs for image guidance, the contrast 
 resolution of an EPID is lower than that of kV imaging [ 9 ]; however, the accuracy 
in matching the EPID images is usually excellent, reported to be on the order of 
1 mm or 1° from a phantom study performed using (semi-) automated matching 
software [ 5 ,  10 ,  11 ]. On the other hand, large intra- and interobserver variations 
exist in the interpretation of images in image registration using an EPID [ 12 – 15 ]. 
Usage of an EPID can provide positional information regarding whether the target 
volume is properly covered or not even during treatment with respiratory or physi-
ological movements of target tumors or organs.  

 MV-CBCT imaging can generate 3D images using the EPID. During rotational 
irradiation of the MV beam using relatively low exposure, projection images can be 
acquired automatically and the CBCT images subsequently reconstructed. The 
main disadvantages of using MV beam energy for the acquisition of volumetric 
images are the degraded quality of the images and increased radiation exposure of 
the patients due to increased Compton scatters. An important benefi t of MV-CBCT 
is the high resolution of the acquired images despite the presence of dense metal 
objects such as hip prostheses or high-Z dental enamels [ 16 ]. When MV-CBCT was 
applied clinically, the absorbed dose in the irradiated area was about 5–9 cGy 
according to the anatomical site, thickness of the patient’s body or the irradiated 
volume, and the maximum dose was between 9 and 17 cGy [ 17 ]. In MV-CBCT 
images, the bony anatomy and 3D boundaries between the soft tissues and bony 
structures can be easily identifi ed, and image registration can also be carried out 
easily with low-dose exposure. However, the dose required for identifying soft tis-
sue boundaries, such as those of the prostate gland, urinary bladder, rectum, etc., 
would increase [ 17 ].  

5.3.2     kV Imaging and kV-CBCT 

 2D kV imaging using an on-board imager installed in the treatment machine is an 
effective method to evaluate setup errors precisely and adjust the patient’s position 
properly. The kV imaging system consists of a conventional X-ray tube and amor-
phous silicon X-ray detectors mounted orthogonally to the treatment beam axis 
(Fig.  5.7 ). The X-ray tube and detectors are retractable during treatment. The advan-
tages of kV imaging over MV imaging for the correction of setup errors include not 
only lower dose exposure but also smaller interobserver variability, which allows 
improved reproducibility of the patient’s setup [ 18 ].  

 kV-CBCT imaging is performed during rotational irradiation of a kV beam and 
simultaneous acquisition of projection images. The kV-CBCT images are recon-
structed from the projection images produced by the retractable X-ray tube and the 
detectors; the image contrast in kV-CBCT is generally superior to that in MV-CBCT 
[ 19 ,  20 ]. CBCT has the advantage of having the ability to detect soft tissues, which 
enables improved accuracy of setup of the patients, accompanying rapid 3D image 
registration, as compared to MV-CBCT. However, streak artifacts caused by high-Z 
materials are found in kV-CBCT images because of signifi cant photon attenuation 
as compared to the case in MV-CBCT images.  
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  Fig. 5.7    2D kV image ( b ) and 3D kV-CBCT image ( c ) using a Linac with an on-board kV imag-
ing system ( a )         
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5.3.3     CT-on-Rails 

 CT-on-rails is defi ned as a diagnostic CT scanner installed in the treatment room for 
the purpose of verifi cation of patient positioning (Fig.  5.8 ). The gantry of the CT-on- 
rails scanner can move across the patient, instead of the couch moving. The CT-on- 
rails scanner moves in line with the couch orientation and yields CT images, while 
the patient remains in the treatment position before or after the treatment. Diagnostic- 
quality CT images can be obtained by CT-on-rails, because the CT scanner installed 
in the CT-on-rails was originally developed for diagnostic radiology. Therefore, 
usage of CT-on-rails as a tool for image guidance may be expected to improve the 
accuracy of detection of soft tissue lesions, including the target tumors or organs, 
and reduce the interobserver variations in image registrations [ 21 ,  22 ]. However, 
several disadvantages of CT-on-rails have also been pointed out. From the structural 
basis of CT-on-rails, the CT scanner and the treatment machine need to be operated 
independently, because the CT-on-rails does not share the same gantry. These sys-
tematic limitations may cause the uncertainties in the following: (1) the patient 
couch position after a rotation, (2) the precision of the CT coordinates, and (3) 
alignment of contours with structures in the CT images. In addition, there is some-
times a vital time lag between the actual treatment and the image acquisitions for 
image guidance, resulting in unexpected movement of the patients during the time 
lag and impairment of the setup accuracy [ 23 ].   

Fig. 5.7 (continued)
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5.3.4     2D kV Stereoscopic Imaging 

 2D kV stereoscopic imaging allows measurement of 3D geometric variations with 
2 kV X-ray tubes and the corresponding X-ray detectors in which the two X-ray 
beam axes are crossed at a certain point (Fig.  5.9 ). Two kV 2D images are acquired 
from a patient, and subsequently, two sets of 2D coordinates of geometric variations 
from the two images can be converted to the 3D variation.  

 Here, we introduce three commercially available systems. The CyberKnife sys-
tem consists of a compact linear accelerator mounted on a robotic arm. The manipu-
lator arm is controlled to direct the radiation beams to the region of the beam 
intersection of the two orthogonal X-ray imaging systems integrated to provide 
image guidance during the treatment. The ExacTrac system uses the optical 

  Fig. 5.8    3D CT image ( b ) using CT-on-rails system ( a )       
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positioning system and two sets of kV imaging systems to enable patient position-
ing during the treatment. The optical positioning system is used for the initial patient 
setup as well as the couch motion control. In addition, the system can manage the 
patient’s respiration and gated beam irradiation. The X-ray imaging system is used 
for verifi cation of the patient’s position and readjustment using the internal anatomy 
or implanted fi ducial markers on the images. The accuracy of positioning using the 
optical guidance is on the order of submillimeters [ 24 ]. The real-time tumor- tracking 
system was designed to track the targets using fi ducial markers implanted in or 

  Fig. 5.9    2D kV stereoscopic imaging systems. ( a ) The CyberKnife system. ( b ) The Novalis Linac 
system with the ExacTrac imaging system. ( c ) Real-time tumor-tracking radiotherapy system       
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close to the tumors in real time. The system consists of two X-ray cameras mounted 
in the ceiling and two X-ray tubes on the fl oor. The system has been used clinically 
for lung and liver tumors [ 25 – 29 ] and reduced tumor motion to less than 5 mm [ 26 ]. 
The real-time tumor-tracking system has been applied for the treatment of prostate 
cancer, and it has been shown that hypofractionated IMRT (2.5 Gy × 28 fr = 70 Gy, 
equivalent to 80 Gy at a daily dose of 2.0 Gy) can be administered safely and pro-
vides a reasonable biochemical control rate [ 30 ].  

5.3.5     Video-Based 3D Optical Surface Imaging 

 During treatment, the video-based 3D optical surface imaging system can generate 
3D models of the patient surface using photogrammetry [ 31 – 34 ], and then the sys-
tem evaluates and quantitates the difference in the positional gap between the 
planned 3D models of the patient as the reference and the observed surface models 
[ 35 ] (Fig.  5.10 ). The major advantages of the video-based 3D optical surface imag-
ing system, as demonstrated in a phantom study, are that it provides accurate and 
reproducible image guidance on the order of submillimeters [ 36 ]. In addition, the 
optical surface imaging system allows for continual monitoring of the patient sur-
face without any radiation exposure during the actual treatment. In regard to its 
clinical applicability, the video-based 3D optical surface imaging system is espe-
cially useful as an image guidance system for radiation therapy of breast cancer, 
because the breast surface is nonrigid, and alignment of the 3D breast surface 
achieved by using this system yields greater breast correspondence than that 
obtained with laser or portal imaging systems [ 31 ].   

5.3.6     Ultrasound (US) Imaging 

 US images of the target tumors or organs are acquired before the start of treatment 
and the integrated computer software program overlays the planned contours of the 
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  Fig. 5.10    Video-based 3D imaging system (  http://www.visionrt.com/)           

 

H. Tachibana and T. Akimoto

http://www.visionrt.com/)


99

target tumors or organs such as the prostate gland, which are delineated at the treat-
ment planning, over the acquired US images (Fig.  5.11 ). Subsequently, adjustments 
of the patient’s position are performed to align the contours to the targets while 
monitoring the actual target position on the US image. The advantages of US imag-
ing as an image guidance system are as follows: (1) no radiation exposure, (2) non-
invasive image guidance, (3) excellent visualization of soft tissues, (4) relatively 
rapid acquisition of images, and (5) low cost, including the entire system. The fi rst 
commercially available US imaging system was the BAT system (North American 
Scientifi c, USA), which can provide 3D information of the target based on two US 
images. Subsequently, a 3D US imaging system was developed (SonArray, Zmed 
Inc., USA) so as to overcome the limitations of the former system. Currently, the US 
imaging system is mostly used for image guidance in radiotherapeutic approaches 
for localized prostate cancer. The disadvantage of US image guidance is that it is 
partly dependent on the user’s experience and expertise, resulting in high inter-user 
variability and reduced accuracy relative to CBCT guidance with or without fi ducial 
markers. The US imaging systems that are currently in use clinically calculate the 
required shift, but do not allow for automated correction of the treatment couch. 
This results in a compromise of accuracy and prolongation of the treatment time. 
Other limitations of the US imaging system are forced movement or deformation of 

  Fig. 5.11    US imaging system       
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the target tumors or organs by the external pressure of the US probe during the 
acquisition of images and also non-visualizability of the target tumors or organs 
located behind bony structures [ 37 ].   

5.3.7     Electromagnetic Tracking Systems 

 The Calypso system (Varian Medical Systems, USA) can track the locations of 
target tumors or organs in real time by using tiny electromagnetic transponders 
implanted within the tumor before the treatment (Fig.  5.12 ). Upon excitement of the 
system, the transponders yield radiofrequency waves, and the detection of radiofre-
quency waves by the receiver activates analysis of the location of the transponders. 
The transponders are implanted by an invasive method; however, the system pro-
vides real-time tracking of the target during the treatment with no radiation dose 
delivered for imaging. The system has been demonstrated in some studies to show 
interfraction localization within 2 mm of the X-ray-based positioning [ 38 ,  39 ].   

5.3.8     Magnetic Resonance Imaging (MRI) 

 MRI-based radiation therapy systems include MRI imaging and treatment beam 
delivery in the same room, and both radiation therapy and monitoring of the target 
location in 2D/3D can be performed in real time using MRI simultaneously 
(Fig.  5.13 ). The main advantage of MRI for image guidance is that it provides high 
contrast of soft tissues, yielding clear detection of the boundary between the target 
tumor and the surrounding normal tissues, and the modality does not entail radiation 
exposure. However, the clinical usefulness of a linear accelerator equipped with an 

  Fig. 5.12    Electromagnetic tracking system (  http://www.varian.com/asjp/oncology/imaging_solu-
tions/calypso/    )       
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MRI imaging system is still under investigation [ 40 – 49 ]. The cobalt irradiation 
 system with MRI (Viewray, USA) is already available commercially.    

5.4     Concept of Margin in IGRT 

 The PTV covers the CTV plus a margin, considering geometric uncertainties. Larger 
margins are associated with unnecessarily higher doses to normal organs surround-
ing the target; however, an insuffi cient margin would result in a less-than-optimal 
dose to the CTV. Thus, an adequate PTV margin setting is essential to obtain satis-
factory outcomes of radiation therapy. 

 Patients’ geometric displacements correspond to the differences between a refer-
ence image, such as digital reconstructed radiograph (DRR) or CT simulation 
images, and a comparative image acquired pretreatment and posttreatment, such as 
with EPID, CBCT, etc. In the other words, the geometric displacements can be rep-
resented as deviations between the intended treatment plan and the geometry of the 
actually irradiated area. The displacement can be divided into two types of errors: 
systematic and random errors. Systematic errors, denoted as Σ, refer to differences 
in the mean irradiation geometry in fractionated treatment from the geometry in the 
treatment plan. Random errors, represented by σ, may occur by chance and may be 
due to day-to-day variations, including organ motions and patient movements dur-
ing the treatment. The margin computation methods have been reported previously 
[ 50 ,  51 ]. This textbook introduces a margin recipe from J. C. Stroom [ 51 ].

  Margin = +2 0 0 7. .     

  The margin computation is retrospectively performed from the results of the 
patients’ treatments. When planning treatment for a particular patient, the geometri-
cal errors that the patient will experience in future are not known. However, the 
measured uncertainty data in a group of similar patients who have been treated 

  Fig. 5.13    Radiotherapy machine equipped with an MR imaging system. ( a ) System from the 
University Medical Center Utrecht, Netherlands (  http://medicalphysicsweb.org/cws/article/
research/51279    ). ( b ) System from the Cross Cancer Institute, the University of Alberta (  http://
www.mp.med.ualberta.ca/linac-mr/    )       
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previously may be available. The systematic error is represented as the patient-to- 
patient variation in the systematic deviation from the planning situation. The sys-
tematic error is the standard deviation of the mean values for the patients in the 
group. The random error is the mean of the observed random standard deviations for 
the patients in the group [ 5 ]. Table  5.1  shows an example of geometric deviations 
along the x-axis for the patients in a group.

5.4.1       Margin for Conventional Treatment 

 In conventional treatment, there is no geometric correction prior to each treatment 
by image guidance. In the example, a 4.1 mm expansion to the CTV is needed for 
the margin from the result of Table  5.1 .  

5.4.2     Margin for IGRT 

 When image guidance (so-called online correction, in which the patient is reposi-
tioned by image acquisition, image registration, and treatment couch shift pretreat-
ment) is applied, the geometric deviation of the systematic error and the random 
error on the day seems to be zero, and subsequently, the margin may be reduced to 
zero. However, the pretreatment images do not contain the information on the 
intrafractional organ motion from the start to the end of the irradiation. Furthermore, 
the treatment couch shift has some uncertainties, and interobserver discrepancies 
may occur during the IGRT. The margin can be on the order of submillimeters and 
be close to zero, but can never be zero.   

5.5     Clinical Examples of IGRT for Tumor Sites 

 In this section, we summarize the clinical usefulness and problems that need to be 
resolved in the application of IMRT with image guidance for tumors at several dif-
ferent primary sites. 

5.5.1     Lesions of the Central Nervous System (CNS) 

 IGRT in frameless radiation therapy such as stereotactic radiosurgery (SRS) or ste-
reotactic radiation therapy (SRT) has a signifi cant role in the treatment of CNS 
lesions, including primary brain tumors and brain metastases. Minimizing normal 
tissue toxicity by generating sharp dose gradients, which must be directed accu-
rately to the tumor volume, needs safe and effective SRS or SRT. The implementa-
tion of image-guided stereotactic localization using optical image guidance or 
stereoscopic X-ray imaging can support frameless SRS and/or SRT. In a study of 
patients undergoing frameless SRS with an image guidance system, the geometric 
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deviations were approximately 0.2, 0.3, and 0.3 mm in the left-right (LR), superior- 
inferior (SI), and anterior-posterior (AP) directions, respectively. The margins for 
residual errors after correction in the LR, SI, and AP directions were determined to 
be 0.8 mm [ 52 ].  

5.5.2     Head and Neck Cancer 

 Radiation therapy plays a vital role in the treatment of early and locally advanced 
head and neck cancer, because head and neck cancers usually develop from impor-
tant organs for speech or swallowing. Therefore, organ and/or function preservation 
is an important factor while selecting the most appropriate treatment modalities. 
Among the various treatment modalities, radiation therapy with or without chemo-
therapy has been established as a radical and effective treatment approach for head 
and neck cancer due to the excellent preservation of the QOL of the patients after 
treatment. However, late radiation-related morbidities such as xerostomia or dys-
geusia caused by radiation therapy, especially 2D or conventional radiation therapy, 
are important issues that need to be resolved [ 53 ]. Under these circumstances, IMRT 
has attracted attention as an effective and useful approach to resolve the aforemen-
tioned issues [ 54 ]. The confi ned and complicated dose distribution of IMRT is espe-
cially effective for sparing organs at risk such as the parotid glands, spinal cord, etc. 
However, changes in the target volume and shape occur due to tumor shrinkage or 
weight loss, indicating that image guidance that ensures target coverage would be 
indispensable during the course of radiation therapy (Fig.  5.14 ).   

  Fig. 5.14    Dose distribution was affected by deformation of the body contour due to weight loss 
and tumor shrinkage during the course of IMRT       
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5.5.3     Breast Cancer 

 Establishment of the clinical usefulness of application of IGRT for breast cancer is 
at an early stage; however, several recent studies have shown the usefulness of 
image guidance to overcome the variability of the target location due to soft tissue 
motion, breathing, and variability of the patient’s setup. An increasing number of 
recent studies have described that image guidance can improve the accuracy of 
beam delivery and reduce the margin of normal organs exposed in radiation therapy 
for breast cancer [ 55 – 59 ]. In a study of accelerated partial breast irradiation (APBI) 
using IMRT, gold markers were implanted around the surgical cavity and detected 
by port fi lm [ 55 ]. The image guidance with gold markers resulted in improved accu-
racy of beam delivery in 79 % of the treatment sessions with an average shift of 
6 mm in each 3D direction and enabled reduction of the margin size from 1 cm to 
5 mm. A study focusing on comparison of the accuracy of different image guidance 
approaches in patients undergoing APBI [ 56 ] demonstrated that kV imaging was 
superior to surface imaging using 3D video, kV imaging of the chest wall, or laser 
alignment of skin surface markers. In a study evaluating the role of CBCT, CBCT 
was shown to be advantageous for visualizing the soft tissues at the tumor site [ 57 , 
 58 ]. The use of CBCT provides additional positioning benefi t beyond kV/MV imag-
ing, and CBCT guidance can reduce targeting errors as compared with the usage of 
skin landmarks, at an average of approximately 1–1.5 mm in each 3-dimensional 
direction, which could yield an average reduction of the margin width from 8.8 mm 
to 3.6 mm.  

5.5.4     Lung Cancer 

 Lung cancer is the leading cause of cancer death in men and women in the United 
States and in men in Japan. Among lung cancers, non-small cell lung cancer 
(NSCLC) accounts for nearly 80 % of all the cases, and only a quarter of all patients 
with NSCLC are suitable candidates for surgical resection at the time of diagnosis. 
In patients with stage I/II disease, surgical resection is the standard treatment option, 
and radiation therapy such as SBRT or particle therapy is indicated for those who 
cannot tolerate surgical resection due to comorbidities or refusal to undergo surgery 
[ 59 ]. Among patients who are not suitable candidates for surgery, those with locally 
advanced NSCLC require concurrent chemoradiation therapy (CRT). 

 Radiation therapy for lung cancer, especially NSCLC, has evolved from 2D to 
3D radiation therapy due to the advances in radiation therapy technologies. The 
treatment planning and precision of target delineation have also progressed, match-
ing in pace with the progress of the treatment machines. Tumor motion due to res-
piration is also an important issue, and this affects the concept of the margins for the 
target. For this reason, 4-dimensional CT (4DCT) is recommended for the process 
of treatment planning; however, organ motion differs greatly among patients [ 60 ]. 
Hence, organ motion during the course of radiation therapy should be considered 
individually.  
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5.5.5     Liver Tumor 

 Even though surgical resection remains the gold standard for the management of 
primary (hepatocellular carcinoma, HCC) and metastatic liver disease, radiation 
therapy, including stereotactic body radiation therapy (SBRT), IMRT, and particle 
therapy, is currently an option for the treatment of patients who are not suited for 
surgery or invasive procedures. High-dose SBRT yields local control rates of 
70–80 %, which may improve not only the survival but also the QOL [ 61 ]. Patients 
with HCC often have preexisting liver dysfunction, which may serve as a limitation 
against application of radiation therapy due to the excessive dose to the normal liver. 
Therefore, application of image guidance is effective to spare the normal liver by 
focusing the dose on the target tumors.  

5.5.6     Stomach Neoplasms 

 Indication of radiation therapy for stomach tumors is still limited, and one of the 
promising indications is mucosa-associated lymphoid tissue (MALT) lymphoma of 
the stomach. Similar to the case for primary tumors at other sites, conformal dose 
delivery and selective sparing of critical structures such as the kidneys, liver, and 
spinal cord are important. In addition, the size and shape of the stomach change 
easily as compared to those of solid organs such as the liver. Aggarwal A et al. car-
ried out a 3D evaluation of the displacement of the gastric remnant during adjuvant 
IGRT-IMRT and demonstrated large variations in the gastric remnant volume dur-
ing the course of radiation therapy [ 62 ]. In this context, image guidance would be 
useful for the treatment of gastric neoplasms.  

5.5.7     Prostate Cancer 

 The incidence of prostate cancer has been increasing in the United States and also 
in Asian countries, including Japan, mainly because of the widespread use of the 
PSA screening test. Conventionally, surgery is the standard of care for localized 
prostate cancer; however, modern radiation therapy techniques have been estab-
lished as an effective treatment modality of fi rst choice, since the results of clinical 
trials of dose escalation or combined treatment with androgen ablation have revealed 
that radiation therapy with or without androgen ablation is as effective as surgery. 
However, it has also been demonstrated that treatment-related complications 
increase as the total dose of radiation is increased [ 63 ]. This trend is prominent 
especially in cases treated by the conventional radiotherapeutic approach. Clinical 
trials of IMRT as a radiotherapeutic approach for localized prostate cancer have 
revealed improved clinical outcomes without increase in the frequency of late com-
plications such as rectal bleeding [ 64 ]. In these advancements, the importance of 
image guidance has been recognized [ 65 ].  
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5.5.8     Uterine Cervix 

 Among pelvic malignant neoplasms other than prostate cancer, uterine cervical can-
cer is a good indication for IMRT, because radiation therapy combined with concur-
rent chemotherapy is associated with severe (grade 3–4) gastrointestinal and 
genitourinary late toxicity rates of 6–23 % [ 66 ], leading to distressing lifelong 
symptoms, including malabsorption, incontinence, and fi stulae. The irradiated vol-
ume of the conventional 4-fi eld “box” technique was much larger than the CTV, 
resulting in excessive doses to normal tissues. IMRT for cervical cancer enables 
highly conformal dose delivery to target volumes such as the uterine cervix, para-
metrium, and pelvic lymph nodes, with lower doses to adjacent organs at risk such 
as the small intestine, rectum, and urinary bladder [ 67 – 72 ]. Pelvic organs, espe-
cially the intestines and urinary bladder, are likely to show positional and volumet-
ric changes during the course of radiation therapy. Therefore, usage of image 
guidance for IMRT of uterine cervical cancer is advantageous, in that it reduces the 
geometric uncertainties during the treatment.  

5.5.9     Spine Lesions 

 Radiation therapy has been established as a palliative treatment for bone metastases 
because of its effectiveness in yielding pain relief and improving the neurologic 
symptoms associated with bone metastases. The standard fractionation schema for 
bone metastases is 30 Gy in 10 fractions or 20 Gy in 5 fractions. Recent clinical 
studies have revealed that patients with oligometastases, including single bone 
metastases, sometimes survive for longer periods of time as compared to those with 
multiple metastases. Therefore, the optimal technique and effectiveness of high- 
dose irradiation for spine metastases have been vigorously studied, and IMRT and 
SBRT have been established as promising methods that can deliver high doses 
safely. However, since critical organs such as the spinal cord are located close to the 
metastatic lesions, ensuring precise irradiation is indispensable.   

5.6     Radiation Exposure According to the Imaging 
Modalities Used for the Image Guidance 

 As described above, image guidance is an essential tool for patient positioning, 
target localization, and external beam alignment in IMRT. However, some imaging 
modalities are associated with higher radiation exposure levels of the patient; there-
fore, attention must be paid to the radiation exposure dose associated with the imag-
ing modality used for the image guidance. Table  5.2  shows a summary of the 
radiation exposure dose according to the imaging modality used for the image guid-
ance. In general, the radiation exposure level of a patient is higher with 3D imaging 
in MV-CBCT and kV-CBCT than with 2D kV and MV imaging. The dose to the 
skin is larger than the dose to the central part of the body because of the usage of the 
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kilovoltage X-ray beam. In the case of stereoscopic kV imaging, intermittent image 
acquisition, in which multiple images are generated using X-ray irradiations, is per-
formed during treatment. Thus, the prolonged treatment time causes more radiation 
exposure, suggesting that the appropriate frequency of intermittent image acquisi-
tion should be determined and justifi ed.

5.7        Summary 

 In this chapter, we have reviewed the role of image guidance in modern radiation 
therapy technologies, including IMRT, and discussed the advantages and disadvan-
tages of the imaging modalities used for image guidance for various tumors from 
different primary sites. The following are the key points.

    1.    IMRT has been established as a standard radiotherapeutic approach for head and 
neck cancer, prostate cancer, thoracic malignancies, uterine cervical cancer, etc.   

   2.    Treatment plan is only a snapshot of a moment, no matter how precisely it is 
prepared. Inter- and intrafractional organ motion must be considered.   

   3.    Interfractional organ motion or deformation of the target tumors or organs caused 
by respiratory motion or compression due to expansion of the surrounding 
organs may cause positional gaps between the planned dose distribution area to 
the targets and the actual irradiation area, resulting in an unexpectedly insuffi -
cient dose to the target tumor and/or excessive dose to the surrounding normal 
tissues.   

   4.    Image guidance is an essential tool to achieve effective and safe IMRT delivery, 
as it enables reduction of the geometric deviations that can occur between the 
intended treatment plan and the actual irradiated area.   

   5.    Each of the imaging modalities used for imaging guidance has its own advan-
tages and disadvantages.   

   Table 5.2    Radiation exposure from the imaging systems used for IGRT   

 IGRT system  Image acquisition  Patient dose per image 
 kV or MV 2D planer  2D  1–3 mGy [ 73 ] 
 MV-CBCT  3D  35–110 mGy (Siemens) [ 74 ] 

 7–35 mGy (Tomotherapy) [ 75 ] 
 kV-CBCT  3D  30–60 mGy at surface [ 76 ] 

 30 mGy at central [ 76 ] 
 ～23 mGy at surface [ 77 ] 
 ～16 mGy at central [ 77 ] 

 CT-on-rails  3D  10–50 mGy [ 73 ] 
 Stereoscopic kV imaging  2D  0.10–2.0 mGy (CyberKnife) [ 78 ] 

 0.33–0.55 mGy (Novalis) [ 78 ] 
 0.20–20 mGy (RTRT) [ 78 ] 
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   6.    Optimal margin setting is partly dependent on the balance of the risk between 
optimal target coverage and sparing of risk organs when IGRT is applied.   

   7.    A multi-professional team comprising radiation oncologists, medical physicists 
and imaging technology experts responsible for the IGRT, should be established 
to ensure the quality assurance of IMRT and IGRT.         
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6.1         Introduction 

 The development and successful clinical use of intensity-modulated radiation ther-
apy (IMRT) is a signifi cant advance in radiation therapy (RT). The dose conformal-
ity possible with IMRT makes it particularly effective for cancer in complex 
anatomic regions such as the head and neck, because the clinical target volumes 
(CTVs) are contiguous to organs at risk, which for head and neck cancer includes 
the salivary glands, brainstem, and spinal cord. Two randomized clinical trials com-
paring IMRT with conventional RT for patients with early-stage nasopharyngeal 
cancer showed a signifi cant benefi t of IMRT with regard to salivary function and 
quality of life [ 1 ,  2 ]. Single-institution reports and multi-institutional prospective 
trials of IMRT for head and neck cancer have shown excellent rates of locoregional 
control and overall survival [ 3 – 6 ]. 

 Because treatment-planning and quality assurance procedures for IMRT are 
time- and labor-intensive, most investigators use the initial IMRT plan, created dur-
ing treatment simulation and planning, during the entire course of IMRT. However, 
signifi cant anatomic changes during fractionated RT, such as shrinkage of the pri-
mary tumor or nodal masses and loss of body weight, have been reported during 
cancer treatment and are of particular importance in head and neck cancer [ 5 – 8 ] 
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  Fig. 6.1    ( a )  Left upper  jugular lymph node metastasis ( white arrow ) from nasopharyngeal cancer 
was noted on CT before IMRT. ( b ) On the 25th day of IMRT (after delivery of 36 Gy in 18 frac-
tions), the metastatic lymph node had shifted 1 cm medially because of body weight loss and tumor 
shrinkage       

(Fig.  6.1 ). For example, parotid gland volume was shown in two separate analyses 
to decrease substantially during IMRT, to 74 % of the initial volume in one analysis 
and to 82 % in the other [ 8 ,  9 ]. Treatment-induced changes in body contour, target 
volumes, and organs at risk during IMRT can affect the dose distribution to the tar-
get volume and the organs at risk, which can lead to marginal recurrence [ 10 – 12 ] as 
well as delayed toxicity. For head and neck cancer, new masks may need to be cre-
ated to compensate for body weight loss and tumor shrinkage during treatment, and 
treatment simulation may need to be repeated so that new, more accurate plans can 
be generated (replanning). The process for modifying treatment plans by using sys-
tematic feedback of such measurements is known as adaptive radiation therapy 
(ART) [ 13 ]. This chapter discusses the concept of ART and its necessity in the treat-
ment of cancer in general and head and neck cancer in particular.   

6.2     Concept of ART and Image-Guided RT 

 Tumors and normal tissues move with time, and this movement may be clinically 
signifi cant from second to second, day to day, week to week, or longer, and the 
variation in their position can be considered to take place intra (within)- or inter 
(between)-treatment sessions. Each tumor site has its own movement characteris-
tics. For example, thoracic tumors are predominantly affected by periodic respira-
tory motion, whereas head and neck tumors are affected more by gradual tumor 
shrinkage over time (Fig.  6.1 ). The position of prostate tumors can change from day 
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to day owing to differences in bowel and bladder fi llings, although additional 
momentary and irregular changes can also result from peristalsis. However, no 
tumor is immune from change in position, size, or movement, whether momentary 
or more gradual. 

 Substantial effort has been devoted in RT in reducing the effect of variations 
related to the treatment process, such as set-up error and geometric variations in 
volumes of targets and critical normal organs. To compensate for these variations 
(also called uncertainties), the use of predefi ned uniform margins around the CTV 
has been suggested. The term planning target volume (PTV) denotes a CTV that is 
volumetrically expanded to compensate for treatment set-up uncertainties [ 14 ]. 
Such expansions often present dosimetric trade-offs because they often overlap geo-
graphically with adjacent organs at risk. A favorable therapeutic ratio relies on 
accurate knowledge of set-up uncertainties, normal tissue dose tolerances, and 
delineation of treatment targets to safely minimize PTV expansions. However, radi-
ation treatment planning with compensation strategies has not been customized to 
account for variations in individual patients over the course of treatment. 

 ART is an approach to correct for daily or weekly variations in tumor and normal 
tissue positioning or volume through online or offl ine modifi cation of original RT 
plans [ 13 ,  15 – 17 ]. ART has two components: (1) means of detecting such changes 
and (2) means of intervention. Successful implementation of each of these compo-
nents determines the overall success of the clinical application of ART. The fi rst 
component of ART, detecting changes, is also known as image-guided RT (IGRT). 
Obtaining images from patients while they are in the treatment room can provide 
extensive datasets documenting movements and anatomic change of targets during 
and between RT sessions. The use of computed tomography (CT) in the treatment 
room can depict geometrically accurate soft tissue targets. In-room CT scanners, 
tomotherapy-based megavoltage CT, and gantry-mounted cone-beam CT are now 
all available to provide in-room three-dimensional (3D) imaging [ 16 ,  17 ]. Such 
imaging can reveal two types of variation: systematic, in which the mean of the 
observed positions is offset from the prescribed position, or random, which can be 
measured as daily changes from the mean. Systematic uncertainties are amenable to 
offl ine analyses of images acquired at treatment. However, random errors can be 
addressed only with daily online imaging and modifi cation. Thus, IGRT can reduce 
set-up uncertainties and improve the management of organ motion, consequently 
allowing dose escalation, an improved therapeutic ratio, or both. Because the goal 
of IGRT is to correct for set-up errors and minimize the PTV margin, image guid-
ance does not typically involve modifi cation of the original treatment plan but rather 
may involve repositioning treatment fi elds (Fig.  6.2 ).  

 In contrast to IGRT, the intent of ART is to appropriately modify a radiation 
treatment plan to account for temporal changes in anatomy (Fig.  6.2 ). In theory, 
ART can occur on three different timescales: offl ine between fractions, online 
immediately before a fraction, and in real time during a treatment fraction [ 16 ,  17 ]. 
ART is closely linked to image-guidance processes because any volumetric images 
acquired for the IGRT procedure could also be used to monitor changes in anatomy 
and to design new plans. Ideally, in-room volumetric images could be sent to a 
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treatment-planning system, where a new treatment plan based on current anatomy 
could be generated via automated deformable image registration software and sent 
back to the therapy machine for delivery. The adapted plan could be either deployed 
immediately (online correction) or used for future treatments (offl ine correction). 

 Manual segmentation of treatment-planning images requires too much time and 
effort on behalf of treating physicians and staff to be practical for the routine use of 
ART. Deformable image registration for atlas-based autosegmentation is an effec-
tive alternative for serial adaptive replanning [ 18 – 21 ]. If the contour exists in one of 
the reference CT images, then deformable transformation can be used to transform 
reference contours onto the newly acquired CT images with minimal manual input. 
This approach is well suited to ART, given that the original plan can serve as the 
reference for this process. Manual recontouring can take hours, which would not be 
practical for online ART and would strain resources for the application of offl ine 
ART as well.  

6.3     Volume and Dosimetric Changes During IMRT 

 Several studies have demonstrated that anatomic changes take place during IMRT 
with concurrent chemotherapy for head and neck cancer [ 7 ,  9 ,  20 ,  22 – 24 ]. In one of 
these studies, Barker et al. [ 7 ] evaluated 14 patients with head and neck cancer 
treated by an integrated CT-linear accelerator system that allows CT imaging at 

IMRT:
Wide margins for Intra-and 
intertreatment changes of 
tumor and normal tissues

IGRT:
Daily setup correction by in-room 
imaging can reduce margins

ART:
Detection of changes in anatomy by 
images acquired during treatment, 
followed by online or offline replanning

  Fig. 6.2    The concept of ART in comparison with IMRT and IGRT       
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daily RT sessions; these investigators noted rapid weight loss and anatomic change 
in both tumors and at-risk organs after 3–4 weeks of RT. Specifi cally, the gross 
tumor volume (GTV) decreased throughout therapy at a median rate of 0.2 cm 3  per 
treatment day (range, 0.01–1.95 cm 3 /day), and the GTV decreased at a median rate 
of 1.8 % per treatment day. The absolute volume loss was larger for large tumors 
and nodes. By the fi nal day of treatment, the median relative loss of the GTV was 
approximately 70 % (range, 10–92 %), and the center of the mass was displaced by 
a median 3.3 mm (range, 0–17.3 mm). The volume of the parotid glands also 
decreased over time; at the end of treatment, the median loss was 28 % (range, 
5.9–53.6 %), and the median medial shift was 3.1 mm (range, −0.3 to 9.9 mm) [ 7 ]. 

 Wu et al. [ 20 ] retrospectively analyzed 11 patients with locally advanced head 
and neck cancer who had had one IMRT planning scan and 6 weekly helical CT 
scans. Each patient had 1–6 repeated plans (“replans”) created based on the weekly 
helical CTs, and doses were accumulated on the planning CT. Although the cumula-
tive doses to targets or the spinal cord, brainstem, and mandible were unchanged on 
the replans relative to the original plans, signifi cant increases in parotid doses were 
observed without replanning. These investigators concluded that replanning would 
preserve sparing of only the parotid glands. 

 On the other hand, Hunter et al. [ 18 ] evaluated 18 patients with oropharyngeal 
cancer by daily cone-beam CT with clinical set-up alignment. In that study, differ-
ences between planned and delivered doses to the parotid glands were small relative 
to the standard deviations of the dose–salivary fl ow function, suggesting that ART 
is not likely to produce measurable improvements in salivary output in most cases. 

 Duma et al. [ 25 ] reported a dosimetric advantage of ART triggered exclusively 
by soft tissue changes detected on daily set-up helical megavoltage CT during heli-
cal tomotherapy for head and neck cancer. At those authors’ institution, ART is 
routinely used for patients with head and neck cancer when (1) inspection or palpa-
tion reveals a change in soft tissues or the mask was loose or (2) the IGRT CT scan 
shows a soft tissue change >5 mm. Of 94 patients with head and neck cancer treated 
with helical tomotherapy, replanning was done for 11 patients (12 %) for whom soft 
tissue changes were >5 mm as identifi ed by IGRT CT (i.e., none had clinically evi-
dent changes); replanning was done mostly at the end of the third week of treatment. 
In these patients, shrinkage of the body diameter by 1 cm did not affect the coverage 
of the PTV but translated into a slightly higher dose to the PTV itself and a higher 
delivered dose to the normal tissues outside the PTV. 

 At our institution, we adopted a two-step method for IMRT for head and neck 
cancer and are exploring its use as ART [ 8 ,  9 ,  11 ]. We obtain two sets of treatment- 
planning CT scans, the fi rst before IMRT (CT-1) and the second during the third or 
fourth week of IMRT (CT-2); the second set of plans is used for an IMRT boost dose 
after 46–50 Gy has been given and the patient fi tted with a new thermoplastic mask. 
We recently analyzed geometric and dosimetric changes between the fi rst and sec-
ond set of scans in 20 consecutive patients treated with this two-step IMRT process 
[ 8 ]. Twenty consecutive patients with pharyngeal cancer (10 nasopharyngeal, 6 oro-
pharyngeal, and 4 hypopharyngeal) were treated with a two-step IMRT method in 
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which 46–50 Gy was given in 23–25 fractions to the whole neck, followed by a 
boost dose to the high-risk CTV for a total dose of 60–70 Gy in 30–35 fractions 
(median dose, 70 Gy); patients also received concurrent cisplatin-based chemother-
apy (80 mg/m 2  every 3 weeks). The spinal cord and parotid glands were recontoured 
without margins on both sets of CT scans, and the primary tumors (GTV-p) and the 
largest metastatic lymph node (GTV-n) were also recontoured without margins. On 
the CT-2 scans, the mean GTV-p volume had dropped to 37 % ± 24 % of the CT-1 
plan ( P  = 0.002) and the mean GTV-n volume to 48 % ± 37 % of the CT-1 value 
( P  = 0.081). The parotid gland volume also decreased to 82 % ± 12 % of the initial 
volume ( P  < 0.0001), and the lateral surface of the parotid glands on CT-2 had 
shifted medially by an average of 4.2 ± 2.9 mm ( P  < 0.0001) [ 8 ]. 

 To analyze dosimetric changes, we created three sets of IMRT plans: Plan-1 was 
the actual initial IMRT plan (based on the pretreatment CT-1 scans), Plan-2 was the 
actual boost plan (based on the CT-2 scans), and Plan-3, which involved transferring 
the initial IMRT plan to the CT-2 scans and matching them for isocenter and bony 
alignment. Dose distribution plans were then recalculated to obtain dosimetric 
parameters of the recontoured target volumes and organs at risk, and variables were 
compared between Plan-3 and Plan-1 to evaluate the effects of anatomic changes on 
dosimetric outcomes. The replanning effects for dosimetric outcomes were com-
pared for Plan-2 and Plan-3. Dose parameters were calculated for a total prescribed 
dose of 70 Gy for each plan. The mean doses to the parotid glands ( D  mean ) were 
25.4 Gy in Plan-1, 20.0 Gy in Plan-2, and 30.3 Gy in Plan-3 [ 8 ]; these differences 
were signifi cant for Plan-1 vs. Plan-3 (5.0 ± 5.1 Gy, or 120 %;  P  < 0.0001) and for 
Plan-2 vs. Plan-3 (10.3 ± 3.6 Gy, or 66 %;  P  < 0.0001). The corresponding doses to 
2 % of the spinal cord (D 2 ) were 37.2 Gy in Plan-1, 36.7 Gy in Plan-2, and 39.1 Gy 
in Plan-3 (signifi cant difference for Plan-3 vs. Plan-1 [1.9 ± 2.0 Gy or 105 %; 
 P  = 0.0003] and marginally signifi cant difference for Plan-2 vs. Plan-3 [2.4 ± 5.2 Gy 
or 94 %;  P  = 0.0507]). These fi ndings, plus those from another group showing the 
value of adaptive replanning for signifi cant changes in the maximum dose to the 
spinal cord and dose to 50 % of the parotid glands (D 50 ) [ 22 ], lead us to conclude 
that our two-step IMRT method can effectively prevent increases in high-dose expo-
sure of the spinal cord and parotid glands. 

 Figure  6.3  illustrates two sets of plans, the Plan-1 (lower left) based on the CT-1 
scan (upper left) and the Plan-3 (lower right) based on the CT-2 scans (upper right), 
for a patient with nasopharyngeal cancer. Shrinkage of the neck diameter is evident 
on CT-2, and the left upper jugular lymph nodes (GTV-n; white arrow) have appar-
ently regressed as well. On Plan-3 (lower right), the parotid glands had shifted so 
that, in the absence of replanning, they were now included in the 70 % dose region 
(blue color). Comparing Plan-1 with Plan-3 also indicated a slight (but signifi cant) 
increase in  D  mean  to the GTV-p (0.6 ± 0.7 Gy,  P  = 0.0007) and D 98  to the GTV-p 
(0.8 ± 0.6 Gy,  P  < 0.0001) but no changes in the  D  mean  and D 98  of the GTV-n. These 
fi ndings lead us to conclude that planned doses to GTV-p and GTV-n could be deliv-
ered by using the initial IMRT plan, without ART.   
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6.4     Clinical Studies of ART 

 The dosimetric advantage of ART in reducing the dose to various organs at risk such 
as the parotid glands and spinal cord is apparent. The substantial investments in 
equipment, staffi ng, and staff time required for widespread implementation of ART 
require demonstration that these dosimetric advantages will translate into clinical 
benefi t. However, to date only a few studies have prospectively evaluated the clini-
cal benefi t of ART for patients with head and neck cancer. 

 In one such study, Schwartz et al. [ 19 ] described the use of ART for patients with 
advanced head and neck cancer in which a daily CT-guided setup and deformable 
image registration were used. Of the 22 patients enrolled, all required at least one 
round of replanning because of changes in CTV and normal tissues, and eight 

  Fig. 6.3     Top row , treatment-planning CT scan obtained before IMRT (CT-1,  upper left ) and a 
second CT scan (CT-2,  upper right ) obtained after 38 Gy in 19 fractions for a patient with naso-
pharyngeal cancer. Shrinkage of the neck diameter is evident on CT-2, and the  left upper  jugular 
lymph nodes (GTV-n;  white arrow ) have apparently regressed as well.  Bottom row , dose distribu-
tions on the initial IMRT plan on CT-1 (Plan-1,  lower left ) and the same plan transferred onto CT-2 
(Plan-3,  lower right ). Most of the bilateral parotid glands would have been included in the 70 % 
dose level ( blue color ) in Plan-3       
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patients (36 %) required a second replanning. The median trigger point for the fi rst 
adaptive plan was the 16th treatment fraction. For the eight patients with two 
replans, the median trigger points for the fi rst replan were the 11th fraction and the 
22nd fraction for the second replan. The elapsed interval from triggering in-room 
CT imaging to subsequent delivery of the prompted ART plan was 1.7 working days 
(median, 2 days; range, 1–4 days). At a median follow-up time of 31 months, dis-
ease control rates at 2 years were 100 % local and 95 % regional. Parotid dose spar-
ing was improved with a single ART replanning by a mean of 0.6 Gy for the 
contralateral parotid and 1.3 Gy for the ipsilateral parotid relative to standard IGRT; 
for the eight patients with two replans, these values were 0.8 Gy and 4.1 Gy. Chronic 
toxicity in this study was considered encouraging, and the locoregional control rate 
was considered excellent. 

 Berwouts et al. [ 26 ] reported a phase I clinical trial of three-phase ART for head 
and neck cancer. Ten patients were enrolled, and scans were obtained before treat-
ment, after 8 fractions, after 18 fractions, and at the end of treatment. All patients 
completed treatment without interruptions or severe acute toxicities. The extent of 
GTV reduction at the end of treatment was 72 %. At a median follow-up time of 
13 months, 9 of 10 patients had no evidence of disease. The authors concluded that 
their three-phase ART process, in which currently available tools were used, was 
feasible. 

 In another clinical study, Zhao et al. [ 27 ] retrospectively evaluated the role of 
replanning in IMRT for nasopharyngeal cancer. Of 175 patients with nasopharyn-
geal cancer who had been treated with IMRT, 158 showed obvious anatomic changes 
including tumor shrinkage, nodal shrinkage, or weight loss before 20 fractions had 
been delivered; 33 of those patients had repeat CT scanning and replanning during 
the course of treatment, and their outcomes were compared with those of 66 control 
patients who had not had replanning who were matched in terms of clinical disease 
stage and type of anatomic changes. IMRT replanning improved the 3-year local 
progression-free survival rate for patients with T3–T4 tumors and also reduced late 
effects for patients with large lymph nodes (N2, N3). These investigators concluded 
that ART is recommended for patients with advanced (T3, T4 or N2, N3) nasopha-
ryngeal cancer. Indeed, because patients with locally advanced nasopharyngeal can-
cer often present with large lymph nodes in the neck and because both primary 
tumors and neck lymph nodes regress rapidly with RT, ART is especially desirable 
for such disease. Lee et al. [ 5 ] described a phase I/II study of a two-step, two-plan 
method involving the use of IMRT with a simultaneous integrated boost (SIB) tech-
nique for 20 patients with nasopharyngeal cancer. The results of this study sug-
gested that tumor regression of early-stage pharyngeal tumors may be suffi ciently 
small as to render ART unnecessary; however, even patients with early-stage tumors 
showed notable changes in body weight and contour when the RT was given with 
chemotherapy. Therefore, we consider ART to be indicated for head and neck can-
cer that is to be treated by concurrent chemoradiation. 

 The two-step method of IMRT used at the author’s institution, described earlier 
in this chapter, has been used to treat head and neck cancer beginning in 2000. This 
two-step method obviously requires more time for treatment planning and quality 
assurance than a single-step SIB method, which can provide several dose levels for 
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CTVs and GTVs simultaneously. Initially, it took 5 working days for treatment 
planning and its verifi cation, and treatment of the IMRT plan was begun 7–10 days 
after CT simulation. Because daily or weekly IGRT was not possible at that time, a 
second treatment-planning CT (CT-2) for the boost IMRT plan was obtained for all 
patients with head and neck cancer during the third or fourth week of treatment. Our 
clinical fi ndings with the use of this technique for nasopharyngeal cancer are sum-
marized below [ 11 ]. 

 Fifty patients with stage I–IVB nasopharyngeal cancer were treated with the 
two-step IMRT method from 2000 to 2010 (Table  6.1 ). For all patients, treatment- 
planning CT scans were obtained twice, once before and once during IMRT, which 
were given to a total dose of 60–70 Gy in 28–35 fractions (median dose, 68 Gy). 
Forty-fi ve of these patients also received concurrent chemotherapy (1–3 cycles of 
cisplatin 80 mg/m 2  every 3 weeks) with IMRT (two patients were excluded because 
of advanced age [>76 years] and three for poor renal or cardiac function). Thirty- 
one patients received 1 or 2 courses of adjuvant chemotherapy (cisplatin 70 mg/m 2 , 
fl uorouracil 700 mg/m 2  over 4–5 days) after the IMRT.

   At a median follow-up time of 55 months for surviving patients, overall survival 
rates for the 45 patients treated with concurrent chemotherapy were 90 % at 3 years 
and 84 % at 5 years (Fig.  6.4a ); the corresponding locoregional control rates were 
94 % and 89 % (Fig.  6.4b ). Xerostomia was scored at 1–2 years after treatment for 

   Table 6.1    Patient, tumor, and treatment characteristics   

 Characteristic  Value or no. of patients 
 Age, median, years  56 (range 14–81) 
 Sex 
   Male  39 
   Female  11 
 Performance status score 
   0  39 
   1  10 
   2  1 
 Tumor histology 
   WHO type I (keratinizing SCC)  8 
   WHO type II (non-keratinizing SCC)  37 
   WHO type III (Lymphoepithelial)  5 
 TNM disease stage (UICC 7th, 2009) 
   I  7 
   II  8 
   III  18 
   IVa  12 
   IVb  5 
 Total radiation dose  60–70 Gy in 2-Gy fractions 

(median 68 Gy) 
 Concurrent chemotherapy 
   Cisplatin (80 mg/m 2 ), 1–3 cycles  45 
 Adjuvant chemotherapy 
   Cisplatin (70 mg/m 2 ) plus fl uorouracil (700 mg/m 2 ) × 4–5 days  31 
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  Fig. 6.4    ( a ) Overall survival and ( b ) locoregional control for 45 patients with nasopharyngeal 
cancer treated with IMRT and concurrent chemotherapy and fi ve patients treated with IMRT alone       
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49 patients (excluding 1 patient who died at 3 months after treatment); at that time, 
15 patients had grade 0, 22 had grade 1, 11 had grade 2, and 1 had grade 3 xerosto-
mia. The authors concluded that this two-step IMRT approach was the simplest for 
ART, was effective for preventing xerostomia, and produced good locoregional con-
trol. These retrospective single-institution fi ndings are now being extended in a pro-
spective multi-institutional phase II trial of this two-step IMRT method for 
nasopharyngeal cancer by the Japan Clinical Oncology Group (JCOG 1015), with 
the goal of evaluating the feasibility and effi cacy of this approach for nasopharyn-
geal cancer.   

6.5     Future of ART 

 Online ART, i.e., that which involves in-room imaging of the target areas of interest 
and sending those images to a treatment-planning system, which creates a new 
treatment plan that accounts for changes in volume and anatomy and sends it back 
to the treatment machine for immediate delivery, could provide greater treatment 
precision but only at the cost of substantial increases in physician and staff effort 
and treatment time [ 16 ,  17 ]. Moreover, online ART is even more challenging than 
that because the patients must remain immobilized on the treatment couch while 
waiting for ART correction. As noted previously, most anatomic changes in head 
and neck cancer take place gradually over the fi rst few weeks of treatment [ 7 ], and 
thus, real-time intervention is probably not needed, at least in the absence of an 
acute, unforeseen event (such as rapid disease progression). Therefore, in our opin-
ion, offl ine ART (when the new treatment plan is delivered at some interval after its 
creation) seems to be the more practical approach for most patients with head and 
neck cancer [ 15 ,  17 ]. Even when daily or weekly IGRT is used, usually only one or 
two replans are necessary during 7 weeks of treatment for head and neck cancer. 
Many studies have shown that at least one replan is necessary for most patients, and 
about 36 % of patients will require two replans [ 19 ]. Even without weekly IGRT, 
ART can be done clinically by a planned second treatment CT in the third or fourth 
week of IMRT as described in our two-step IMRT method [ 11 ], because in most 
studies of volumetric changes, both primary tumors and metastatic lymph nodes 
regress within the fi rst 4 weeks of treatment [ 7 ]. This makes ART easier to imple-
ment in the clinical treatment fl ow. 

 In the ART process, manual contouring of the CT images used for treatment is 
quite time- and labor-intensive and is also susceptible to intra- and interobserver 
variation. Hence, the development and clinical implementation of automated 
deformable image registration has facilitated the use of ART [ 18 – 21 ]. The replan-
ning process remains the most time-consuming component of ART, leading several 
groups to study auto-replanning algorithms [ 16 ,  17 ]. Such algorithms are essential 
for online ART and may also reduce the workload requirements for offl ine ART. 

 Another technique that may be helpful in the ART process is  18 F-fl uoromisonidazole 
positron emission tomography (F-MISO PET)/CT, a molecular imaging technique 
that can visualize hypoxic areas within tumors (Fig.  6.5 ) that can then be subjected 
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to dose escalation by “dose-painting” IMRT [ 28 ]. Although some reports have 
shown that F-MISO PET/CT-based dose painting can allow doses to hypoxic 
regions to be escalated to 78, 84, or even 105 Gy [ 29 ,  30 ], no clinical trials of this 
approach have been reported [ 28 ,  31 ]. A small series from the author’s institution 
has documented changes in intratumoral uptake of F-MISO before and during RT 
[ 32 ]; in that study, uptake of ≥1.60 standardized uptake value (SUV) is taken to 
indicate a hypoxic area. However, clinical trials involving this technique may not be 
appropriate at this time for several reasons, among the reproducibility of intratu-
moral measurements of F-MISO [ 33 ]. Nehmeh et al. [ 34 ] showed that intratumoral 
distribution of F-MISO over a 3-day period without treatment was reproducible in 
only 6 of 13 human tumors; the other 7 tumors showed changes in F-MISO distribu-
tion after 3 days. The other factor complicating the use of this method is the reoxy-
genation of hypoxic areas during fractionated RT. In our study, both the SUV max  and 
the areas of F-MISO accumulation decreased in six of the eight tumors after deliv-
ery of approximately 20 Gy [ 32 ]. Another limitation of using PET in ART is the 
poor resolution of PET images. Discrepancies are common between PET images 
and the underlying microscopic reality represented by autoradiography [ 31 ,  35 ]. 
Therefore, dose escalation to hypoxic subvolumes of a tumor revealed by F-MISO 
PET/CT before RT seems inappropriate. However, if high-resolution F-MISO PET/
CT becomes more reliable, and if online ART becomes more widely available in the 
near future, dose-painting IMRT for hypoxic subvolumes within tumors may 
become clinically feasible [ 17 ,  31 ].   

  Fig. 6.5    ( a ) An  18 F-misonidazole positron emission tomography/computed tomography scans of 
a patient with advanced maxillary cancer. The hypoxic area ( white arrow ) is that in which the 
standardized uptake value of F-MISO is ≥1.60. ( b ) Dose distribution for an intensity-modulated 
radiation therapy plan with a simultaneous integrated boost for the patient shown in ( a ). In this 
plan, a total dose of 82.5 Gy in 33 fractions can be delivered to the hypoxic area, and a total of 
66 Gy in 33 fractions is given simultaneously to the residual normoxic tumor volume       
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6.6     Conclusions 

 Current ART strategies remain labor- and resource-intensive. However, several clin-
ical studies of ART for head and neck cancer have demonstrated its feasibility and 
dosimetric advantages. With the development of IGRT, deformable image registra-
tion, and other related techniques, clinical application of ART has become feasible. 
Because the ultimate clinical effectiveness of ART in head and neck cancer remains 
undefi ned at this time, prospective clinical trials comparing IMRT, with or without 
ART, are warranted to clarify whether its dosimetric advantages translate into clini-
cal benefi ts.     
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7.1            Introduction 

 Glioblastoma (GBM) is the most frequently occurring primary brain tumor. The 
standard treatment for patients with GBM is tumor removal followed by radiation 
therapy (RT) with concurrent and adjuvant temozolomide (TMZ). 

 A randomized cooperative study has demonstrated the survival benefi t of post-
surgical RT [ 1 ], and other studies have demonstrated improved survival of patients 
treated at a total radiation dose of 60 Gy as compared with the lower treatment dose 
levels [ 2 ,  3 ]. Therefore, 60 Gy has become the standard treatment dose for this 
tumor. However, the survival time of patients with GBM after RT is still limited [ 4 ], 
and local failure is the predominant pattern of failure after RT. This suggests that 
more intensive RT targeting of the regional tumor will improve patient survival. On 
the other hand, higher dose delivery (>50 Gy) also runs the risk of cerebral necrosis, 
and this risk increases with increasing radiation dose [ 5 ]. Necrosis frequently causes 
neurological deterioration in patients, and whether or not the treatment dose should 
be escalated has been debated. 
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 Recently, innovations in irradiation technique, such as the three-dimensional 
radiation therapy and intensity-modulated radiation therapy (IMRT), have contrib-
uted to the precise delivery of the treatment dose to the target while reducing the 
dose to the surrounding normal brain tissue. To date, these advantages of IMRT 
have been utilized for three different purposes: to minimize RT-related toxicities by 
decreasing the dose to the surrounding functioning structures, to improve tumor 
control as a result of the delivery of increased treatment dose to the target, and to 
increase the biologically effective dose (BED) by increasing the dose per fraction. 

 In the subsequent sections, the advantages and the practical planning of IMRT 
for the treatment of GBM patients are discussed.  

7.2     Biology of GBMs 

 GBM is the most malignant brain tumor. The aggressive and treatment-resistant 
nature of the GBM cells, such as their rapid growth, infi ltrative characteristics, and 
hypoxic condition, should be considered in radiotherapy treatment planning. 

7.2.1     Growth Speed 

 GBM is a fast-growing tumor. The potential tumor doubling time has been reported 
to be only 9–12 days [ 6 ,  7 ]. Repopulation during irradiation should not be ignored 
in the treatment of these fast-growing tumors. The dose loss per day induced by 
repopulation and its relationship to effective tumor doubling time and intrinsic 
radiosensitivity have been previously reported in a study involving in vitro analyses 
[ 8 ]. These data indicate the advantage of hypofractionated irradiation with high 
dose per fraction, which has become possible using highly conformal irradiation 
such as IMRT.  

7.2.2     Infiltrative Ability 

 The spread of GBM cells beyond the enhancing tumor and into the perifocal edema 
has been reported after a pathological evaluation of biopsy samples [ 9 ]. A more 
precise evaluation of the distribution of neoplastic cells in autopsy cases has also 
revealed the infi ltration of tumor cells into the low-density area on CT images and 
in some cases even beyond the low-density area [ 10 ]. The migration of GBM cells 
into the high-intensity area on T2-weighted MR images has also been reported [ 11 ]. 
These fi ndings have suggested that the infi ltrative ability of GBM cells and the infi l-
trating area should be encompassed in the clinical target volumes. However, in con-
trast to the tumor bulk, these areas contain both tumor cells and functioning neurons; 
differentiation of tumor cells from the functioning neurons, depending upon the 
differences in response to treatment, is required.  
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7.2.3     Hypoxia 

 Tumor hypoxia plays a signifi cant role in radioresistance [ 12 ,  13 ]. The hypoxic 
condition of GBM is also well known and accepted as one of the causes of the radio-
resistant features of this tumor [ 14 ]. This solid tumor hypoxia can be classifi ed into 
chronic and acute hypoxia. The large intercapillary distance that occurs as a result 
of rapid tumor growth causes chronic hypoxia, and unusual vascular conditions, 
high interstitial pressure, tortuous vessels, and bidirectional fl ow cause acute 
hypoxia [ 15 ]. The distribution of the acute hypoxic area may alter during fraction-
ated RT, owing to changes in causative factors as a result of treatment [ 16 ]; in addi-
tion, reoxygenation during fractionated RT is suspected [ 17 ].   

7.3     Advantages of IMRT in GBM Treatment 

7.3.1     Prescribed Dose and Fractionation 

 With conventional irradiation techniques, accelerated hyperfractionation using 
smaller doses per fraction is one of the methods employed to increase the radiation 
effect while limiting injury to the surrounding normal tissue [ 18 ]. However, previ-
ous prospective trials of accelerated hyperfractionation have failed to improve the 
survival of patients with GBM [ 19 ,  20 ]. 

 Hypofractionation, the other treatment approach for improved control of the 
regional tumor, has several advantages over conventional RT; there are increased 
cell death as a result of the higher doses per fraction used and a reduced repopula-
tion effect as a consequence of the shortening of the overall treatment time. 
Shortened treatment time is also a signifi cant benefi t for patients and their families, 
because patients with GBM only have a limited survival time after the completion 
of treatment. Although there may also be a risk of enhanced radioresistance because 
of a reduction in reoxygenation during fractionated irradiation, hypofractionated 
irradiation has become a frequent choice in the treatment of GBM patients in the 
past decade (Table  7.1 ) [ 21 – 29 ]. At our institution, we performed hypofractionated 
IMRT, 68 Gy by 8 fractions during 10 days, and found the signifi cant effect of this 
abbreviated treatment on the local control of GBMs [ 29 ]. As shown in Table  7.1 , 
different schemes of hypofractionation have been reported, and doses/fraction and 
number of fractions are varied. This fl exibility in fractionation is one of the advan-
tages of IMRT, but it also makes it diffi cult to compare the outcomes between dif-
ferent treatment plans. Biologically effective dose (BED), which is calculated on 
the basis of the linear-quadratic (LQ) model, is commonly used to standardize the 
doses. However, the value of the α/β ratio that should be used for GBM is still 
debated, and the unreliability of the LQ model in the dose range over which the α/β 
ratio is used has been reported [ 30 ]. In spite of these remaining problems, hypofrac-
tionated high-dose IMRT contributes to the better control of the regional tumor [ 28 , 
 29 ] without severe acute toxicity.
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7.3.2        Simultaneous Integrated Boost Technique 

 As mentioned above, GBM cells are highly infi ltrative and have already spread 
widely into the surrounding brain at diagnosis. Although both the tumor bulk and 
infi ltrating lesion should be included as treatment targets, their situations are differ-
ent and a different treatment approach is required. The tumor bulk includes dens of 
tumor cells and few functioning neurons, which indicates the need for higher-dose 
RT and functional safety in this area. Tumor cells in this zone are suspected of being 
hypoxic, and dose escalation to overcome this problem is also expected. In contrast, 
the area of infi ltration includes both tumor cells and functioning neurons, and dif-
ferentiation of these cells owing to their different radiosensitivity is required. Tumor 
cells in this area are well oxygenated, and the required total radiation dose may be 
lower than that needed for the treatment of the tumor bulk. Less frequent distant 
failure after conventional RT also supports this approach; conventional dose 

    Table 7.1    Published trials of hypofractionated high-dose IMRT Dose delivery for the central 
region and tumor control   

 Author/study  PTV  Dose/fraction  Fractions  BED  CHT  MST 
 Floyd et al. [ 21 ]  GTV  5.0 Gy  10  75 Gy  No  7 m 
  n  = 18 
 Sultanem et al. [ 22 ]  GTV  3.0 Gy  20  78 Gy  No  9.5 m 
  n  = 25 
 Monjazeb et al. [ 23 ]  GTV + 5 mm  2.5 Gy  28  88 Gy  No  13.6 m 

 2.5 Gy  30  94 Gy 
  n  = 21  2.5 Gy  32  100 Gy 
 Tsien et al. [ 24 ]  GTV + 5 mm  2.2 Gy  30  81 Gy  TMZ  20.1 m 
  n  = 38  2.4 Gy  89 Gy 

 2.5 Gy  94 Gy 
 2.6 Gy  98 Gy 
 2.7 Gy  103 Gy 

 Panet-Raymond 
et al. [ 25 ] 

 GTV  3.0 Gy  20  78 Gy  TMZ  14.4 m 

  n  = 35 
 Morganti et al. [ 26 ]  GTV + 1.5 cm  2.4 Gy  25  74 Gy  TMZ  20 m 

 2.5 Gy  25  78 Gy 
  n  = 19  2.6 Gy  25  82 Gy 
 Chen et al. [ 27 ]  GTV + 5 mm  3.0 Gy  20  78 Gy  TMZ  16.2 m 
  n  = 19  4.0 Gy  20  84 Gy 

 5.0 Gy  20  90 Gy 
 6.0 Gy  20  96 Gy 

 Reddy et al. [ 28 ]  GTV + 5 mm  6.0 Gy  10  96 Gy  TMZ  16.6 m 
  n  = 24 
 Iuchi et al. [ 29 ]  GTV + 5 mm  8.5 Gy  8  126 Gy  TMZ  20.0 m 
  n  = 46 

  Abbreviations:  PTV  planning target volume,  BED  biologically effective dose,  CHT  chemotherapy, 
 MST  median survival time,  GTV  gross tumor volume,  TMZ  temozolomide. α/β ratio of 10 Gy was 
employed to calculate BED in this table  
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delivery for the treatment of this area is desirable to spare the functioning neurons. 
Therefore, differing dose delivery is required to control both of these lesions. Using 
the simultaneous integrated boost technique, different doses can be delivered to 
layered targets. This technique is suitable for the treatment of infi ltrative tumors 
including GBM. For GBM, two- or three-layered targets are usually settled, sur-
rounding the enhancing tumor.   

7.4     Immobilization System 

 The anatomic accuracy of IMRT depends on the reproducibility of the geometrical 
positioning of patients between the planning CT and treatment or during fraction-
ated irradiations. Thermoplastic masks are widely used for noninvasive immobiliza-
tion of patients during treatment (Fig.  7.1 ). However, we should be aware of the 
limitations of this immobilization system. Mask shrinkage after fabrication may 
have an effect on the immobilization of the patient, and fl exibility during treatment 
may decrease reproducibility [ 31 ]. Head and shoulder masks, bite mouthpieces, and 
head and body cushions are employed to improve reproducibility, but the range of 
the interfractional displacement of the target has been reported as being 2.0–3.0 mm 
[ 32 ,  33 ]. This reproducibility error should be included in the margin surrounding the 
lesions during the settlement of the targets. Furthermore, the changes regarding the 
condition of the patient’s head after craniotomy, such as the presence of edema in 
the face and scalp, subcutaneous hematoma, and cerebrospinal fl uid (CSF) leakage, 
also have an effect on the accuracy of immobilization. Therefore, immobilization 
devices should be fabricated after improvement in these postsurgical changes. 
Indeed, such an approach would mean a delay in the initiation of postsurgical RT; 
however, an improved outcome for patients with GBM has been reported after the 

  Fig. 7.1    Noninvasive immobilization system. Thermoplastic head and shoulder mask ( A ), bite 
mouthpieces ( B ), and head and body cushions ( C ) are used to improve the reproducibility of 
treatment       
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initiation of RT at >4 weeks after surgery, probably owing to reoxygenation after 
surgical procedures [ 34 ].  

 Before each treatment, megavoltage electronic portal images are generated and 
bony landmarks are used to ensure geometric accuracy. Correction of the position of 
the head is performed by adjustment of the treatment table in three dimensions prior 
to treatment (Fig.  7.2 ).   

  Fig. 7.2    Megavoltage electronic portal images are generated and bony landmarks are used to 
ensure geometric accuracy before each treatment       
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7.5     Target Delineation 

7.5.1     Target Delineation on CT/MRI 

 After fabrication of the facial mask, thin slice CT is performed for planning. The 
data from the CT images are also used for absorption correction during the planning 
of dose delivery. For target delineation, MRIs are also obtained and merged into the 
planning CT. Target volumes are contoured on these images in line with the 
International Committee on Radiation Units and Measurements (ICRU) reports 50 
and 62 [ 35 ,  36 ]. Gross tumor volume (GTV) is usually defi ned as the enhanced 
lesion on T1-weighted MR images and the surgical cavity. In the treatment of 
patients with GBM, a simultaneous integrated boost technique is usually employed, 
and layered clinical target volumes (CTVs) are settled to cover both the tumor bulk 
and microscopic spread of the tumor. Because the dominant pattern of failure is 
local after standard GBM treatment, higher dose delivery to the regional tumor is 
required. Therefore, the CTV of the tumor bulk (CTVb) is defi ned as being equal to 
the GTV. GBM is a highly infi ltrative tumor, and migration of tumor cells into the 
surrounding brain should also be included in the CTV. Two different approaches 
exist regarding the defi nition of the CTV for the infi ltrating area (CTVi). The fi rst 
approach is based on the experiences of treatment failure after conventional RT. The 
majority of the recurrences have been reported to arise within 15–20 mm of the tis-
sue surrounding the enhanced lesion, and the CTVi may be defi ned as the expansion 
of the GTV to encompass the surrounding 15–20 mm zone. This expansion is auto-
matically performed in the planning software without consideration of the anatomi-
cal spread of tumor cells. Therefore, excessive volume should be manually removed 
from the CTVi after automatic expansion (Fig.  7.3 ). The other approach regarding 
the defi nition of the CTVi is based upon the estimated microscopic spread of tumors 
cells. As described above, the volume of the edema surrounding the enhancing 
lesion includes microscopically detected migrating tumor cells and is also defi ned 
as the CTVi. MRIs of both the T2-weighted images and fl uid-attenuated inversion 
recovery (FLAIR) images are used to visualize edema. Although discordance 
between CTVs based upon T2-weighted and FLAIR images has been reported [ 37 ], 
FLAIR images are more frequently employed because the CSF is also visualized 
brightly on T2-weighted images and may impair the visualization of edema. After 
contouring the CTVs, the planning target volume (PTV) is defi ned by expanding the 
CTV with a 3.0–5.0 mm margin, which includes the immobilization and treatment 
errors.   

7.5.2     Target Delineation Based upon Biological Imaging 

 Although MRIs provide precise geometrical information, they do not directly visu-
alize the location of tumor cells. The contrast-enhanced area is usually diagnosed as 
tumor bulk, but enhancement is only the result of leakage of contrast medium 
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through the impaired brain-blood barrier (BBB) of tumor vessels. The high-inten-
sity area on T2-weighted or FLAIR images may include infi ltrating tumor cells, but 
this does not mean that migrating tumor cells exist anywhere in these areas. 
Furthermore, induced neovascularization as a physiological reaction after surgery 

  Fig. 7.3    Target delineations and dose deliveries with and without consideration of anatomical 
spread of tumor cells. The clinical target volume for the infi ltrating area (CTVi;  orange line ) was 
contoured automatically by expanding it by a distance of 20 mm from the gross tumor volume 
(GTV;  red line ) ( a ). However, this automatic expansion did not consider the anatomical spread of 
tumor cells. In this case, tumor cells could infi ltrate only via the corpus callosum to the contralat-
eral frontal lobe and could not move across the falx. Furthermore, the ventricle wall blocked the 
way of tumor cells to the caudate head. Therefore, the excessive volumes expanded across the falx 
and the ventricle was removed from the CTVi ( b ). After contouring the CTVs, PTVb for tumor 
bulk ( pink line ) and PTVi for the infi ltrating tumor ( yellow line ) were defi ned by expanding the 
GTV and CTVi with a 3 mm margin. Prescribed doses of 68 Gy for PTVb and 40 Gy for PTVi were 
delivered by 8 fractions. The different distributions of dose delivery before ( c ) and after removal of 
excessive volume from the CTVi ( d ) were also demonstrated. This difference indicated the signifi -
cance of anatomical consideration during delineation of the CTVs to minimize the dose for the 
surrounding normal brain       
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also causes contrast enhancement, and changes in the blood circulation after surgery 
also cause an increase in the intensity of normal brain surrounding the surgical cav-
ity on T2-weighted or FLAIR images. Therefore, CTVs contoured on these images 
may include the area without the need for dose delivery. To decrease the excessive 
radiation delivery to the critical structures adjacent to the target, biological imaging 
is required for the delineation of real targets. 

 Amino acid (AA) positron emission tomography (PET) has been tried to improve 
the delineation of the distribution of glioma cells.  L -[methyl- 11 C]methionine (MET) 
and O-(2-[ 18 F]fl uoroethyl)- L -tyrosine (FET) are the most widely used tracers. These 
tracers are transported across the BBB by means of the membrane transport system, 
and the accumulation of these tracers refl ects the protein synthesis taking place in 
tumor cells. The uptake of these tracers is not dependent on the disruption of the 
BBB, and the signifi cantly higher accuracy of AA-PET relative to CT and MRI in 
defi ning the distribution of tumor cells has been reported [ 38 – 43 ]. MET-PET and 
FET-PET provide comparable diagnostic information for the delineation of tumors 
[ 44 ], even though the short half-life of  11 C (20 min) limits the use of MET-PET to 
institutions with an onsite cyclotron. In the majority of the primary cases, the AA 
tracer accumulates beyond the enhanced lesion and within the high-intensity area 
on T2-weighted or FLAIR MRIs (Fig.  7.4 ). Although target delineation based upon 
these accurate images will contribute to the sparing of neurological functions in 
patients after IMRT, the major remaining problem regarding the use of PET infor-
mation is the threshold of uptake. The uptake of AA is semiquantitatively expressed 
by the ratio of uptake in the lesion to that in the contralateral normal brain (T/N 
ratio). However, limited data is available regarding the optimal value of the T/N 
ratio required for drawing the target volume and the optimal radiation dose for the 
control of these areas.  

 On the other hand, PET is also used to defi ne the radioresistant area in the tumor. 
Hypoxia is one of the major causes of radioresistance in GBMs, but heterogeneous 
distribution of hypoxic cells has also been reported [ 45 ,  46 ]. Although some limita-
tions remain, the signifi cance of [ 18 F]FMISO-PET in the visualization of the hypoxic 
area in gliomas has been reported [ 47 ,  48 ]. In the treatment of head and neck 

  Fig. 7.4    Different visualizations of tumor on enhanced MRI ( a ), FLAIR image ( b ), and 
methionine- PET ( c )       
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cancers, [ 60 Cu]ATSM-PET- and [ 18 F]FMISO-PET-guided radiotherapy planning 
have been reported [ 49 ,  50 ], and these images may also contribute to the treatment 
of GBM in the future.  

7.5.3     Organ at Risk (OAR) 

 As the prognosis of patients with GBM is poor, some oncologists may feel little 
need for the preservation of critical structures from late toxicities [ 51 ]. However, 
temozolomide prolongs the survival of GBM patients, and the 5-year survival rates 
have improved to 13.8 % for patients with the methylated  O-6-methylguanine-DNA 
methyltransferase (MGMT)  gene [ 4 ]. Therefore, the issue of late toxicity has 
become more signifi cant. 

 In treatment planning for brain tumors, OARs include the eye lens, retina, optic 
nerve, chiasm, cochlea, and brain stem. A study by Emami et al. in 1991 was the 
fi rst to summarize the clinical experience regarding partial organ tolerance doses for 
OARs [ 52 ]. More recently, QUANTEC (quantitative analysis of normal tissue 
effects in the clinic) articles have updated/refi ned these data (Table  7.2 ) [ 53 – 56 ]. As 
these data are based upon clinical outcomes after conventional fractionated radio-
therapy or radiosurgery involving single fraction treatment, the tolerance doses for 
OARs have been estimated from these data using the LQ model. However, the reli-
ability of the LQ model and the value of the α/β ratio are still debated in hypofrac-
tionated RT (see Chap.   4    ), and further investigations are required to defi ne the 
tolerance doses for OARs.

7.6         Dose Delivery 

7.6.1     Inverse Planning 

 After contouring the PTVs and OARs, the prescribed doses and the tolerance doses 
are inputted into the inverse planning system, and the dose distribution calculated 
automatically. In cases where the tumor exists adjacent to the critical organs, it may 
be diffi cult to deliver the prescribed doses to the PTV homogeneously while keep-
ing the doses to the OARs below the limit of the tolerance doses. In such cases, the 
preferred dose delivery/avoidance should be decided individually based upon the 
estimated prognosis and functions of the patient.  

7.6.2     Coplanar and Noncoplanar Beam IMRT 

 Although IMRT has improved the conformity and homogeneity of dose delivery to 
targets, especially concave tumors, conventional coplanar beam IMRT still has limi-
tations with regard to the sparing of critical organs. In the treatment of tumors 
located in the posterior or temporal fossa, PTVs and OARs (optic nerve, chiasm, 
brain stem, and cochlea) may be included in the same axial plane, and the coplanar 
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beam cannot completely avoid critical organs (Fig.  7.5a ) [ 57 ]. In such cases, nonco-
planar beam arrangement may decrease the doses to the OARs (Fig.  7.5b ) [ 58 ].   

7.6.3     Volumetric-Modulated Arc Therapy (VMAT) 

 IMRT is usually performed using multiple static intensity-modulated beams. 
However, using static fi elds, the isodose curves in the range of lower doses extend 
along the gantry angle [ 58 ]. This “tail” of the low-dose fi eld extends more sharply 
and over a greater distance when the angle or number of fi elds is limited to decrease 
the doses to the OARs adjacent to the PTV (Fig.  7.5a ). Recently, VMAT, a rotating 
IMRT, has also become available for the treatment of patients with GBMs. With this 
method, a more homogeneous distribution can be achieved, not only in the low-dose 
fi eld but also in the PTV, while maintaining a decreased dose to the OARs (Fig.  7.5c ). 
The range of rotation can be changed and a noncoplanar arc can also be made avail-
able to further decrease the doses to the critical organs. 

   Table 7.2    Approximate dose/volume/outcome data for critical organs following conventionally 
fractionated radiotherapy and stereotactic radiosurgery   

 Organ  End point  Irradiation  Dose  Rate 

 Eye, lens  Cataract  Whole organ  10 Gy  5 % a   [ 51 ] 
 18 Gy  50 % a   [ 51 ] 

 Eye, retina  Blindness  Whole organ  45 Gy  5 % a   [ 51 ] 
 65 Gy  50 % a   [ 51 ] 

 Optic nerve/chiasm  Optic neuropathy  Whole organ  50 Gy  5 % a   [ 51 ] 
 65 Gy  50 % a   [ 51 ] 

 3D-CRT  Dmax <55 Gy  <3 % b   [ 53 ] 
 Dmax 
55–60 Gy 

 3–7 % b   [ 53 ] 

 Dmax >60 Gy  >7–20 % b   [ 53 ] 
 SRS  Dmax <12 Gy  <10 % b   [ 53 ] 

 Cochlea  Hearing loss  3D-CRT  Mean dose 
≤45 Gy 

 <30 % b   [ 54 ] 

 SRS  ≤14 Gy  <25 % b   [ 54 ] 
 Ear, mid/external  Acute otitis  Whole organ  30 Gy  5 % a   [ 51 ] 

 40 Gy  50 % a   [ 51 ] 
 Chronic otitis  Whole organ  55 Gy  5 % a   [ 51 ] 

 65 Gy  50 % a   [ 51 ] 
 Brain stem  Necrosis, infarction  Whole organ  50 Gy  5 % a   [ 51 ] 

 65 Gy  50 % a   [ 51 ] 
 Neuropathy/necrosis  Whole organ  Dmax <54 Gy  <5 % b   [ 55 ] 

 3D-CRT  D1- 
10 cc ≤59 Gy 

 <5 % b   [ 55 ] 

 Dmax <64 Gy  <5 % b   [ 55 ] 
 SRS  Dmax 

<12.5 Gy 
 <5 % b   [ 55 ] 

   a Probability within 5 years in “Emami Paper” 

  b QUANTEC data  
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 The other disadvantages of static IMRT are increased beam-on time and monitor 
units (MU) relative to conventional RT. This increased beam-on time may also 
cause elevated interleaf leakage during treatment [ 59 ,  60 ], which is signifi cant par-
ticularly in pediatric oncology [ 57 ,  59 ,  60 ]. The beam-on time and MU can also be 
reduced using VMAT [ 61 ]. Reduction of the treatment time may also improve the 
immobilization error during treatment and facilitates more comfortable treatment 
especially for pediatric patients [ 62 ]. Furthermore, it allows more patients to be 
treated per day on one linear accelerator.   

7.7     IMRT in the Multidisciplinary Treatment of GBM 

7.7.1     Chemotherapy 

7.7.1.1     Temozolomide (TMZ) 
 As a recent clinical trial has demonstrated, the combined use of RT and TMZ 
improves the overall survival of patients with GBM [ 4 ], and concurrent and adju-
vant TMZ is usually administrated with IMRT. However, it is also well known that 

  Fig. 7.5    Dose plans for a patient with glioblastoma located in the left temporal fossa. With copla-
nar planning, the angles of the fi elds were limited to avoid the organs at risks (OARs) and the 
isodose curves were stretched along the gantry angles ( a ). Noncoplanar beam arrangement 
improved the heterogeneity of dose delivery in the PTVs and decreased the dose to the OARs ( b ), 
even though 11 fi elds were required for this plan. On the other hand, an excellent distribution of 
doses was achieved using volumetric-modulated arc therapy (VMAT) with only two arcs of non-
coplanar beams ( c ). In addition to the improvement of conformity and homogeneity of dose deliv-
ery, beam-on times and monitor units (MU) were decreased using VMAT. Beam-on times in 
coplanar IMRT, noncoplanar IMRT, and noncoplanar VMAT were 6.9, 8.1, and 3.5 min, respec-
tively, and MU values were 3,430, 4,040, and 2,120, respectively. Prescribed doses were 68 Gy/8 
fractions for PTVb (GTV + 5 mm) and 40 Gy/8 fractions for PTVi (GTV + 20 mm)       
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the effects of TMZ are dependent upon the status of the  MGMT  gene promoter. 
Furthermore, methylation of this gene is also correlated with the prolonged survival 
of patients after RT alone without alkylating agent. Signifi cant effects of these treat-
ments are expected only in patients whose tumor demonstrates the methylated 
 MGMT  gene promoter [ 63 ]. On the other hand, the frequency of methylation of this 
gene has been reported as only 44 % in a recent meta-analysis [ 64 ]; it was found that 
only half or less of patients benefi t from treatment with TMZ. As the reported 
median survivals of patients with  MGMT -methylated and  MGMT -unmethylated 
tumors are quite different (23.4 months and 12.6 months, respectively), different 
treatment approaches are required. Although the signifi cance of personalized ther-
apy based upon the methylation status of  MGMT  is still debated, highly conformal 
IMRT may contribute to better neurological outcome in long-term survivors in 
 MGMT -methylated cases; this is achieved by decreasing the dose to the surrounding 
normal brain, and better tumor control in  MGMT -unmethylated cases by escalating 
the doses to the targets.  

7.7.1.2     Bevacizumab (BV) 
 Bevacizumab (BV) is a recombinant humanized monoclonal antibody that targets 
vascular endothelial growth factor (VEGF). This agent inhibits the growth of new 
vessels and was initially expected to starve tumors of oxygen and nutrients. However, 
more recently, the inhibition of new vessel growth has been considered to induce 
normalization of tumor vasculatures and improved blood fl ow and oxygenation in 
tumors [ 65 ]. Furthermore,    VEGF-targeted therapy also improves vascular function 
and decreases the tumor interstitial fl uid pressure. These improved vascular func-
tion and oxygenation are expected to increase the ionizing effects of RT [ 66 ].  

7.7.1.3     Carmustine Wafer 
 Carmustine wafers are used for the local delivery of the chemotherapeutic agent to 
GBM patients after tumor resection. These wafers are implanted in the wall of the 
surgical cavity and release carmustine continuously. Survival benefi ts from the use 
of these wafers have been reported, but enlargement of tumor bed cysts after implan-
tation has also been reported [ 67 ,  68 ]. The enlargement of these cysts continues for 
several months after surgery, and brain deformity after the planning of RT may 
decrease the accuracy of treatment, especially in the case of highly conformal RT 
such as IMRT. Therefore, the indications for IMRT regarding patients implanted 
with a carmustine wafer should be carefully considered.   

7.7.2     Antiepileptic Drugs for Tumor Control 

7.7.2.1     Valproic Acid (VPA) 
 Histone deacetylase (HDAC) leads to the formation of condensed and transcription-
ally silenced chromatin by removing the acetyl groups from the core histone. VPA, 
a common antiepileptic agent (AED), is well known to play a role as a HDAC 
inhibitor and is expected to sensitize glioma cells to ionizing radiation. The enhanced 
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effects of irradiation on glioma cells in combination with HDAC inhibitors have 
been demonstrated in in vitro studies [ 69 ,  70 ]; in addition, recent retrospective clini-
cal studies have demonstrated the survival benefi t associated with the concurrent 
use of VPA in combination with RT [ 71 ,  72 ]. However, there still remain some limi-
tations concerning the benefi t of the concurrent use of VPA with IMRT; the in vitro 
studies employed extremely high concentrations of VPA which are clinically unfea-
sible, and the data from nonrandomized studies may have unsuspected bias. The 
increased hematologic toxicities associated with this AED are also known, and ran-
domized evaluation is required to confi rm the benefi t and safety of VPA regarding 
the survival of patients.  

7.7.2.2     Levetiracetam (LEV) 
 Levetiracetam (LEV) is a newer AED with a favorable safety profi le. However, this 
AED is also known as a potent  MGMT  inhibitor. In vitro, LEV decreases the MGMT 
protein at concentrations within the clinically therapeutic range for seizure prophy-
laxis [ 73 ]. Although the direct effects of this agent on RT have not been reported, 
LEV will be frequently selected for the treatment of seizure prophylaxis in glioma- 
associated epilepsy, with the expectation of an increased antitumor effect regarding 
TMZ, which is commonly administrated with IMRT.    

7.8     Complications 

 While IMRT contributes to the highly conformal dose delivery and may decrease 
the risk for radiation injury, we should be aware of its remaining risks because this 
radiation modality is frequently employed for the escalation of treatment doses with 
the expectation of increased treatment effi cacy. 

7.8.1     Acute Toxicity 

 Acute complications after RT, including headache, insomnia, confusion, partial sei-
zure, nausea, and anorexia, are caused by transient BBB disruption and can be miti-
gated by steroids. Large radiation fractions are known to pose a risk regarding this 
pattern of radiation injury [ 74 ]. However, this acute reaction is dependent upon the 
volume of the radiation fi eld, and recent trials of hypofractionated IMRT have 
reported infrequent acute toxicity [ 24 ,  28 ,  29 ].  

7.8.2     Early-Delayed Toxicity 

 Transient demyelination as a result of damage to oligodendrocytes caused by irra-
diation may result in early-delayed complications (≤12 weeks after RT). The clini-
cal symptoms of radiation injury during this phase are characterized by fatigue, 
somnolence, worsening of preexisting symptoms, and transient cognitive 
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deterioration (the so-called somnolence syndrome). Despite clinical worsening, the 
radiological change is limited although enlargement of non-enhancing white-matter 
hyperintensities on T2-weighted or FLAIR MRIs may be observed. These reactions 
are spontaneously recovered from or can be alleviated by steroids; they also occur 
infrequently after limited volume IMRT.  

7.8.3     Pseudoprogression 

 The other transient phenomenon at the time the early-delayed reaction is expected 
is termed “pseudoprogression.” This reaction is more frequently observed in patients 
who received daily TMZ with RT and more often in GBM patients with a methyl-
ated  MGMT  gene promoter. Necrosis, edema, and infi ltration of infl ammatory com-
ponents are frequently observed in pseudoprogression, and this indicates that the 
lesion is consistent with it being a subacute radiation reaction and treatment-related 
necrosis [ 75 ]. Although the precise mechanism of pseudoprogression is still unclear, 
abnormal vessel permeability causes enlargement of the enhanced area with pro-
gression of edema on MRIs. These fi ndings mimic tumor progression and it is dif-
fi cult to distinguish pseudoprogression from tumor recurrence in conventional 
imaging studies. Magnetic resonance spectroscopy and diffusion-weighted imaging 
are useful diagnostic tools for distinguishing tumor recurrence from necrosis. The 
signifi cant sensitivity and specifi city of PET using amino acid tracers in the differ-
entiation of viable tumor from necrosis have also been reported [ 76 ,  77 ]. However, 
we should be aware of the limitations of these imaging studies because they only 
refl ect the dominant feature of the lesions. 

 As pseudoprogression is induced by local tissue reaction against radiation, high- 
dose IMRT may increase the risk of this phenomenon. However, the incidence of 
pseudoprogression after high-dose IMRT has been reported to be comparable to that 
associated with conventional RT [ 78 ].  

7.8.4     Late Radiation Necrosis 

 Radiation necrosis is the most frequently occurring late toxicity after high-dose 
RT. As the prognosis of patients with GMB is poor, the risk of necrosis after radia-
tion therapy may have been underestimated. However, recent progress in surgical 
techniques and chemoradiation therapy has prolonged the survival of patients; this 
has increased the signifi cance of delayed toxicity in the treatment of GBM patients. 
From our experience of hypofractionated high-dose IMRT, necrosis was diagnosed 
in more than 30 % of cases, and it required surgical necrotomy in half of these [ 29 ]. 

 Radiation-induced BBB disruption causes extravascular infi ltration of infl amma-
tory cells through the BBB. These infl ammatory cells, such as macrophages and 
lymphocytes, secrete cytokines and TNF-α, which induce the development of 
necrosis. BBB disruption also causes increased interstitial fl uid pressure, and it 
worsens the hypoxic condition of the lesions. Furthermore, hypoxia induces 
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astrocytes to secret VEGF, which increases the permeability of vessels. Therefore, 
these reactions progress relentlessly and may cause injury even outside of the radia-
tion fi eld. 

 Corticosteroid is commonly used for the treatment of radiation necrosis. 
However, long-term usage of this agent risks damaging the patient’s health, owing 
to its chronic side effects. Antiplatelet agents, anticoagulants, vitamin E, and hyper-
baric oxygen have been tried for the treatment of this condition, but no clinical trials 
have been reported which have validated the effectiveness of these treatments. 

 As VEGF plays a key role in the development of radiation necrosis, blocking 
VEGF is a logical treatment for suppressing the progression of necrosis. Recently, 
signifi cant shrinkage of radiation necrosis on images obtained after treatment with 
BV has been reported (Fig.  7.6 ) [ 79 ,  80 ]. Further studies are still required to confi rm 
the effectiveness of VEGF-targeted therapy regarding the improvement of patient 
neurological functions. The establishment of a treatment for radiation necrosis will 
allow us to challenge GBM with higher-dose IMRT.    

7.9     IMRT Targeting of Stem Cells 

 Neural stem cells (NSCs) reside in the stem cell niche, which is located in the sub-
ventricular zone (SVZ) adjacent to the lateral ventricle, and it is hypothesized that 
NSCs differentiate to cancer stem cells (CSCs), which are also located in the 
SVZ. However, only half of GBMs show direct contact with the SVZ [ 81 ], and 
conventional PTV delineation by expanding the GTV does not intentionally target 

  Fig. 7.6    Response of radiation necrosis regarding VEGF-targeted therapy as observed on MRIs. 
FLAIR images ( left ) and enhanced MRIs of radiation necrosis before ( a ,  c ) and after the adminis-
tration of bevacizumab ( b ,  d )       
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the SVZ. This inadequate radiation coverage of the SVZ may be one of the causes 
of poor control of GBMs. Recently, several studies have reported a positive correla-
tion between increased radiation dose for ipsilateral SVZ and improved control of 
GBM, indicating the signifi cance of RT targeting of stem cells [ 82 ,  83 ]. Although 
CSCs are resistant to RT because of the preferential activation of the DNA damage 
checkpoint and DNA repair response [ 84 ], the impairment of CSC niches may ster-
ilize the function of CSCs and decrease the supply of mature GBM cells. 

 The SVZ also harbors NSCs, and impairment of stem cell niches may also risk 
functional deterioration of the NSCs. From our experience of hypofractionated 
high-dose IMRT, the SVZ is vulnerable to irradiation and necrosis has been fre-
quently observed in the SVZ. Necrosis of the SVZ is signifi cantly correlated with 
prolonged patient survival but is also correlated with the impairment of performance 
status [ 29 ]. Therefore, whether or not we should escalate the radiation dose to the 
SVZ to control CSCs, or spare this area to protect NSCs, remains controversial. 
Further investigations are required to establish the treatment targeting of CSCs 
while maintaining the function of NSCs.  

7.10     Summary 

 IMRT has provided precise delivery of radiation doses. As a result, oncologists have 
obtained great freedom in the treatment of GBMs. However, this technical freedom 
should be made use of only with a biological understanding of this tumor. Biological 
information regarding GBM is still limited, and further accumulation of informa-
tion is required.     
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8.1         Introduction 

 Nasopharyngeal carcinoma (NPC) is relatively uncommon in most parts of the 
world but is endemic to certain regions such as Southern China [ 1 ]. NPC is rare in 
the United States, with an incidence of less than 1/100,000 person-years compared 
with 27/100,000 person-years in Southern China. 

 NPC is unique histologically from other head and neck cancers. In the most 
recent World Health Organization classifi cation in 2005, NPC comprises three main 
types, namely, keratinizing squamous cell carcinoma (type 1), non-keratinizing car-
cinoma (type 2), and basaloid squamous cell carcinoma [ 2 ]. Non-keratinizing carci-
noma (type 2) is subdivided into differentiated (type 2a) and undifferentiated (type 
2b). Type 2 is also strongly associated with Epstein-Barr virus (EBV) and is the 
most common histologic type found in endemic regions. 

 Intergroup 0099 established concurrent radiation therapy (RT) and chemother-
apy as the standard of care for locally advanced NPC [ 3 ]. Although surgical resec-
tion is often an option for tumors at other head and neck sites, successful resection 
of NPC is nearly impossible given its location and frequent involvement of the 
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lateral retropharyngeal lymph nodes. Thus, surgery is mostly limited to radical or 
selective neck dissections for persistent or recurrent disease after RT. 

 Toxicity is an issue with the use of conventional RT given the proximity of the 
nasopharynx to critical normal structures. Intensity-modulated radiation therapy 
(IMRT) offers advantages over conventional RT by optimizing the delivery of radia-
tion to irregularly shaped volumes so as to spare organs at risk. Further, different 
doses can be delivered simultaneously to select regions by dose painting or a simul-
taneous integrated boost. These techniques allow increased sparing of nearby criti-
cal normal structures by simultaneously delivering higher radiation doses to gross 
disease and lower doses to regions suspected of harboring microscopic disease. In 
the next section, we evaluate the clinical evidence that has established IMRT as the 
standard of care for defi nitive RT in NPC.  

8.2     Clinical Evidence for Intensity-Modulated Radiation 
Therapy 

8.2.1     Dosimetry 

 Dosimetrically, IMRT improves coverage of disease while reducing the dose to the 
numerous critical adjacent structures relative to conventional RT (Fig.  8.1 ) [ 4 ,  5 ]. 
Dosimetric comparisons of IMRT versus two-dimensional (2D) RT and three- 
dimensional (3D) RT plans showed that IMRT led to lower doses to the spinal cord, 
mandible, temporal lobe, parotid glands, optic chiasm, and brainstem.   

8.2.2     Salivary Function and Treatment Compliance 

 The most common complication of RT for NPC is a decline in salivary function, 
known as xerostomia, due to a damage of nearby salivary structures. The symptoms 
of xerostomia can signifi cantly affect a patient’s quality of life [ 6 ]. The severity of 
xerostomia depends mostly on the dose and volume of salivary gland within the 
radiation fi eld. Dosimetric comparisons have revealed that a mean dose of 26 Gy or 
less to the parotid glands is necessary to preserve salivary function [ 7 ,  8 ]. 

 The main benefi t of IMRT over conventional RT for NPC is the ability to spare 
the parotid glands. Two phase III randomized controlled trials assigned patients to 
receive either 2D RT or IMRT with parotid-sparing techniques and evaluated out-
comes at 1 year after treatment. The fi rst trial found that IMRT was associated with 
superior quality of life outcomes [ 9 ]. The second study also found benefi ts in 
observer-rated xerostomia outcomes and preservation of parotid function (measured 
by parotid fl ow rate) with the use of IMRT [ 10 ], as well as a trend towards improve-
ment in patient-reported xerostomia outcomes. The same study revealed the some-
what surprising fi nding that xerostomia quality of life scores only correlated weakly 
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with both salivary fl ow rates and observer-rated xerostomia outcomes. Therefore, 
evaluation of both patient-reported and physician-reported outcomes remains 
important. Regardless, both phase III studies showed improved xerostomia out-
comes with the use of IMRT compared with conventional 2D RT. 

 The lesser toxicity associated with IMRT may also improve treatment compli-
ance or the ability of patients to tolerate the prescribed therapy. A multi-institutional 
trial of IMRT by the Radiation Therapy Oncology Group, RTOG 0225, showed that 
90 % of patients were able to receive the full 70-Gy prescribed dose and that 88 % 
of the patients with T2b or higher or N+ disease were able to receive the full three 
cycles of concurrent cisplatin [ 11 ]. These fi ndings compare favorably to previous 
studies that used conventional RT techniques, for example, chemotherapy compli-
ance rates were 63 % in the Intergroup 0099 trial, 71 % in a Singapore  randomized 
trial, and 52 % in the Hong Kong NPC-9901 trial [ 3 ,  12 ,  13 ].  

  Fig. 8.1    Dosimetric comparison of treatment plans for intensity-modulated radiation therapy 
(IMRT) vs. 3D-conformal RT vs. traditional RT. Axial dose distributions through the center of the 
nasopharynx and neck for IMRT ( left ), 3D-conformal RT ( middle ), and traditional treatment plans 
( right ). Note the relatively poor coverage of the skull base and medial nodal regions in the tradi-
tional plan and the improved dose conformality of the IMRT plan (From: Hunt et al. [ 4 ], with 
permission from Elsevier)       

 

8 Nasopharyngeal Cancer



156

8.2.3     Disease Control 

 In addition to improving toxicity outcomes, excellent disease control outcomes 
have been reported by several institutions. Lee et al. reported fi ndings from an initial 
series of patients with NPC treated with IMRT, with an incredible 4-year local con-
trol rate of 97 %, despite 70 % of patients in that study having locally advanced 
disease [ 14 ]. Kwong et al. reported the fi rst prospective series, with 3-year out-
comes of 100 % local control (LC), 92.3 % regional control, and 100 % overall 
survival (OS) rates [ 15 ]. These excellent outcomes are supported by additional pub-
lished series from many individual institutions, comprehensively reviewed by Wong 
et al. (Table  8.1 ) [ 16 ]. The RTOG 0225 trial further demonstrated the feasibility of 
implementing IMRT techniques across the multiple US institutions [ 11 ]. That phase 
II study reported excellent 2-year outcomes of 93 % LC, 89 % local-regional control 
(LRC), and 80 % OS rates (Table  8.1 ).

   Notably, other factors may contribute to improvements in LRC associated with 
IMRT, including the use of chemotherapy, better supportive care, and technologic 
advances in imaging that provide better tumor delineation. Other limitations associ-
ated with historical comparisons include changes in the criteria for disease staging 
over time as well as improved staging with the use of magnetic resonance imaging 
(MRI) and positron emission tomography (PET) [ 17 ]. For example, because MRI is 
more sensitive than computed tomography (CT) for detecting minimal skull base 
involvement or intracranial extension, the T category tends to be upstaged when 
MRI is used rather than CT.   

8.3     Techniques 

8.3.1     Diagnostic Work-Up for Target Volume Delineation 

 Disease staging should include both CT and MRI of the head and neck. CT is impor-
tant for assessing cortical bone involvement; MRI provides superior visualization of 
skull base involvement and tumor invasion into soft tissue structures compared with 
CT [ 18 ]. Infi ltration of disease into the bone marrow is best seen as hypodense 
regions relative to normal marrow on T1-weighted non-contrast MRI scans. Fusion 
of the skull base portion of the CT scan with the MRI scan should aid in delineating 
the gross tumor volume (GTV). MRI also allows retropharyngeal lymph nodes to be 
distinguished from primary tumor, whereas CT may not. 

 Enlarged retropharyngeal lymph nodes should be considered a gross disease. 
Involvement of other lymph node regions is suggested by the presence of central 
necrosis, extracapsular spread, or nodal diameters of 1 cm or more. PET/CT may 
help to clarify involvement of borderline lymph nodes. Generally, because NPC has 
a high likelihood of nodal spread, any nodes suspected of harboring disease should 
be considered a gross disease.  
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8.3.2     Simulation and Daily Localization 

 The patient should be set up for treatment simulation supine, with the neck extended. 
The immobilization device to be used should include at least the head and neck; if 
possible, shoulders should also be immobilized to ensure the reproducibility of 
patient setup from day to day, especially when an extended-fi eld IMRT plan is to be 
used. A bite block can be placed during treatment simulation and throughout treat-
ment to move the tongue away from the high-dose regions in the nasopharynx. 

 CT-based treatment simulation should involve 3-mm-thick scan slices with intra-
venous contrast to help delineate the GTV, particularly the lymph nodes. The iso-
center is typically placed immediately above the arytenoids. Image registration and 
fusion applications with MRI and PET should be used to help delineate target vol-
umes, especially regions of interest that encompass the GTV, skull base, brainstem, 
and optic chiasm.  

8.3.3     Target Volume Delineation and Treatment Planning 

 Several IMRT dose-fractionation regimens have been used for NPC (Table  8.2 ). 
Excellent LRC rates in excess of 90 % have been reported with the use of these 
regimens.

   Several acceptable defi nitions of target volumes, including the GTV, the clinical 
target volume (CTV), and planning target volume (PTV), have been used at differ-
ent institutions, as reviewed by Wong et al. [ 16 ]. The RTOG established a guideline 
for target volume delineation with RTOG 0225, which was successfully imple-
mented in that multi-institutional study [ 11 ]. Suggested target volumes for the GTV 
and high-risk CTV are described in the following sections (Tables  8.3  and  8.4  and 
Figs.  8.2 ,  8.3 , and  8.4 ). In a recent RTOG 0615 trial, the lower-than-expected 2-year 
LRC rate of 84 % was attributed to an increased incidence of major deviations in 

   Table 8.2    IMRT dose and fractionation schemes   

 Dose and fractionation  Study institution and reference 

 RTOG [ 19 ]  Fujan [ 20 ]  SKL [ 43 ]  PWH [ 22 ] 
 Gross disease, Gy  69.96  66.0–69.75  68  6,674 
 Gross disease, Gy/fraction  2.12  2.2–2.25  2.27  2 
 High-risk region, Gy  59.4  60–60.45  60  60 
 High-risk region, Gy/fraction  1.8  1.95–2.0  2  1.82 
 Low-risk region, Gy  50–54.12  54–55.8  50–54  54–60 
 Low-risk region, Gy/fraction  1.64–2.0  1.8  1.8–2.0  2 
 Margin around GTV, mm a   10  8–13  NA  13 

  Abbreviations:  RTOG  Radiation Therapy Oncology Group,  SKL  State Key Laboratory of Oncology 
in Southern China (Guangzhou),  PWH  Prince of Wales Hospital, Hong Kong,  GTV  gross tumor 
volume,  CTV  clinical target volume,  PTV  planning target volume 
  a Margin is for primary tumor (GTV70), which includes CTV expansion of GTV and PTV 
expansion  
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    Table 8.3    Defi nitions of target volumes for gross disease   

 Target volumes  Defi nition and description 
 GTV 70*  (The subscript 70 
denotes the radiation dose 
delivered) 

 Primary: All gross diseases on physical examination and 
imaging (see above regarding the importance of MRI) 
 Neck nodes: All nodes ≥1 cm or those with necrotic center 

 CTV 70*   GTV 70  + ≥5 mm margin; around critical structures like the 
brainstem, 1 mm margin is acceptable 

 PTV 70*   CTV 70  + 3–5 mm, depending on comfort level of daily patient 
positioning. Around critical structures like the brainstem, 
1 mm margin is acceptable 

  Table 1.1 from: Lee NY, Le QT, O’Sullivan B, Lu JJ (2003) Chapter 1. Nasopharyngeal carcinoma. 
 Target Volume Delineation and Field Setup: A Practical Guide for Conformal and Intensity- 
Modulated Radiation Therapy , with kind permission from Springer Science + Business Media 
 *PTV 70  receives 2.12 Gy/fraction to 70 Gy over 33 fractions. For treatment of nodes that are small 
(i.e., ~1 cm), the lower dose of 63 Gy (PTV 63 ) can be considered at the discretion of the treating 
physician  

    Table 8.4    Defi nition of target volumes for high-risk subclinical region   

 Target 
volumes  Defi nition and description 
 CTV 59.4*   CTV 59.4  should encompass CTV 70  with a 5-mm margin and regions at risk for 

microscopic disease which include 
 Entire nasopharynx 
 Anterior 1/2 or 2/3 of the clivus (entire clivus, if involved) 
 Skull base (ensuring coverage of foramen ovale where V3 resides) 
 Pterygoid fossa 
 Parapharyngeal space 
 Inferior sphenoid sinus (entire sphenoid sinus in T3-T4 disease) 
 Posterior 1/3 of the nasal cavity/maxillary sinuses (ensuring coverage of 
pterygopalatine fossae where V2 resides) 
 Inferior soft palate 
 Retropharyngeal lymph nodes 
 Retrostyloid space 
 Bilateral nodal levels IB through V** 
 Include cavernous sinus for advanced T3-T4 lesions 
 Importance of reviewing bone window while contouring on CT scan to ensure 
coverage of skull base foramina 

 PTV 59.4*   CTV 59.4  + 3–5 mm, depending on the comfort of physician, but around critical 
structures like the brainstem, 1-mm margin is acceptable 

  Table 1.2 from: Lee NY, Le QT, O’Sullivan B, Lu JJ (2003) Chapter 1 Nasopharyngeal Carcinoma. 
 Target Volume Delineation and Field Setup: A Practical Guide for Conformal and Intensity- 
Modulated Radiation Therapy . Reproduced with kind permission from Springer Science + Business 
Media 
  * High-risk subclinical dose (PTV 59.4 ): 1.8 Gy/fraction to 59.4 Gy, for lower-risk subclinical regions 
 excluding the nasopharynx/skull base regions where they are always considered high risk , can 
consider 1.64 Gy/fraction to 54 Gy (PTV 54 ), i.e., N0 neck or low neck (levels IV and VB) at the 
discretion of the treating physician 
 **Level IB can be omitted in node-negative disease .  At discretion of physician, level 1B may also 
be spared in low-risk node positive patients (e.g., isolated retropharyngeal nodes or isolated level 
IV nodes are considered low risk for level 1B involvement). At the same time, treatment of level 
1B should be considered in node-negative patients with certain features (e.g., involvement of hard 
palate or nasal cavity)  
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target volume [ 19 ]. Thus, attention must be paid to accurate target delineation to 
avoid marginal misses when using IMRT.

       Reductions in high-risk subclinical volumes with IMRT have also been described. 
Lin et al. reported a prospective, single-institution study involving 323 patients with 
NPC; that study reduced the CTV suggested in the RTOG guidelines and resulted in 
excellent LCR outcomes [ 20 ]. One reduction involved the exclusion of upper deep 
jugular lymph nodes (level IIa above the C1 vertebrae) in the CTV. Treatment vol-
ume reductions may be important for reducing toxicity and even secondary primary 
tumors, the rate of which has been reported to be as high as 1 % among patients with 
NPC receiving defi nitive RT [ 21 ]. The next section reviews the guidelines used at 
the authors’ institutions and some variations in those guidelines used at other 
institutions. 

CTV��.�: Coverage 
of the posterior 

�/� of the 
maxillary sinus, 

nasal cavity 

CTV��.�: Coverage of the clivus, 
skull base, and sphenoid sinus 

Cochlea 

CTV��.�: Coverage of 
Foramen Ovale 

  Fig. 8.2    Delineation of 
target volumes in a case of 
T1N1 nasopharyngeal 
carcinoma (NPC). GTV70 
(inner contour,  red ) and 
CTV59.4 ( green ) contours in 
a patient with T1N1 NPC 
with coverage of the 
retropharyngeal and level II 
nodes (Figure 1.2 from: Lee 
NY, Le QT, O’Sullivan B, Lu 
JJ (2003) Chapter 1 
Nasopharyngeal Carcinoma. 
 Target Volume Delineation 
and Field Setup: A Practical 
Guide for Conformal and 
Intensity-Modulated 
Radiation Therapy , with kind 
permission from Springer 
Science + Business Media)       
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PTV59.4 

PTV70 

PTV margins as small as 1mm
in areas near brainstem

PTV59.4 

  Fig. 8.3    Delineation of target volumes in a case of T3N2 nasopharyngeal carcinoma (NPC). 
PTV70 ( red ) and PTV59.4 ( green ) in a patient with T3N2 nasopharyngeal carcinoma (Figure 1.4 
from: Lee NY, Le QT, O’Sullivan B, Lu JJ (2003) Chapter 1. Nasopharyngeal carcinoma.  Target 
Volume Delineation and Field Setup: A Practical Guide for Conformal and Intensity-Modulated 
Radiation Therapy , with kind permission from Springer Science + Business Media)       

CTV59.4:Coverage of
Parapharyngeal Fat

CTV59.4:Coverage of Soft Palate

CTV59.4:Coverage of  Skull Base

CTV59.4:Coverage
of Foramen

Ovale

CTV59.4:Coverage 
of Ptergopalatine

Fossa

  Fig. 8.4    Delineation of target volumes in a case of T3N2 nasopharyngeal carcinoma (NPC) with 
the use of different CT window settings. GTV70 ( green ) and CTV59.4 ( red ) in bone window ( left ) 
and soft tissue window ( right ) (Figure 1.5 from: Lee NY, Le QT, O’Sullivan B, Lu JJ (2003) 
Chapter 1. Nasopharyngeal carcinoma.  Target Volume Delineation and Field Setup: A Practical 
Guide for Conformal and Intensity-Modulated Radiation Therapy , with kind permission from 
Springer Science + Business Media)       

 

 

8 Nasopharyngeal Cancer



162

8.3.3.1     Gross Tumor Volume 
 Generally, the GTV is defi ned as the primary tumor and any involved lymph nodes. 
Involved lymph nodes are typically defi ned as any lymph node larger than 1 cm in 
diameter or those that show avidity on PET scanning. 

 Expansions around the GTV have included those for both a CTV and a PTV or a 
single, larger PTV expansion alone. The RTOG studies recommended the use of a 
CTV70, defi ned as a 0.5-cm margin with an optional posterior margin reduction of 
0.1–0.5 cm (Table  8.3 ) as well as a PTV70 expansion of 0.5 cm. Variations on these 
expansions have included a larger CTV expansion of 1 cm [ 15 ,  22 ,  23 ] or the elimi-
nation of a CTV and the use of a larger PTV of 1 cm [ 12 ,  24 ]. The use of the latter 
method may avoid confusion with the CTVs described below for high-risk and low- 
risk subclinical regions.  

8.3.3.2     High-Risk and Low-Risk Subclinical Regions 
 The CTV is generally defi ned as regions at high risk of harboring microscopic dis-
ease (Table  8.4 ). This volume can be treated to a lower dose of 59.4 Gy (CTV59.4), 
which includes all potential routes of spread for primary and nodal disease. 
Specifi cally, CTV59.4 typically covers the clivus, skull base, inferior sphenoid 
sinus, cavernous sinus, pterygoid fossae, parapharyngeal space, posterior nasal cav-
ity and maxillary sinus, retropharyngeal lymph nodes, and neck levels II through 
V. The bilateral level IB can be spared in carefully selected patients without com-
promising LRC [ 20 ,  25 ]. Whether the inferior orbital fi ssure or the anterior arch of 
C1 can be spared remains unclear owing to a lack of data [ 16 ]. Variations also exist 
for the inferior border of the retropharyngeal lymph nodes. A consensus guideline 
published by Gregoire et al. defi nes the border as the cranial edge of the hyoid bone 
[ 26 ], but others have described it as the inferior border of the hyoid bone [ 22 ] and 
the cranial edge of the second cervical vertebrae [ 20 ,  25 ]. 

 The low anterior neck can also be treated to a lower dose than the GTV because 
it is at low risk of harboring disease. This low-risk region can be treated separately 
with a dose of 50.4 Gy in 1.8 Gy per fraction using conventional anteroposterior 
(AP) or posteroanterior (PA) portals or with a dose of 54 Gy (CTV54) in 1.64 Gy 
per fraction in a single IMRT plan. 

 Finally, an additional CTV (CTV63) can be used at the discretion of the treating 
physician. A lower dose (63 Gy) can be used for a small-volume lymph node dis-
ease. Examples of the appropriate application of this intermediate dose would 
include the presence of small lymph nodes near the mandible or in the lower neck 
and close to the brachial plexus.  

8.3.3.3     Planning Target Volume 
 The margin for the PTV also varies between institutions [ 16 ]. Most institutions have 
described the PTV as 0.2–0.5 cm beyond the CTV. The use of a PTV margin of 
0.3–0.5 cm would be reasonable, as many published studies have shown an effi cacy 
using these limits. Daily image guidance with kV imaging can facilitate margin 
reduction.   
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8.3.4     Plan Assessment and Dose Constraints 

 For NPC, the organs at risk include the brainstem, spinal cord, optic nerves, chiasm, 
parotid glands, pituitary, temporomandibular (TM) joints, middle and inner ears, 
skin (in the region of the target volumes), oral cavity, mandible, eyes, lens, temporal 
lobe, brachial plexus, esophagus (including postcricoid pharynx), and glottic larynx 
(Table  8.5 ). In cases of advanced disease, we typically prioritize normal structure 
constraints, specifi cally the brainstem, spinal cord, and optic chiasm, over full cov-
erage of the tumor. Ideally, at least 95 % of the PTV70 should receive 70 Gy. In 
addition, the minimum dose to 99 % of the CTV70 should be >65.1 Gy. The maxi-
mum dose received by 0.03 cm 3  of the PTV70 should be <80.5 Gy.

   For the PTV59.4, 95 % of the volume should receive the prescription dose. The 
minimum dose to 99 % of the CTV59.4 should be >55.2 Gy. The maximum dose to 
0.03 cm 3  of PTV59.4 should be 69.3 Gy.   

8.4     Future Directions 

 Overall, LRC with IMRT is excellent, with rates generally exceeding 90 % in the 
current era when chemotherapy is included as part of the treatment. Future direc-
tions in therapy are now focusing on identifying patients with NPC who are more 
likely to experience local regional or, more commonly, distant failure after RT. These 
high-risk patients are likely to benefi t from treatment intensifi cation. 

   Table 8.5    Normal tissue dose constraints   

 Critical structures  Constraints 
 Brainstem  Max <54 Gy or 1 % of PTV cannot exceed 60 Gy 
 Optic nerves  Max <54 Gy or 1 % of PTV cannot exceed 60 Gy 
 Optic chiasm  Max <54 Gy or 1 % of PTV cannot exceed 60 Gy 
 Spinal cord  Max <45 Gy or 1 cm 3  of the PTV cannot exceed 50 Gy 
 Mandible and TMJ  Max <70 Gy or 1 cm 3  of the PTV cannot exceed 75 Gy 
 Brachial plexus  Max <66 Gy 
 Temporal lobes  Max <60 Gy or 1 % of PTV cannot exceed 65 Gy 
 Other normal structures  Constraints 
 Oral cavity  Mean <40 Gy 
 Parotid gland  (a) Mean ≤26 Gy in one gland 

 (b) Or at least 20 cm 3  of the combined volume of both 
parotid glands will receive <20 Gy 
 (c) Or at least 50 % of one gland will receive <30 Gy 

 Cochlea  V55 <5 % 
 Eyes  Mean <35 Gy, Max <50 Gy 
 Lens  Max <25 Gy 
 Glottic larynx  Mean <45 Gy 
 Esophagus, postcricoid pharynx  Mean <45 Gy 
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 Monitoring levels of EBV DNA in plasma samples is one way to stratify patients 
in terms of risk, as this biomarker is showing great potential in the clinical setting. 
Many studies, including prospective and phase II studies, have established that pre-
treatment and posttreatment levels of EBV DNA are reliable indicators of tumor 
burden, predictors of recurrence and distant failure, and independent prognostic 
factors in EBV-related NPC [ 27 – 32 ]. Quantifi cation of plasma EBV DNA has also 
been shown to be useful for monitoring patients with NPC and predicting the out-
come of treatment [ 33 ]. A recent four-center study sought to harmonize EBV DNA 
assay methods, to bring us step closer to using EBV in biomarker-driven trials [ 34 ]. 
Indeed, we anticipate that an upcoming phase III study by the RTOG will incorpo-
rate plasma EBV DNA levels in treatment stratifi cation. 

 Several imaging methods are also being used to identify patients with high-risk 
NPC that is more aggressive and more likely progress despite treatment. On the 
basis of evidence linking hypoxia with radioresistance [ 35 ], Chao et al. tested a 
PET-based technique to measure hypoxia with a Cu-ATSM [Cu(II)-diacetyl- 
bis(N(4)-methylthiosemicarbazone] tracer and considered the results promising 
[ 36 ]. Lee et al. also demonstrated the feasibility of using  18 F-labeled fl uoromisoni-
dazole ( 18 F-FMISO) PET/CT for guiding IMRT so as to allow the dose to 
radioresistant hypoxic reg i ons to be escalated to 84 Gy (Fig.  8.5 ) [ 37 ]. Findings of 

  Fig. 8.5    Multimodality image acquisition, processing, and registration for  18 F-FMISO PET/
CT-guided IMRT. Shown are computed tomography (CT) ( top left ), fl uorodeoxyglucose (FDG) 
( top right ),  18 F-fl uoromisonidazole ( 18 F-FMISO) ( bottom left ), and fused FDG- 18 F-FMISO ( bottom 
right ) images. Also shown are three enlarged areas from each scan type (From Lee et al. [ 37 ], with 
permission from Elsevier)       
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an ongoing trial, NCT00606294, are expected to show whether FMISO PET-guided 
visualization of hypoxia can be used to stratify patients in terms of risk.  

 Treatment intensifi cation in the form of dose escalation is now an option with 
IMRT. Previous attempts at dose intensifi cation with conventional RT were limited 
by toxicity [ 38 ,  39 ]. However, at least two dose-escalation studies have shown that 
IMRT can allow a safe dose escalation in NPC [ 22 ,  23 ]. In one of those studies, 
Kwong et al. used a prescribed dose of 76 Gy given in 35 fractions for T3-T4 NPC 
and found an excellent 2-year LCR rate of 96 % and acceptable toxicity [ 23 ]. In 
another such study, Kam et al. used a boost technique to provide a total dose of 
74 Gy and also reported excellent LRC [ 22 ]. Although current dose levels have 
resulted in excellent LRC, dose escalation in selected patients with high-risk NPC 
may confer further benefi ts. 

 The use of adjuvant chemotherapy is another potential form of treatment intensi-
fi cation. Findings from the INT0099 trial indicated that the current standard of care 
should include adjuvant chemotherapy in addition to concurrent chemoradiation. 
However, results of a more recent phase III trial found no benefi t from the use of 
adjuvant chemotherapy [ 40 ]; in that trial involving 508 patients, the 2-year failure- 
free survival rate was 86 % in the group with adjuvant chemotherapy and 84 % in 
the group without adjuvant chemotherapy ( P  = 0.13). Additional follow-up is 
needed, however, as the failure-free survival Kaplan-Meier curves may well sepa-
rate over time. Moreover, that study was not designed to directly compare this ther-
apy with that of INT0099. Nevertheless, patients with high-risk NPC may be more 
likely to benefi t from adjuvant chemotherapy. 

 Interest has also been growing in the use of proton therapy in the form of 
intensity- modulated proton therapy (IMPT). IMPT plans have been shown to pro-
vide additional dosimetric advantage over IMRT by improving tumor coverage and 
reducing the mean dose to organs at risk (Fig.  8.6 ) [ 41 ]. We look forward to identi-
fying potential benefi t from protons in the clinical setting. Currently, an ongoing 
phase II trial at Massachusetts General Hospital is evaluating the potential for 
reduction in toxicity from the use of proton beam therapy (NCT00592501).  

 Adaptive RT is also being investigated for its potential to improve clinical out-
comes. The rationale for this therapy is that signifi cant anatomic changes during 
therapy, such as those resulting from loss of body weight or shrinkage in tumor 
volume (reportedly most severe after the fi rst 2 weeks of treatment [ 42 ]), can lead 
to movement of the organs at risk into the planned radiation fi eld. Conversely, mar-
ginal misses may occur if the tumor becomes displaced out of the treatment fi eld, 
especially given the current efforts to reduce margins and treatment volumes to the 
greatest possible extent. The potential value of repeated treatment simulations is 
being considered and has shown some potential [ 42 ].  

8.5     Conclusions 

 Clinical outcomes with IMRT have demonstrated clear dosimetric advantages, 
excellent LRC rates of more than 90 %, and lesser toxicity (specifi cally by improv-
ing salivary function) compared with conventional RT. The use of IMRT with 
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specifi c target volume guidelines has been replicated successfully in a multi-institu-
tional setting in the United States. 

 Further improvements in toxicity after IMRT will rely on either further reduc-
tions in margins within treatment volumes or the use of adaptive RT. Proton 
therapy also shows promise in terms of further sparing critical structures. 
Regarding approaches to improve disease control, dose escalation with IMRT is 
now feasible and could be considered for cases of particularly aggressive 
NPC. The use of imaging parameters and biomarkers, such as EBV DNA levels, 
also shows promise for risk stratifi cation and consequent treatment intensifi ca-
tion for high-risk NPC.     

  Fig. 8.6    Dosimetric comparison of treatment plans for intensity-modulated radiation therapy 
(IMRT) vs. intensity-modulated proton therapy (IMPT). Dose distributions are shown for IMRT 
plans ( left ) and IMPT plans ( right ) for a patient with T4N1N0 nasopharyngeal carcinoma.  Dotted 
lines  denote 95 % of the prescribed dose to the gross tumor volume. Figure 2 from Taheri- 
Kadkhoda et al. [ 41 ] (License accessible at:   http://creativecommons.org/licenses/by/2.0/
legalcode    )       
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9.1         Introduction 

 Oropharyngeal cancer (OPC) accounts for almost half of head and neck cancers 
(HNCs) in the United States and European country [ 1 ,  2 ], while its incidence in 
Japan was reported to be smaller [ 3 ,  4 ]. Compared to other sites of HNC, patients 
with OPC have the unique clinical characteristic of a lower incidence of smoking 
and high rate of human papillomavirus (HPV) infection. Although the number of 
OPC patients with positive HPV tumors is increasing rapidly, many previous studies 
have reported its favorable clinical outcome, even for locally advanced clinical 
stages [ 5 – 10 ]. Thus, the clinical role for radiation therapy (RT) has become more 
essential in the past decade. The oropharynx plays a crucial role in swallowing and 
speech; therefore, patients with early stage and moderately advanced OPC are con-
sidered as good candidates for defi nitive RT for functional preservation. 

 Intensity-modulated radiation therapy (IMRT) was initiated in the mid-1990s 
[ 11 ], and its clinical advantages for OPC have been reported in both prospective 
multi-institutional trials [ 12 ,  13 ] and clinical encounters at large volume hospitals 
[ 14 – 19 ] (Table  9.1 ). The distinct advantage of IMRT for OPC is believed to be the 
minimization of xerostomia by reducing the dose administered to the parotid gland, 
and many reports have confi rmed this clinical advantages [ 13 ,  20 – 23 ]. The 
PARSPORT trial was the fi rst prospective multi-institutional randomized trial to 
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examine the advantages of IMRT over 3DCRT [ 13 ]. Ninety-four patients  participated 
in this trial, of whom 85 % were OPC, and were assigned to receive IMRT or 
3DCRT. The rate of xerostomia at 12 months was signifi cantly lower in the IMRT 
group than in the 3DCRT group (37 % vs. 74 %  p  = 0.0027), and the same results 
were also observed in an objective rate at 24 months and subjective score from a 
questionnaire on HN35. No signifi cant differences were observed in the locore-
gional progression-free survival rates between both groups. Thus, IMRT was con-
sidered an essential RT technique for HNC, especially in OPC patients.

   In this chapter, we have introduced practical guidance and evidence supporting 
the use of IMRT to treat patients with OPC.  

9.2     Epidemiology 

 The oropharynx comprises the soft palate (SP), uvula, tonsillar fossa (TF) and pil-
lars, glossotonsillar sulci, lateral and posterior pharyngeal wall, vallecula, and base 
of the tongue (BOT). It is located between the soft palate (superior) and hyoid bone 
(inferior). The oral cavity is located anterior to the oropharynx. These subsites have 
been divided into four sections: the anterior wall (AW; BOT, vallecula), lateral wall 
(LW; TF, pillars, glossotonsillar sulci, lateral pharyngeal wall), superior wall (SW; 
inferior surface of SP, uvula), and posterior wall (PW; posterior pharyngeal wall). 
Approximately 60 % of OPC consists of the LW, followed by the AW, SW, and PW. 

 There is a rich lymphatic network, in which early lymphatic involvement typi-
cally develops, with approximately 60 % of diseases being diagnosed as stages III–
IVB. The most common histopathology of OPC is squamous cell carcinoma (SCC). 
Poorly differentiated histopathology is frequently reported in the TF and BOT, 
while more differentiated histological subtypes have been observed in the other 
sites. Apart from SCC, histopathological fi ndings have revealed adenocarcinoma, 
adenoid cystic carcinoma, mucoepidermoid carcinoma, and malignant lymphoma. 

 A well-known risk factor for OPC is smoking, alcohol consumption, diet, poor 
oral hygiene, marijuana consumption, and clinical stage. Human papillomavirus 
(HPV) is becoming more frequently associated with OPC, and incidence has been 
reported in more than half of HNC patients [ 1 ]. HPV is most commonly found in the 
TF and BOT, with HPV16 being identifi ed as the main population. HPV status has 
been shown to be a distinct risk factor. Ang et al. proposed a risk model of OPC 
using recursive-partitioning analysis (RPA) on the basis of four factors [ 5 ]: HPV 
status, pack years of tobacco smoking, tumor stage, and nodal stage. Of 743 patients 
from the RTOG 0129, who were randomly assigned to receive accelerated fraction-
ation RT with cisplatin (CP) or standard fractionation RT with CP, there were 433 
patients (60.1 %) with OPC [ 24 ]. HPV status information was obtained from 322 
patients in these groups, and they were entered into this analysis. HPV-positive 
patients ( n  = 206) had signifi cantly better overall survival rates (OS, 82.4 % vs. 
57.1 %;  p  < 0.001) than those of HPV-negative patients. They were further catego-
rized into three groups based on the OS with RPA, and the 3-year OS rates in 
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low- risk ( n  = 114), intermediate-risk ( n  = 79), and high-risk groups ( n  = 73) were 
93 %, 70.8 %, and 46.2 %, respectively. Therefore, HPV status will be regarded as 
more essential information in future clinical practices [ 5 – 10 ] (Table  9.2 ).

9.3        Clinical Work-Up 

 Clinical presentation, patient history, and physical examination are considered 
essential procedures for a diagnostic work-up. A comprehensive evaluation of the 
head and neck including the oropharynx, oral cavity, nasopharynx, hypopharynx, 
and larynx is necessary, and biopsy is a confi rmative method used for a diagnostic 
assessment of the extent of the tumor [ 25 ]. Panendoscopy is routinely recommended 
to detect second primary malignancy [ 26 ], and, if possible, narrowband imaging 
techniques are helpful for fi nding superfi cial lesions in both the esophageal and 
head and neck regions [ 27 ]. Early SP tumors sometimes invade superfi cially with 
erythroplasia; therefore, careful estimations of the entire mucosa and pathological 
confi rmation should be considered, where necessary. 

 CT with contrast media is the standard diagnostic imaging technique, and mag-
netic resonance imaging (MRI) is also recommended to accurately determine both 
primary tumor extension and normal tissue boundaries with suffi cient spatial reso-
lution of the soft tissues. BOT tumors are typically bulky and expand to the vallec-
ula, TF, and mobile tongue; therefore, MRI should be mandatory because of the 
valuable information obtained regarding the extent of the disease. MRI is also 
advantageous because it is less sensitive to dental artifacts than CT [ 28 ] (Fig.  9.1 ). 
Neck lymph nodes are considered to be positive if the smallest diameter measured 
is greater than 1 cm. Determining the presence or absence of extracapsular invasion 
is of importance; therefore, thin slice CT or MRI assists in an accurate evaluation. 
 18 Fluorodeoxyglucose (FDG) positron-emission topography (PET) exhibits high 
accuracy for tumor involvement [ 29 ] and can be used to screen for distant metasta-
sis [ 30 ]. FDG-PET scans may be recommended especially in the case of advanced 
disease. FDG-PET scans also have the ability to accurately assess the treatment 
response of patients treated with RT and/or chemotherapy [ 31 ]. The recommended 
timing of FDG-PET after RT is 2–3 months, because an earlier assessment has been 
shown to increase the false-positive rate due to acute radiation reactions.  

   Table 9.2    Correlation of HPV status with overall survival in reported series of radiotherapy for 
oropharyngeal cancer   

 Patient number  HPV positive  HPV negative 
 Ang  223  84 %@3Y  51 %@3Y 
 Rischin  185  91 %@2Y  74 %@2Y 
 Shi  111  88 %@3Y  67 %@3Y 
 Lassen  74  66 %@5Y  28 %@5Y 
 Fakhry  62  84 %@3Y  50 %@3Y 
 Nichols  44  89@3Y  65@3Y 
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 Integrated PET/CT imaging has provided interactive information on both 
 anatomical and functional volumes. FDG-PET data can be directly imported to an 
RT treatment planning workstation, at which researchers reported that integrated 
PET/CT planning was advantageous for clinical outcomes [ 32 ]. 

 Target volume delineation is crucial in the setting of IMRT; therefore, diagnostic 
information has become more important to refi ne the quality of treatments used. 

 A consultation with a dentist regarding management of the disease prior to start-
ing RT is essential, because extraction after RT leads to increase the incidence of 
critical adverse events, such as osteonecrosis and trismus. Education on how to stop 
smoking before RT is initiated is also very important because smoking has been 
shown to decrease the effi cacy of RT and increase the risk of both adverse events 
and secondary cancer.  

9.4     Clinical Indication 

 Since the treatment of OPC is complex, a multidisciplinary team board should ideally 
determine clinical decisions. The tumor-node-metastasis classifi cation (TNM)    stage, 
diagnostic imaging, pathological fi ndings, patient condition, and social background 
are essential when determining an adequate treatment modality for OPC (Fig.  9.2 ).  

 The mainstay of treatment for OPC is both surgery and RT. External beam RT is 
typically administered in 70 Gy/35 fractions over 7 weeks with a standard fraction-
ation schedule. A meta-analysis from 15 trials with 6,515 patients revealed that an 
altered fractionation schedule had signifi cant advantages for local control and OS 
[ 33 ] (level Ia). The majority of cohorts were comprised of OPC patients (47.2 %) 

  Fig. 9.1    CT image ( a ) and T2-weighted MRI image ( b ) of patients with tonsillar carcinoma 
(T2N0M0). A dental fi lling artifact on the CT image ( arrow head ) greatly interfered with the 
detection of the primary tumor, while it can be clearly detected on the MRI image due to reduced 
sensitivity to metallic artifacts       
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and stage III patients, which were categorized as an intermediate-risk group, and 
these groups had slightly better OS in subset analysis. One of the reasons for this 
patient population is that physicians consider CRT to be a better strategy for patients 
with advanced nodal disease because of the higher risk of distant metastasis. If 
altered fractionation is selected, the limitations associated with the combination use 
of chemotherapy should be considered (which is described later). Brachytherapy 
[ 34 ] and stereotactic radiosurgery [ 35 ] are considered better options for minimizing 
the radiation dose to normal organs such as the parotid gland, mandibula, and pha-
ryngeal constrictor muscle. 

 A trans-oral approach or endoscopic mucosal resection is considered an ade-
quate option for localized small primary lesions without nodal spread because suf-
fi cient outcomes for effi cacy and function can be achieved [ 36 ]. Postoperative RT 
should be added if a positive surgical margin is revealed in the pathological speci-
men; however, this has been associated with a higher risk of adverse events than 
single modality treatment [ 37 – 39 ]. RT is believed to be more advantageous for both 
organ and functional preservation than open surgery. IMRT is strongly recom-
mended to minimize the late adverse events associated with RT, especially xerosto-
mia [ 40 ,  41 ]. 

T1-2
N0

T2-3
N1-2b

T4 or
N2c-3

Standard fractionated radiotherapy #1

Concurrent chemoradiotherapy #3

Altered fractionated radiotherapy #2

TxNx
M1

Induction chemotherapy followed by CRT or Surgery #4

Chemotherapy with or
without RT for palliative intent

Minimal invasive surgery

Radical surgery with or without postoperative radiotherapy #5

Stage

  Fig. 9.2    Overview of clinical strategy regarding radiotherapy for patients with oropharyngeal 
cancer according to clinical stage and practical background 
 #1 Disease with T2N1 of the tonsil or base of the tongue is candidate for radiotherapy alone 
 #2 Concurrent use of cytotoxic agents is not supported by evidence 
 #3 Platinum component (level IA) and cetuximab (level Ib) are considered to be administered 
 #4 Combination use of taxane, 5-FU, and cisplatin is preferred 
 #5 Chemoradiotherapy is considered for high-risk features such as positive margin and/or extra-
capsular invasion       
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 Patients with moderately advanced disease are also considered as good  candidates 
for defi nitive RT. Patients with larger tumors (T2–T3) and/or nodal involvement 
(N1–N2) typically received RT with chemotherapy or molecular-targeted agents. 
The concurrent use of platinum-based components was distinctly benefi cial for OS 
and disease control [ 42 ,  43 ] (level Ia), and it is considered a standard treatment for 
locally advanced disease. In the case of concurrent chemoradiotherapy (CCRT), 
70 Gy/35 fractions over 7 weeks is the standard RT schedule. The RTOG 0129 trial 
[ 24 ], which enrolled 743 patients with stage III–IV disease, reported that acceler-
ated fractionated (AX) RT with CP did not have any advantage over standard frac-
tionated RT with CP [ 24 ]. Therefore, AX combined with CCRT should be used in 
clinical trial settings. 

 One randomized trial, RT with cetuximab (CET; anti-epidermal growth factor 
receptor (EGFR)), showed improvements in OS and local control over those with 
RT alone [ 44 ,  45 ]. In the Bonner trial, 424 patients with stage III–IV OPC, hypo-
pharynx, and larynx cancer were randomly assigned to the RT with CET arm or the 
RT arm. The RT with CET arm showed signifi cant improvements in locoregional 
control (HR = 0.68,  p  = 0.005) and OS (HR = 0.74,  p  = 0.03). Mortality was lower in 
the RT with CET arm than in the RT arm without an increase in the incidence of 
adverse events. In this trial, the RT schedule included three types of fractionation 
schedules without stratifi cation at randomization, such as standard fractionation, 
hyperfractionation, and the concomitant boost method (AX). Subset analysis 
revealed better results with the concomitant boost method than the other schedules. 
We could not obtain the prospective trial results for the direct comparison between 
CP and CET until the end of 2013. The RTOG 1016, a phase III trial of RT plus CET 
versus CCRT with CP in HPV-associated OPC, is now ongoing. Results will be 
obtained from this trial in the near future (RTOG 1016). CET was added to CCRT 
to assess improvements in the clinical results of CCRT without increasing the toxic-
ity. The RTOG 0522 trial was designed to compare the CCRT with CET arm to the 
CCRT arm [ 46 ]. The fi ndings of this trial failed to show the clear advantages of 
adding CET to CCRT; however, it revealed the increased incidence of acute adverse 
events in the combined arm. Based on these fi ndings, CCRT with anti-EGFR should 
be tested in clinical trials, and care should be taken for its clinical use. 

 Adequate timing for the addition of RT to chemotherapy is believed to be con-
current administration [ 43 ]. When induction and adjuvant setting were compared, 
CCRT caused the largest benefi ts in OS and locoregional control associated with 
increasing acute toxicity. A meta-analysis showed that induction chemotherapy (IC) 
was moderately benefi cial for OS and was more advantageous for the control of 
distant metastasis [ 43 ]. IC with taxane-containing multi-agents showed apparent 
advantages for OS and disease control than those of CP and 5-FU in both random-
ized control studies [ 47 ,  48 ] and meta-analysis [ 49 ]. According to the results from 
meta-analysis, the addition of taxane components to CP and 5-FU was distinctly 
benefi cial for both OS (HR 0.79 95 % CI 0.7–0.89) and disease control (HR 0.78 
95 % CI = 0.69–0.87; level Ia). Highly advanced disease (T4 and/or N3 disease) is 
associated with a higher risk of distant metastasis; therefore, this is a reasonable 
strategy for these groups. However, intensive IC may lead to low CP compliance 
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(only 50 %) in subsequent CCRT phases [ 49 ]. Another clinical utility of IC is as a 
strategy for organ preservation [ 50 – 53 ]. If a suffi cient response is acquired from IC, 
patients with suffi cient responses could take the clinical advantage of selecting RT 
over up-front surgery. Patients without a suffi cient response have to undergo surgery 
and be subjected to the high-risk features associated with postoperative radiother-
apy [ 37 ,  38 ] (see details in Chap.   11    ). 

 Since either primary or lymph node bulky lesion may greatly decrease the effi -
cacy of RT, surgical approaches may be necessary for disease control. Functional 
loss from surgery should also be taken into careful consideration in such cases. A 
multidisciplinary team board is needed to coordinate both treatment effi cacy and 
morbidity. 

 Defi nitive RT (with chemotherapy) is the standard treatment for unresectable 
disease, such as stage IVB disease. If tumors present with rapid growth and/or a 
very large volume, the benefi ts associated with IMRT may be decreased because of 
both the long preparation time and decreased ability to spare the dose delivered to 
the normal tissue due to a large CTV. 3D conformal RT may be a more practical 
application for such cases. 

 The mainstay of treatment for stage IVC disease is systemic chemotherapy, and 
RT is chiefl y considered as a palliative intent for symptom relief. If patients have 
signifi cant hazards due to airway obstructions, uncontrollable bleeding, and refrac-
tory cancer pain, CCRT still has a suffi cient impact on locoregional control for the 
selected patients with suffi cient organ function.  

9.5     Target Delineation and Dose Prescription 

 IMRT can uniquely be administered at variable dose levels to different clinical tar-
get volumes (CTVs). The simultaneous integrated boost (SIB) technique is gener-
ally used in IMRT for HNC. CTVs for primary lesion and involved nodes are 
generally delivered to approximately 70 Gy over 6–7 weeks and other CTVs with 
risk level treated with 54–63 Gy with the same treatment duration. The advantage of 
the SIB technique is that it is simple and convenient for practical management. The 
clinical benefi ts of adaptive replanning have recently been reported in several stud-
ies [ 54 – 56 ] (see Chap.   7    ). IMRT can be administered at steep dose gradients 
between CTV and normal tissue; therefore, anatomical changes due to tumor shrink-
age and/or body weight loss lead to signifi cant differences in the dose delivered. 
Adaptive replanning may resolve the problem of unexpected dose changes during 
the treatment course; however, the effort associated with  extra -planning procedures 
would increase. Another problem linked to the SIB technique is that CTVs of risk 
level are treated with fraction sizes smaller than 1.8 Gy, which may decrease the 
effi cacy of its biological radiation effects. The two-step plan, which is similar to 
conformal RT with the cone-down technique, could extrapolate experiences from 
standard fractionation schedule [ 54 ]. Advances in both the treatment planning appa-
ratus and sophisticated integrated imaging system may warrant exploring more con-
venient achievements in adaptive replanning. 
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9.5.1     Gross Tumor Volume (GTV) 

 The anatomy of the oropharynx is very complex; therefore, integrating all clinical 
information from physical examinations, such as inspection and palpation, and 
diagnostic imaging from CT, MRI, fi ber-optic images, and PET scans is of impor-
tance. These diagnostic images should be taken in identical head positions to those 
taken during the CT simulation with an immobilization mask. If possible, a metallic 
marker should be placed at the landmark of the primary tumor to achieve accurate 
delineation. In addition, the volumetric 3D reconstruction of GTVs in coronal and 
sagittal views on the treatment planning system is helpful for assessing the exten-
sion of the primary lesion. Regarding the lymph node evaluation, if its shortest 
diameter is equal to or greater than 1 cm, it is defi ned as lymphatic involvement. In 
addition, the clinical features of the lymph nodes with peripheral rim enhancement 
or positive PET fi nding are also considered to be the feature of lymphatic involve-
ment. Clinical features of borderline fi ndings with either primary lesion or lymph 
node involvement are regarded as GTV intermediate-risk . GTV intermediate - risk  
typically expands with a 1-cm margin surrounding GTVprimary. If patients receive 
neoadjuvant chemotherapy prior to IMRT, GTV should be carefully determined 
according to initial diagnostic fi ndings and not those taken after chemotherapy. 
Insuffi cient contouring toward microscopic tumor deposits modifi ed by the chemo-
therapy response may decrease curability by RT, especially in the case of IMRT.  

9.5.2     Clinical Target Volume (CTV) 

 CTV is typically arranged using automated volumetric expansion on a treatment 
planning system and encompasses GTV primary , GTV node , and GTV intermediate- 
risk    areas. The CTV primary  margin is generally defi ned as 10 mm in three dimen-
sions, minus the anatomical boundaries without invasion. CTV node  margin typically 
was defi ned as 5-mm surrounding GTV node , while the extent of the margins should 
be increased according to adverse features such as extracapsular invasion. Whether 
normal structures adjacent to GTV are involved or not, both the anatomical location 
and biological features of the primary tumor should be carefully considered for the 
delineation of CTV. Clinical encounters and integrated information by radiation 
oncologists are crucial for deciding the CTV boundary and greatly correlate with 
performance in IMRT. Thus, expert radiation oncologists must carefully edit  auto-
matically made  CTV. Both CTV primary  and CTV node  were generally treated with 
a dose of approximately 70 Gy. Using SIB technique, doses of 60–63 Gy are com-
monly delivered to  CTVintermediate-risk . 

 CTV for prophylactic nodal areas is commonly defi ned independently. The 
lymph node level varies with the T and N stages and the distribution of nodal 
involvement [ 57 ] (Table  9.3 ). Bilateral levels II to V and retropharyngeal node area 
will typically be included for locally advanced carcinoma. Level Ib area may also be 
covered in case of positive nodes in level II and/or oral cavity invasion. If lower 
neck node involvement is observed, the supraclavicular lymph node would be 
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covered in the prophylactic nodal area. The level V area can be excluded from the 
prophylactic nodal area in the case of N0 disease. Unilateral nodal CTV may be 
considered in early and intermediate-risk patients with favorable outcomes, such as 
those with localized TF lesions with T1–2 N0–1 [ 58 ].

9.5.3        Planning Treatment Volume (PTV) 

 PTVs are defi ned as CTVs with adequate margin providing suffi cient dose coverage 
and a setup error. The range of the PTV margin may vary depending on the features 
of the IMRT system used in each institute. Details have been described in Chap.   5    .  

9.5.4     Organ at Risk (OAR) and Planning Organs at Risk 
Volume (PRV)  

 Ten or more OARs are typically prepared for treatment planning. The spinal cord, 
brainstem, parotid gland, mandibula, inner ear, optic pathway, eye and lens, oral 
cavity, pharyngeal constrictor muscle, and larynx are commonly used for IMRT 
planning. If needed, the submandibular gland, thyroid gland, brachial plexus, mas-
ticator muscle, and temporomandibular joint can also be used. Special care should 
be taken for dose sparing for submandibular gland, especially in cases of ipsilateral 
level II involvement. Dose sparing toward submandibular gland may increase the 

   Table 9.3    Incidence (%) of lymph node involvement according to subsites and T stage in patients 
with oropharyngeal cancer   

 T stage  N0  N1  N2 
 Oropharyngeal wall  T1  75  0  25 

 T2  70  10  20 
 T3  33  23  45 
 T4  24  24  52 

 Soft palate  T1  92  0  8 
 T2  64  12  25 
 T3  35  26  39 
 T4  33  11  56 

 Tonsillar fossa  T1  30  41  30 
 T2  33  14  54 
 T3  30  18  52 
 T4  11  13  77 

 Base of the tongue  T1  30  15  55 
 T2  29  15  57 
 T3  26  23  52 
 T4  16  9  76 

  Ref. Lindberg [ 57 ] 
 The incidence of clinically positive lymph node of oropharyngeal cancer is reported from MD 
Anderson Cancer Center during two decades (1948–1965)  
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risk of an insuffi cient dose being delivered to neighboring PTV in such cases 
(Fig.  9.3 ). As for critical organs such as the spinal cord and brainstem, PRV with 
expanding 5 mm to the OAR is commonly added (see details in Chap.   5    ). Dummy 
objects that improve the conformal dose distribution in IMRT are typically used and 
depend on the institutional IMRT system including the treatment machine. For 
example, a dummy object on the back of the neck is commonly used to reduce the 
dose delivered to the soft tissue in the posterior neck region.    

  Fig. 9.3    Comparison    of IMRT planning with (( a ) axial view, ( b ) coronal view) or without 
(( c ) axial view, ( d ) coronal view) submandibular gland sparing for a tonsillar cancer patient with 
T4aN2bM0 
 CTV including the right neck lesion of level II ( red ) is adjacent to the right submandibular gland 
( purple ). Submandibular sparing may cause critical uncertainty for the dose distribution of CTV 
( arrow )       
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9.6     Case Presentation and Considerations 
for Treatment Planning 

 The treatment purpose for OPC should be somewhat different from its clinical fea-
tures. A high cure rate is expected by either RT or surgery for early disease [ 12 ,  59 ]. 
Thus, the functional and cosmetic advantages of IMRT may become more impor-
tant in this population. Carefully limited CTV modifi cations are an attractive strat-
egy for achieving an improved organ function for low-risk patient treated with 
defi nitive RT [ 58 ,  60 ]. IMRT is generally used in combination with intensive che-
motherapy for advanced disease [ 18 ,  19 ]. Some patients that received defi nitive RT 
needed to undergo salvage surgery in case of residual or locoregional recurrence, 
while other patients underwent primary surgery and had a consultation for postop-
erative (chemo-) RT because of unfavorable features, such as a positive margin sta-
tus or capsular invasion [ 37 ,  38 ]. Strategies for advanced disease need to be 
documented by the multidisciplinary team board, and the harmonization of surgery, 
RT, and chemotherapy is a very important issue. 

9.6.1     Early Stage Disease, Stages I–II 

 The National Comprehensive Cancer Network (NCCN) guidelines for OPC with 
T1–2N0–1 defi ned the treatment strategy as defi nitive RT, primary surgery with or 
without neck dissection, and CCRT (for T2N1 only) [ 61 ]. Similar results are 
expected following both RT and surgery, RT alone is considered the standard ther-
apy [ 12 ,  59 ]. The number of patients with OPC that test positive for HPV has been 
gradually increasing, and many studies have reported favorable results from defi ni-
tive RT [ 5 ,  9 ]. These clinical features will impact on treatment decisions in clinical 
practice. Functional and cosmetic issues are considered to be the clinical advantages 
of defi nitive RT over up-front surgery; thus, IMRT is highly recommended, espe-
cially for the favorable risk group. 

 The RTOG 00-22 was conducted to evaluate the effi cacy of IMRT without 
chemotherapy for OPC patients at favorable risk, such as T1–2N0–1M0 [ 12 ]. A 
total of 66 Gy at 2.2 Gy/fraction was delivered to primary and involved node and 
54–60 Gy at 1.8–2.0 Gy/fraction to subclinical risk areas. Sixty-nine patients from 
14 institutes were registered in this trial. The 2-year estimated locoregional failure-
free rate was 9 % at the median 2.8-year follow-up and was 6 % among patients 
without deviations for underdoses in quality assurance. The 2-year OS and progres-
sion-free survival rates were 95.5 % and 82 %, respectively. The rates of xerostomia 
of grade 2 or more at 6, 12, and 24 months were 55 %, 25 %, and 16 %, respectively. 
Both excellent local control and few late adverse events could be achieved with IMRT 
using a slightly accelerated hypofractionated schedule without chemotherapy. 

 As for CTV, primary lesion with prophylactic bilateral levels II–IV was com-
monly included in N0 cases [ 58 ]. For N1 case a level V and supraclavicular region 
is recommend to be included. Patients with TF at favorable risk are considered as 
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candidates for unilateral CTV. Al-Mamgani A. et al. performed a retrospective study 
on 185 patients with OPC who received unilateral neck irradiation using IMRT [ 60 ]. 
A total of 172 (93 %) patients had T1–2 disease and 135 (73 %) had N0–1 disease, 
respectively. The primary site in 129 (70 %) cases was the TF and the SP in 47 
(25 %). A total of 174 patients (94 %) received RT alone, and 80 patients (43 %) 
subsequently underwent neck dissection. Only 6 failures were reported including 2 
contralateral failures. The 5-year local control and OS rates were 91 % and 70 %, 
respectively. Thirteen patients had grade 2 xerostomia and one had grade 3. Grade 
3 dysphagia was not observed. Limited CTV for selected favorable patients is an 
attractive modality from the viewpoint of reducing the incidence of late adverse 
events (Fig.  9.4 ).   

9.6.2     Locally Advanced Disease, Stages III–IV 

 The standard treatment used recently for locally advanced lesions is CCRT in 
patients hoping to preserve organs and/or these with unresectable lesions. The sur-
vival advantage of CCRT over that of the sequential administration of chemother-
apy was confi rmed in several randomized trials [ 50 ] and meta-analysis [ 43 ]. RT 
with CET (Bonner trial) [ 45 ] and IC containing taxane with FP (TAX 323 and 324) 
[ 47 ,  49 ] are also reasonable choices for clinical setting (Fig.  9.5 ).  

 CTV should cover primary lesion, involving the lymph nodes, and prophylactic 
nodal areas from levels II–V and the retropharyngeal node. Prophylactic nodal areas 
should cover level Ib and the supraclavicular region where needed. Altered fraction-
ation has been shown to increase local control; however, the advantage for OS was 
not commonly confi rmed in most randomized trials [ 62 ]. Meta-analysis using indi-
vidual patient data revealed that OS improved with altered fractionation with the 
largest advantage in the hyperfractionation arm [ 62 ,  63 ]. On the other hand, altered 
fractionation was not benefi cial for CCRT in the randomized phase III trial at the 
RTOG 0129 [ 5 ]; therefore, standard fractionation is used in CCRT in clinical 
settings. 

 The clinical results of IMRT in patients with OPC are summarized in the 
Table  9.1  [ 14 – 19 ]. In these series, the majority of primary sites were found in the 
tonsils and BOTs. Excellent local control (>90 %) and favorable OS (83–86 %) 
were reported in patients in whom over 70 % had stage IV disease. Many institutes 
used the SIB technique combined with CCRT in the reported series. IMRT led to 
promising results for patients with advanced OPC in clinical practice. 

 Multidisciplinary treatment is the mainstay for locally advanced disease, while 
intensive treatment may sometimes lead to an increase in toxicity [ 39 ]. Neck dissec-
tion or salvage surgery should be considered if residual tumors exist or locoregional 
recurrence occurs after defi nitive RT. Diffi culty due to RT damage for surgical pro-
cedure is a well-known major problem in clinical practice. Previous studies indi-
cated that RT with CET may be preferable under these conditions. The TRUMERIN 
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  Fig. 9.4    ( a – i ) A 62-year-old female consulted our hospital due to discomfort in the pharynx and 
was diagnosed with right tonsillar cancer with T2N0M0. A histopathological specimen revealed 
that the tumor was p-16 positive. An overview photograph of the oropharynx (Fig.  9.4a ), FDG- 
PET scan (Fig.  9.4b ), and MRI with contrast media in axial (Fig.  9.4c ) and coronal (Fig.  9.4d ) 
images. CTV1 ( blue ) encompassed the primary tumor ( red ) with a 1-cm margin, and PTV1 
expanded by 5 mm to surround CTV1 (Fig.  9.4e ). CTV2 ( cyan ) included levels II–IV and the ret-
ropharyngeal node. Considering a favorable outcome with clinical features, a part of level IV at the 
middle level of the thyroid gland was spared from CTV2 ( arrow ) to reduce the thyroid dose 
(Fig.  9.4f ). Using the SIB technique, 70 Gy for CTV1 and 54 Gy for CTV2 were delivered in 33 
fractions over 6 weeks. On the axial image of dose distribution (Fig.  9.4g ), CTV 1 was suffi ciently 
covered at the 95 % dose line ( red ), with dose sparing the lateral part of both parotid glands ( arrow 
head ). The lower part of the thyroid gland could also keep a lower dose level (Fig.  9.4h ). IMRT 
was performed using helical tomotherapy without a junction to photon portals to the lower neck. 
The DVH of this case (Fig.  9.4i ) showed a conformal dose coverage in PTV1-2, and several OARs 
(the parotid glands, spinal cord, stem, and thyroid gland) met desirable dose constraints. She had 
no evidence of disease 4 years after the completion of radiotherapy without any evidence of xero-
stomia or hypothyroidism       
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trial is a randomized phase II study that was conducted to evaluate the effi cacy of 
RT with CET in relation to CCRT in locally advanced patients [ 64 ]. A total of 153 
patients received 3 cycles of IC containing docetaxel, 5-FU, and CP, and 116 patients 
who achieved suffi cient responses were randomized to receive CCRT ( n  = 60) or 
CET-RT ( n  = 56). No signifi cant differences were observed in the OS rates between 
both groups. Compliance of planned schedule was better in the CET-RT arm than in 
the CCRT arm and salvage surgery was shown to be feasible in the CET arm. Since 
intensive multidisciplinary treatment may often increase its treatment toxicity, the 
application of CET is an attractive strategy to minimize the incidence of adverse 
events without sacrifi cing effi cacy.   

  Fig. 9.5    ( a – h ) A 42-year-old man presented with otalgia, discomfort in the throat, and right neck 
mass. Endoscopy of the pharynx revealed a mass on the bottom of the tongue (Fig.  9.5a ), and a 
biopsy specimen from the tumor revealed poorly differentiated SCC that was positive for 
HPV. Both FDG-PET scans (Fig.  9.5b ) and MRI with contrast media (Fig.  9.5c  sagittal view;  9.5d  
axial view) showed a bulky primary lesion at the bottom of the tongue, and right lymphadenopathy 
was performed at both levels II and III. He was diagnosed at the bottom of the tongue cancer with 
T3N2bM0; stage IVA disease (UICC v7). Since the patient requests organ-preserving therapy, two 
cycles of induction chemotherapy including docetaxel, cisplatin, and 5-FU were administered, 
which led to a partial response in both the primary lesion and neck node. Defi nitive radiotherapy 
was undergone with concurrent administration of cisplatin. CTVprimary ( green ) and CTVnode 
( yellow ) encompassed a 0.5–1-cm margin toward GTVprimary ( red ) and GTVnode ( blue ), respec-
tively (Fig.  9.5e  sagittal view;  9.5f  axial view). CTV1 comprised both CTVprimary and CTVnode, 
while CTV2 ( cyan ) included levels II–V, the retropharyngeal node, and the supraclavicular region. 
IMRT planning by helical tomotherapy was prepared using treatment planning system (Fig.  9.5g  
sagittal view;  9.5h  axial view). Using the SIB technique, 70 Gy for CTV1 and 56 Gy for CTV2 
were delivered in 35 fractions over 7 weeks. On the axial images for the dose distribution 
(Fig.  9.5g ), both the primary lesion and involved node were covered with the 95 % dose line of 
prescribed dose ( red ). The mean doses of both parotid glands were 36.1 Gy ( right ) and 23.8 Gy 
( light ), respectively. Dose constraints of other OARs (spinal cord, brain stem, mandibula, larynx, 
and pharyngeal constrictor muscle) met desirable requirement. He recovered well and neither 
severe dysphagia aspiration nor disease recurrence was observed 4 years after chemoradiotherapy       
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9.7     Toxicity 

 Acute toxicity is characterized by dermatitis, taste impairment, mucosal reaction 
with pain, fatigue, and weight loss. Intensive treatment is known to increase the risk 
of acute toxicity. Smoking cessation is important not only to reduce toxicity but also 
to retain the effi cacy of RT. The prevention and management of mucositis are essen-
tial, and systemic oral care hygiene in combination with interventions using analge-
sics is recommended with the involvement of a multidisciplinary team (nurses, 
physician, dentist, nutritionist, and pharmacist). 

 Late toxicities are less common; however, they can be irreversible. Xerostomia is 
a common late toxicity in the salivary gland. The clinical advantage in parotid spar-
ing with IMRT is supported by the fi ndings of several prospective studies [ 13 ,  20 , 
 21 ,  23 ] and is considered the standard management for defi nitive RT [ 65 ]. A mean 
dose <26 Gy has been recommended for the parotid gland in order to preserve the 
recovery of stimulated salivary excretion [ 40 ,  66 ]. Murdoch-Kinch et al. reported 
that static salivary excretion can recover, if the dose delivered to the submandibular 
gland is kept under 39 Gy [ 67 ]. Sparing submandibular function is an interesting 
method [ 68 ], but special care should be taken for dose coverage in neighboring 
CTV especially for level II areas (Fig.  9.3 ). 

 An increase in the incidence of aspiration and/or dysphagia has been associated 
with treatment intensifi cation [ 39 ,  69 ,  70 ]. Dose constraints for the pharyngeal con-
strictor muscle and larynx were shown to be risk factors for aspiration and/or dys-
phagia [ 71 – 73 ]. IMRT is believed to have a distinct benefi t of reducing long-term 
adverse events. Late adverse events associated with RT include carotid stenosis [ 74 , 
 75 ] and hypothyroidism [ 76 ,  77 ]. Long-term survivors following RT should be 
examined thoroughly for these late events in the follow-up.  

9.8     Conclusions 

 IMRT is a promising modality for both early and locally advanced OPC from the 
viewpoint of disease control and survival with signifi cantly lower toxicities. 
Defi nitive RT for OPC is advantageous for functional preservation; however, further 
improvements are still needed to reduce the incidence of late adverse events. 
Improvements in the incidence of late adverse events for early disease by custom-
izing CTV according to the disease features could be developed in a sophisticated 
clinical trial. Regarding locally advanced disease, both an increase in treatment effi -
cacy, especially for high-risk disease, and minimizing adverse events using adaptive 
radiotherapy will become more important issues. Customized treatment strategies 
based on risk factors including biological features such as biomarkers are an attrac-
tive concept that may maximize the advantages of defi nitive IMRT for patients with 
OPC in the future.     
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10.1         Introduction 

 Certain subsets of primary neoplasms of the head and neck, infl uenced by the histo-
logic type, anatomic site/location, and tumor extent, are preferably managed with a 
primary surgical approach. Depending on the clinical, surgical, and pathology fi nd-
ings, postoperative radiation therapy (or chemoradiation) is frequently implemented 
to improve the local and/or regional control and possibly survival. Since postopera-
tive radiation therapy targets of the head and neck region are often in close proxim-
ity to nearby critical and avoidance structures, intensity-modulated radiation therapy 
(IMRT) is commonly preferred primarily due to (1) the ability to conform the high- 
dose regions around geometrically complex targets, (2) the ability to build steep 
dose gradients between targets and nearby critical structures, and (3) the ability to 
generate relative sparing of various surrounding nontarget normal structures from 
clinically signifi cant doses without compromise of desired target coverage. 

 Over the past decade or so, IMRT has become widely implemented into clinical 
practice for head and neck cancers in the United States [ 1 ] and is now the standard 
technique of postoperative radiation therapy planning and delivery in ongoing 
Radiation Therapy Oncology Group clinical trials in head and neck cancers (  www.
rtog.org    ). While results from recent randomized trials have yielded positive results 
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in terms of disease control, functional outcomes, and quality of life for patients 
treated with defi nitive IMRT versus traditional techniques for nasopharyngeal [ 2 ,  3 ] 
and oropharyngeal [ 4 ] cancers, the level of evidence supporting the use of IMRT in 
the postoperative setting for head and neck cancers is generally limited to dosimet-
ric studies, strong clinical rationale coupled with extrapolation from studies per-
formed in the defi nitive setting, and institutional reports. Our goals here are to (1) 
provide an expanded case-based illustration of our approach to postoperative IMRT 
target volume delineation and treatment planning for various disease sites within the 
head and neck and (2) highlight some the literature, including reports regarding pat-
terns of failure, which helped formulate our current approach.  

10.2     Postoperative IMRT Technique and Target Volumes 

 Postoperative radiation therapy for head and neck cancers has generally been rec-
ommended for the presence of adverse surgical and pathology fi ndings at the pri-
mary site and/or the regional lymph nodes, such as compromised or positive surgical 
margin, neural or perineural invasion, lymphovascular space invasion, locally 
advanced primary tumors, bone or cartilage invasion, lymph node involvement, and 
presence of nodal extracapsular spread [ 5 ]. Concurrent chemotherapy is recom-
mended for medically fi t patients with high-risk pathologic features, defi ned as 
positive surgical margins or nodal extracapsular spread with category level 1 evi-
dence for squamous carcinomas of the oral cavity, oropharynx, larynx, and hypo-
pharynx [ 6 ]. The histologic subtype, grade, or differentiation of the primary tumor 
is also an important factor in the postoperative radiation therapy decision making 
process for neoplasms of salivary gland origin or originating in the paranasal 
sinuses. The relative indications for postoperative radiation therapy for thyroid can-
cer are discussed separately below. 

 IMRT has the ability to treat the entirety of head and neck target volumes (i.e., 
whole-fi eld IMRT), or it can be used to treat only the upper portions while using a 
more traditional anterior supraclavicular fi eld to treat the lower neck, which is 
matched to the upper IMRT fi elds. This split-fi eld IMRT approach affords the maxi-
mal laryngeal and esophageal inlet sparing and is our preferred postoperative IMRT 
technique for resected primaries of the more proximal upper aerodigestive tract, 
such as the oral cavity, naso- and oropharynx, and nasal cavity and paranasal sinuses. 
However, postoperative whole-fi eld IMRT technique is generally used when the 
larynx is a component of the radiation target or when larynx shielding is a nonissue, 
such as following laryngectomy or laryngopharyngectomy for larynx or hypophar-
ynx cancer [ 7 ]. 

 Much emphasis has been placed on how to best translate treatment concepts 
including fi eld and block design used with traditional conventional techniques 
(including the classic 3-fi eld head and neck technique) to clinical target volume 
delineation used with IMRT [ 8 ]. Consensus groups sought to bridge this knowledge 
gap with proposals of target delineation guidelines, such as the CT atlas-based 
delineation guidelines for nodal clinical target volumes in the node-negative neck 
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(available online:   http://www.rtog.org/atlases/hnatlas/main.html    ). Likewise, guide-
lines regarding target volume delineation in the node-positive neck and postopera-
tive neck have also been proposed [ 9 ]. Compared to clinical target volume 
delineation of intact regions (i.e., unoperated or unviolated neck), postoperative 
clinical target volumes are generally broader, in that they cross adjacent disturbed 
anatomic boundaries, are inclusive of surgical tracts and suture lines, and come 
nearer to the patient surface. 

 When treating with postoperative IMRT, we have preferred a simultaneous inte-
grated boost approach over sequential plans, typically treating multiple targets/dose 
levels in 30–33 daily fractions using a single IMRT plan. Postoperative IMRT high- 
risk clinical target volumes (HR-CTV) include the excised primary tumor bed with 
margin (including reconstruction sites such as attachments of any rotational or free 
tissue fl aps and mucosal anastomosis) and the positive lymph node bed or involved 
nodal level, all of which are determined by thorough integration of initial preopera-
tive clinical and radiographic fi ndings, operative fi ndings, surgeon impression, and 
surgical pathology features. Our postoperative intermediate-risk CTVs (IR-CTVs) 
are inclusive of the HR-CTVs with a surrounding customized margin incorporating 
the operative bed, which generally consists of the operative sites, surgical scars, 
operated soft and bony tissues, and violated but otherwise pathologically negative 
neck. The “elective” or standard-risk CTVs (SR-CTVs) are those unoperated (unvi-
olated) regions felt to be at substantial (~ ≥5 %) risk of harboring microscopic dis-
ease, such as undissected cervical lymph node regions at risk, undissected adjacent 
soft tissues at risk, and portions of undissected proximal nerve tracts at risk in 
selected scenarios. Generally, our HR-CTV, IR-CTV, and SR-CTV are treated to 60, 
57, and 54 Gy, respectively, in 30 daily fractions. A 3–6 Gy boost is considered for 
areas of positive microscopic surgical margin, often integrated into the a 30 fraction 
plan, though infrequently this boost will be done sequentially with additional frac-
tions if the boost is adjacent to a critical structure to avoid fraction sizes of greater 
than 2 Gy. Areas of residual or unresected gross disease are typically treated to 
70 Gy in 33–35 fractions.  

10.3     Oral Cavity 

 Our discussion here pertains to squamous carcinomas of the oral tongue, fl oor or 
mouth, lip, gingiva, retromolar trigone, and buccal mucosa. The presence of clinical 
regional lymph node involvement or perceived substantial risk for occult micro-
scopic lymph node involvement typically dictates the extent of surgical and/or radi-
ation therapy neck management. Central oral cavity subsites, such as the oral 
tongue, fl oor of the mouth, and lip, are rich in crossover lymphatic drainage path-
ways, and as such, our radiation target volumes typically include both sides of the 
neck for cancers of these subsites. However, for well-lateralized primaries of the 
buccal mucosa, gingiva, and retromolar trigone, ipsilateral neck radiotherapy is 
often considered [ 10 ]. See case examples 1–3 (Figs.  10.1 ,  10.2  and  10.3 ) below. We 
recognize that there is great controversy regarding ipsilateral versus bilateral 

10 Postoperative IMRT for Head and Neck Cancer

http://www.rtog.org/atlases/hnatlas/main.html


196

therapy for lateralized oral tongue cancers. With rare exception, we have been 
 proponents of bilateral therapy, as these tumors are very aggressive, and salvage 
even in unirradiated tissues is challenging.  

10.4     Oropharynx 

 The oropharynx consists of the tonsils, base of tongue, soft palate, and oropharyn-
geal walls. Tumors in these sites are often treated with defi nitive (chemo)radiation, 
but on occasion will be operated fi rst. Surgery, with the increasing popularity of 
minimally invasive intraoral approaches, is being performed more frequently. 
Conceptually, postoperative irradiation for tumors of these subsites within the oro-
pharynx is similar to the treatment of oral cavity cancers. The majority of subsites 
can potentially drain to both sides of the neck, so targets will include the primary 
tumor and draining lymphatics. The principal difference between the oropharynx 
and oral cavity is that oropharyngeal tumors can metastasize to retropharyngeal 
nodes in addition to cervical nodes, so the lateral retropharyngeal nodal beds are 
included in the target volumes [ 11 ]. While the vast majority of tumors will require 
bilateral irradiation, well-lateralized tonsillar tumors that are confi ned clinically and 
pathologically to the tonsillar bed can be treated just to the primary tumor bed and 
ipsilateral neck (provided there is no contralateral disease) [ 12 ].  

10.5     Larynx and Hypopharynx 

 Primary surgical management (e.g., laryngectomy and neck dissections) followed 
by postoperative radiation therapy (with concurrent chemotherapy for high-risk fea-
tures) is the current standard approach for patients with squamous carcinomas with 
full-thickness cartilage destruction at presentation or poor candidates for functional 
laryngeal preservation approaches, whether due to primary tumor features, patient 
factors, or poor baseline or predicted poor laryngeal function. See case example 4 
(Fig.  10.4 ).  

10.6     Nasal Cavity and Paranasal Sinus 

 Regarding postoperative IMRT for tumors of this region, Hoppe et al. have reported 
good dosimetric results in terms of target coverage and normal structure sparing 
with early encouraging disease control and toxicity results. A number of nearby 
critical structures must be considered during treatment planning, particularly optic 
and central nervous system structures [ 13 ]. Given our observed nodal relapse rates 
for patients treated in previous eras without routine elective lymph node irradiation, 
for clinically node-negative patients, we currently treat upper cervical lymph node 
regions at risk with squamous or poorly differentiated histologies [ 14 ] and olfactory 
neuroblastoma [ 15 ]. See case examples 5 and 6 (Figs.  10.5  and  10.6 ).  
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10.7     Major and Minor Salivary Glands 

 Primary surgical resection is the preferred treatment approach for the majority of 
minor and major salivary gland neoplasms managed at our institution. Beyond the 
aforementioned traditional indications for postoperative radiation therapy, the 
diversity of histologic types that arise from these regions and associated unique pat-
terns of spread also guide indications for postoperative radiation therapy and target 
volume selection. For example, adenoid cystic carcinoma has a propensity for peri-
neural and neural spread, and IMRT allows for selective targeting of nerve pathways 
at risk to the skull base or in some cases beyond [ 16 ]. Lymph node involvement in 
adenoid cystic carcinoma is quite rare, and as such the neck is rarely included as an 
elective radiation target volume (with the exception of high grade or solid type), but 
for higher-grade malignancies (i.e., high-grade mucoepidermoid carcinoma, carci-
noma ex pleomorphic adenoma, and salivary duct carcinoma), the risk of regional 
lymph node occult microscopic involvement justifi es elective management [ 17 ]. 
See case examples 7 and 8 (Figs.  10.7  and  10.8 ).  

10.8     Thyroid 

 External beam radiation can be considered in the postoperative/adjuvant setting for 
patients at highest risk for local regional recurrence. For differentiated thyroid can-
cers, relative indications for postoperative radiation include incomplete resection of 
nonfunctioning (noniodine-avid) cancers; direct invasion of central structures, such 
as the trachea, cricoid, esophagus, strap muscles, and deep neck musculature; extra-
capsular nodal extension; recurrent disease; or mediastinal structure invasion or 
extensive or mediastinal nodal disease. For medullary thyroid carcinoma, in addi-
tion the aforementioned relative indications, postoperative radiation is also consid-
ered for persistently elevated calcitonin after complete surgery and no evident 
distant metastatic disease. For poorly differentiated and undifferentiated thyroid 
cancers, combinations of surgery and postoperative radiation are typically preferred 
if feasible (American Thyroid Association Guidelines at   http://www.thyroid.org/
thyroid-guidelines/    ). Given the diffi culty in delivering desired doses to the low 
neck, namely, due to the complex and mostly concave geometry and close proxim-
ity of the spinal cord and lungs, IMRT technique is favored over conventional meth-
ods [ 18 ]. See case example 9 (Fig.  10.9 ).  

10.9     Conclusions 

 As illustrated in the presented case examples, the inherent advantages of IMRT in 
the postoperative setting for head and neck cancers are due to dose conformality, 
which is important for this region rich in critical and avoidance structures. However, 
the selection and delineation of these postoperative IMRT targets requires careful 
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integration of the presurgical clinical and radiographic extent of disease, 
 intraoperative and surgical pathology fi ndings, and understanding of the case-spe-
cifi c likely patterns of local and regional spread.     

   Confl icts of Interest     The authors have none to disclose.   

     Case Examples 

    Case 1 (Fig.  10.1 ) 

    A 63-year-old former smoker presented with a 3.5 cm painful mass of the left lateral 
border of the oral tongue (photograph). Biopsy of this mass showed moderately dif-
ferentiated, invasive squamous carcinoma. Contrast-enhanced diagnostic CT of the 
neck (with puffed-cheek technique) demonstrated the primary mass (outlined in 
 green ) and revealed a radiographically positive lymph node in left level IIa due to 
peripheral enhancement and central hypodensity ( arrow ). There were no metastases 
on chest X-ray. Clinical stage was T2N1M0. He underwent primary surgical resec-
tion, including left partial glossectomy, left modifi ed radical neck dissection (levels 
Ia through IV), and radial forearm free fl ap reconstruction of the left lateral tongue 
defect. Final surgical pathology revealed a 3.5 cm primary tumor, closest surgical 
margin was 2.0 cm, and there was no perineural or lymphovascular invasion. Two of 
6 and 2 of four lymph nodes were positive for carcinoma in left neck levels Ib and 
IIa, respectively, each with extracapsular spread. The remainder of the left neck 
lymph nodes (levels IIb, III, and IV) were negative for carcinoma. Final pathologic 
stage was T2N2b. He was treated with postoperative chemoradiation (concurrent 
cis-platinum) using IMRT. Representative axial, sagittal, and coronal views from 
planning CT are shown. The primary tumor bed, free fl ap, and its attachments to the 
native tongue and positive neck levels (I and IIa) plus ~ 1 cm were delineated as 
high-risk CTV (CTV 60 Gy). The remainder of the oral tongue and operative bed of 
the left neck were treated to 57 Gy (intermediate risk), and the contralateral neck 
levels I–IV were treated electively to 54 Gy (standard risk). This was accomplished 
in a single integrated IMRT plan in 30 fractions. Representative isodose distribu-
tions are shown in multiple axial planes.

  Case 1 Key Technical Points 

   1.    At the time of simulation, the left neck suture line/surgical scar was marked with 
CT-compatible radiopaque wire, and 3 mm bolus was placed over the scar to 
ensure adequate surface dose to the scar. The left neck CTV contours were inclu-
sive of the operative bed and surgical tracts and were taken out to the skin surface 
at the level of the scar.   

   2.    A customized mouth-opening and tongue-depressing/tongue-immobilizing 
intraoral stent was used in this case. As demonstrated in the sagittal view, this 
provided physical separation of the tongue from the nontarget upper lip and hard 
palate.   
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   3.    In cancers of the oral tongue, in addition to targeting of the primary site tumor 
bed, we typically treat the remainder of the involved organ (entirety of the oral 
tongue) to operative bed or elective doses.   

   4.    As demonstrated in the sagittal and coronal views, we ensured the CTVs were 
carried through the adjacent fl oor of the mouth, root of tongue, and submental 
region to the level of the hyoid.   

   5.    The contralateral undissected ( right ) neck was treated electively to 54 Gy. The 
CTV for this unviolated/unoperated neck differed from that of the operated left 
neck, in that the right neck lymph node levels were delineated restricted by their 

     

      Fig. 10.1   
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anatomic boundaries (e.g., deep surface of the sternocleidomastoid and 
 platysma), while in the left neck, the entirety    of the sternocleidomastoid muscle 
was targeted as part of the operative bed target volume.    

      Case 2 (Fig.  10.2 ) 

    A 65-year-old former smoker presented with a 4.0 cm painful expansile mass of the 
left lower alveolus (photograph). Biopsy of this mass showed poorly differentiated, 
invasive squamous carcinoma. Contrast-enhanced diagnostic CT of the neck (with 
puffed-cheek technique) demonstrated the primary mass interdigitated with multi-
ple teeth and bone erosion (outlined in  green ). There were lymph node metastases 
seen on CT. There were no metastases seen on chest X-ray. Clinical stage was 
T4aN0M0. He underwent primary surgical resection, including left segmental man-
dibulectomy, left modifi ed radical neck dissection (levels Ia through IV), and osseo-
cutaneous fi bular free fl ap reconstruction. Final surgical pathology revealed a 
4.2 cm primary tumor with bone involvement, closest surgical margin was 1.0 cm, 
and there was perineural and lymphovascular invasion. One of 4 lymph nodes was 
positive for carcinoma in left neck level Ib, with extracapsular spread. The remain-
der of the left neck lymph nodes (levels IIa/b, III, and IV) were negative for carci-
noma. Final pathologic stage was T4aN1. He was treated with postoperative 
chemoradiation (concurrent carboplatinum rather than cis-platinum due to profound 

     

   Fig. 10.2   
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baseline hypoacusis) using IMRT targeting the tumor bed, operative bed, and 
 ipsilateral neck. A representative axial planning CT image with CTVs is shown. The 
primary tumor bed, free fl ap and its attachments, and positive neck level (Ib) plus 
margin were delineated as high-risk CTV (CTV 60 Gy). The remainder of the oper-
ative bed of the left neck and segment of the inferior alveolar nerve were treated to 
57 Gy (intermediate risk). The left level Ib (area of ECE) was boosted to 66 Gy. This 
was accomplished in a single integrated IMRT plan in 30 fractions. Representative 
isodose distributions are shown in axial and sagittal plane.

  Case 2 Key Technical Points 

   1.    A customized mouth-opening and tongue-deviating intraoral stent was used in 
this case in order to displace the tip of the oral tongue, upper lip, and upper gin-
giva from the high-dose region.   

   2.    The primary tumor bed, fl ap and its attachments, and bony cuts of the mandible 
were included in the CTV 60 Gy.   

   3.    Given microscopic perineural invasion, the inferior alveolar nerve was targeted; 
the most proximal aspect of nerve coverage was to the interspace of the medial 
and lateral pterygoid muscles.   

   4.    Given the surgical exposure associated with mandibulectomy and neck dissec-
tion, the tail of the left parotid was included in the operative bed target (CTV 
57 Gy), as recurrences near a spared parotid in a pathologically involved neck 
have been described (10).    

      Case 3 (Fig.  10.3 ) 

    A 63-year-old former smoker presented with a painful 1.7 cm mass centered in the 
right fl oor of the mouth, which was crossing midline (see photograph). Contrast- 
enhanced diagnostic CT of the neck demonstrated the primary mass (outlined in 
 green ) close to but not invading an adjacent mandibular torus. There were no lymph 
node metastases seen on CT. There were no metastases seen on chest X-ray. Clinical 
stage was T1N0M0. He underwent resection of the anterior fl oor of the mouth and 
bilateral neck dissection (levels II–IV) with radial forearm free fl ap reconstruction 
of the oral defect. Final pathology showed a 1.2 cm moderately differentiated tumor, 
0.6 cm depth of invasion, no perineural or lymphovascular invasion, and free mar-
gins. There was a single lymph node involved in right level IB (without extracapsu-
lar extension) and a focus of metastatic carcinoma in the right submandibular gland, 
suspected to be direct spread down Wharton’s duct. He was treated with postopera-
tive IMRT. Representative axial, sagittal, and coronal views from planning CT with 
CTVs are shown. The primary tumor bed, fl oor of the mouth, free fl ap and its attach-
ments, and submandibular triangle plus margin were delineated as high-risk CTV 
(CTV 60 Gy). The remainder of the uninvolved operated bilateral neck above the 
junction was treated to 57 Gy (intermediate risk). Representative axial, sagittal, and 
coronal views from planning CT are shown with CTVs in color wash with accom-
panying dose distributions.
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  Case 3 Key Technical Points 

   1.    A customized mouth-opening and tongue-elevating intraoral stent was used in 
this case in order to displace the mobile tongue, upper lip, and upper gingiva 
from the fl oor of the mouth.   

   2.    For maximal, inferior constrictor muscle, larynx, and esophageal inlet sparing, a 
split-fi eld IMRT technique utilizing half-beam block was used with the isocenter 
placed just above the arytenoids. The lower neck and supraclavicular fossae 
were treated using a low anterior neck fi eld with a larynx block, which was 
extended to a full midline block after 40 Gy. Total dose to the bilateral midneck 
below the junction was 56 Gy in 28 fractions. A patched low-energy electron 
fi eld was used to treat the central aspect of the neck surgical scar that fell under 
the larynx and full midline block.    

     

   Fig. 10.3   
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      Case 4 (Fig.  10.4 ) 

    As 58-year-old smoker presented with hoarseness of voice and globus sensation. 
Biopsy of an anterior glottic mass revealed invasive squamous carcinoma. Contrast- 
enhanced CT neck demonstrated an enhancing mass in the anterior larynx, with 
full-thickness cartilage erosion with invasion of the anterior neck soft tissues (out-
lined in green). Bilateral cervical lymphadenopathy was seen (white  arrows ). There 
were no metastases on CXR. Final clinical stage was T4aN2cM0. He underwent 
total laryngectomy, with total thyroidectomy, and bilateral modifi ed radical neck 

     

   Fig. 10.4   
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dissection and bilateral paratracheal dissections. Final pathology showed cartilage 
destruction and anterior soft tissue invasion, and surgical margins were free. There 
was multilevel adenopathy in the right neck with multiple positive nodes in levels II 
and III and a single involved node in left level II and with extracapsular spread of all 
positive nodes. He was treated with postoperative IMRT with concurrent cis- 
platinum. The tumor bed, larynx bed, reconstructed neopharynx and anastomosis, 
and bilateral positive nodal levels were treated to 60 Gy in 30 fractions. The remain-
der of the operative bed was treated to 57 Gy. Axial and sagittal planning CT images 
with CTVs and corresponding dose distributions are shown.

  Case 4 Key Technical Points 

   1.    At the time of simulation, the surgical scar was marked with CT-compatible 
radiopaque wire, and 3 mm bolus was placed over the scar both during simula-
tion and treatment to ensure adequate surface dose to the scar and surgical tract.   

   2.    Given anterior soft tissue invasion and multilevel adenopathy with extracapsular 
extension, generous HR-CTV delineation was pursued and generously included 
the anterior neck soft tissues, the entirety of the central compartment, positive 
nodal levels, and suprastomal region.   

   3.    The tracheostoma was included in the lower-dose CTVs in this case. We consider 
including the stoma in the IR-CTV if there was extensive subglottic disease, nar-
row subglottic surgical margin, or low neck soft tissue invasion such as low neck 
nodes with extracapsular spread and in the HR-CTV if the location of the stoma 
is adjacent to preoperative disease. The risk of this location harboring disease is 
balanced with the risk of microstomia, which can be a severe late effect.    

      Case 5 (Fig.  10.5 ) 

    A 68-year-old smoker presented with right-sided nasal obstructive symptoms and a 
right maxillary sinus mass. Transnasal endoscopic biopsy of this mass showed mod-
erately differentiated invasive squamous carcinoma. Coronal views of an MRI of the 
face and a PET/CT demonstrated the primary tumor centered in the suprastructure of 
the maxillary sinus with extension to the lateral aspect of the nasal cavity as well as 
invasion through the fl oor of the orbit (outlined in  green ;  white arrow ). There were 
no lymph node metastases seen on MRI or PET/CT. There were no distant metasta-
ses on PET/CT. Clinical stage was T3N0M0. He underwent primary surgical resec-
tion, including subtotal maxillectomy and resection of the fl oor or orbit via lateral 
rhinotomy approach. The fl oor of the orbit was reconstructed with a titanium plate 
and the maxilla with an anterolateral thigh free fl ap. Final surgical pathology revealed 
a 4 cm primary tumor involving bone and invasion of the infraorbital nerve. The 
infraorbital nerve was dissected back to the foramen rotundum. Final surgical mar-
gins on the nerve and maxilla were clear. He was treated with postoperative IMRT, 
targeting the tumor bed, operative bed, and ipsilateral facial and upper neck lymphat-
ics (levels IB–II). Representative axial and coronal planning CT images with CTVs 
in color wash and associated isodose lines are shown. The primary tumor bed, fl ap, 
reconstruction plate, fl oor of the orbit, right nasal cavity, and bony cuts of the maxilla 
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were included in the CTV 60 Gy. The remainder of the operative bed was treated to 
57 Gy. Right levels Ib and II were treated electively to 54 Gy. Treatment was accom-
plished in a single integrated IMRT plan in 30 fractions.

  Case 5 Key Technical Points 

   1.    A customized mouth-opening and tongue-depressing intraoral stent was used in 
this case in order to displace the lower oral cavity from the high-dose region.   

   2.    Given gross neural spread along the infraorbital nerve, the most proximal aspect 
of nerve coverage was extended intracranially to include elective coverage of the 
trigeminal nerve ganglion (cavernous sinus).   

   3.    IMRT facilitated excellent coverage of the high right nasal cavity and adjacent 
ethmoid sinuses and sparing of left optic structures.    

      Case 6 (Fig.  10.6 ) 

    A 65-year-old man presented with persistent sinus congestion. A right-sided naso-
ethmoid tumor was discovered and biopsy showed olfactory neuroblastoma. Sagittal 
T1 MRI with gadolinium and a coronal contrast-enhanced CT showed this tumor to 

     

   Fig. 10.5   
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   Fig. 10.6   
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be 2.8 cm, widening the right posterior ethmoid sinus, crossing midline, and  eroding 
the anterior skull base with dural involvement (outlined in  green ;  white arrow ). 
There were no lymph nodes or distant metastases, representing Kadish C disease. 
He underwent endonasal endoscopic ethmoidectomy with resection of tumor, crib-
riform plate, and adjacent frontal lobe dura. He was treated with postoperative 
IMRT, 60 Gy to the positive tumor bed and adjacent skull base and dura, 57 Gy to 
the operative bed and adjacent sinuses at risk, and 54 Gy electively to the draining 
lymphatics at risk (bilateral levels IB and II), all in a single integrated IMRT plan in 
30 fractions. Axial, sagittal, and coronal planning CT images with CTVs and cor-
responding dose distributions are shown.

  Case 6 Key Technical Points 

   1.    A customized mouth-opening and tongue-depressing intraoral stent was used in 
this case in order to displace the lower oral cavity from the high-dose region.   

   2.    IMRT utilizing multiple noncoplanar beam angles facilitated excellent coverage of 
the high nasoethmoid region, skull base, and dura of the anterior cranial fossa while 
generating a steep dose gradient near the adjacent critical structures of the central 
nervous system. The maximum dose to each optic nerve and optic chiasm was 
<54 Gy and the corneas were both <30 Gy. Mean dose to each parotid was <24 Gy.    

      Case 7 (Fig.  10.7 ) 

    A 50-year-old man developed an asymptomatic left preauricular lump. FNA sug-
gested pleomorphic adenoma. He underwent excisional biopsy revealing adenoid 
cystic carcinoma predominately cribriform type but with a focal solid component. 
There was intraoperative concern for residual disease near the mastoid tip and tumor 
adherence to the main trunk of the facial nerve. Post-biopsy diagnostic CT showed 
enhancing soft tissue just inferior and lateral to the stylomastoid foramen ( white 
arrow ). There were no lymph nodes or distant metastases on imaging. There were no 
cranial neuropathies. Clinical stage was TX(1)N0M0. He then underwent surgical 
resection consisting of lateral temporal bone resection with decompression of the 
facial nerve, superfi cial parotidectomy, and left supraomohyoid neck dissection. The 
tumor was completely resected and the facial nerve was dissected and preserved in 
its entirety. Final pathology showed a small focus of residual carcinoma and perineu-
ral and lymphovascular invasion. All lymph nodes were negative and surgical mar-
gins were free. He was then treated with postoperative IMRT, 60 Gy to the tumor bed 
(including the superfi cial parotid bed and stylomastoid foramen) and 57 Gy to the 
operative bed, which included the lateral temporal bone surgical site and facial nerve 
pathway in the descending facial canal and left upper neck. Axial, sagittal, and coro-
nal planning CT images with CTVs and corresponding dose  distributions are shown.

  Case 7 Key Technical Points 

   1.    A customized tongue-deviating intraoral stent was used in this case in order to 
displace the mobile tongue from the high- and intermediate-dose gradient. As 
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seen in the axial image, the tongue was able to be displaced from the 35 Gy 
 isodose line, which largely fell in the stent itself rather than the tongue.   

   2.    At the time of simulation, the surgical scar was marked with CT-compatible 
radiopaque wire, and 3 mm bolus was placed over the scar to ensure adequate 
surface dose to the scar and surgical tract.   

   3.    To ensure adequate coverage of the entire parotid bed, the anterior aspect of CTV 
57 was extended to the level of the anterior edge of the masseter muscle and the 
deep border was taken down to the pharyngeal wall to ensure coverage of the 
deep lobe of parotid.   

   4.    IMRT facilitated excellent coverage of the operative bed of the left temporal 
bone while minimizing dose to the underlying brain (left temporal lobe) as dem-
onstrated in the coronal view.    

      Case 8 (Fig.  10.8 ) 

    A 67-year-old presented with a painless pea-sized lump of the right side of the hard 
palate (photograph). Biopsy of this mass showed adenoid cystic carcinoma, tubular 

     

   Fig. 10.7   
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and cribriform type. Contrast-enhanced diagnostic CT of the neck demonstrated a 
1.5 cm primary mass ( white arrow ) at the hard-soft palate junction. There were no 
metastases on chest X-ray. She underwent primary surgical resection, including 
right infrastructure maxillectomy and placement of a surgical obturator in the palate 
defect. Final surgical pathology revealed a 1.5 cm primary tumor, closest surgical 
margin was 1.0 cm, and there was perineural invasion. There was no bone invasion. 
She was treated with postoperative IMRT. The primary tumor bed and margin were 
delineated as high-risk CTV (CTV 60 Gy). The remainder of the adjacent palate and 
nasal fl oor were treated to 57 Gy (intermediate risk), and the right greater palatine 
nerve pathway was treated to 54 Gy at the proximal aspect of its targeted pathway. 
This was accomplished in a single integrated volumetric modulated arc plan in 30 
fractions. Representative axial, sagittal, and coronal views from planning CT are 
shown with CTVs in color wash with accompanying dose distributions.

  Case 8 Key Technical Points 

   1.    The patient’s wax obturator was left in during simulation and treatment delivery 
to occupy the palate defect to help ensure adequate surface dose of the tumor 
bed.   

   2.    A customized mouth-opening and tongue-depressing intraoral stent was used in 
this case in order to displace the lower oral cavity from the high-dose region of 
the palate.   

   3.    Given perineural invasion and propensity for perineural spread of adenoid cystic 
carcinoma, the most proximal aspect of nerve coverage was extended to the skull 
base and inclusive of the pterygopalatine fossa.   

   4.    IMRT facilitated excellent coverage of the palate and neural pathways at risk and 
sparing of bilateral major salivary glands and central nervous system structures 
(mean dose to the left and right parotid was each <6 Gy).    

      Case 9 (Fig.  10.9 ) 

    An 80-year-old female presented with hoarseness of voice and right true vocal cord 
paresis, and a 5 cm right thyroid mass was discovered. Biopsy of the right thyroid 
mass showed papillary thyroid carcinoma. Contrast-enhanced diagnostic CT neck 
showed a necrotic mass in the right lobe of the thyroid with tracheal and esophageal 
invasion, involvement of the common party wall, and a positive right level II/III 
lymph node ( white arrow ). There were no distant metastases seen imaging. She 
underwent total thyroidectomy, bilateral paratracheal and superior mediastinal 
lymph node dissections, right neck dissection (levels II–V), partial esophageal mus-
cularis resection, partial tracheal resection, and partial cricoid resection. Final 
pathology showed 5.0 cm papillary thyroid carcinoma with foci of squamoid and 
poorly differentiated components, cartilage invasion, extrathyroidal extension, 6 
positive paratracheal lymph nodes with extracapsular extension, and a single 
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positive lymph node in the right neck specimen. The inferior tracheal margin was 
clear but the superior tracheal margin was focally close (<1 mm) from the soft tissue 
edge. She was then treated with postoperative IMRT. The primary tumor bed, cen-
tral compartment, and positive nodal levels were delineated as high-risk CTV (CTV 
60 Gy). The remainder of the operative bed was in CTV 57 Gy (intermediate risk), 
and the undissected elective left midneck was included in CTV 54 Gy. The right 
aspect of the cricotracheal anastomosis was selected for an integrated boost to 
63 Gy. This was accomplished in a 30 fraction plan. Representative axial, sagittal, 
and coronal views from planning CT are shown with CTVs in color wash with 
accompanying dose distributions.

  Case 9 Key Technical Points 

   1.    High-risk CTVs in this case included the entirety of the central compartment 
with generous coverage of the bilateral tracheoesophageal grooves, common 
party wall, laryngeal inlet on the right, cricoid cartilage, resected tracheal bed, 
resected esophageal muscularis bed, thyroid bed, anterior soft tissue of the low 
neck, paratracheal nodal bed, and positive nodal bed of the right neck.   

     

   Fig. 10.9   
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   2.    Regarding radiation target volumes in the lateral neck, levels II–V were targeted 
in the node-positive neck ( right  side) and levels III–IV were targeted in the node- 
negative neck ( left  side). This allowed for sparing of the left major salivary 
glands. Mean dose to the left submandibular gland and that of left parotid gland 
were 12 and 6 Gy, respectively.    
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 This    chapter emphasizes the role of IMRT in reducing complications of irradiation of head and 
neck cancer. 

      Sequelae of Therapy of Head and Neck 
Cancer: Their Prevention and Therapy 

             Amrut     S.     Kadam       and     Avraham     Eisbruch     

     Keywords  
  Xerostomia   •   Parotid gland   •   Submandibular   •   Sublingual glands   •   Minor salivary 
glands   •   Dysphagia   •   Hearing loss   •   Larynx   •   Neural structures   •   Spinal Cord   • 
  Reirradiation of the spinal cord   •   Radiation-induced brachial plexopathy (RIBP)   • 
  Radiation-induced optic neuropathy (RION)   •   Osteoradionecrosis of the 
mandible   •   Hyperbaric oxygen therapy   •   Dental caries  

11.1        Introduction 

 Radiotherapy (RT) has an integral role in the treatment of head and neck cancer (HNC) 
with a goal for organ preservation. Intensifi cation of RT for locally advanced HNC 
along with systemic chemotherapy, and more recently targeted therapy, has led to sig-
nifi cantly improved locoregional control and survival compared with conventional 
RT. However, these improvements are accompanied with increased toxicity [ 1 ,  2 ]. 

 IMRT allows highly conformal dose distributions to target volumes. Appropriate 
selection and accurate delineation of the target volumes and avoidance organs gain 
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critical importance [ 3 ]. In HNC, intensity-modulated radiotherapy is especially 
attractive due to its unique ability to treat concave target shapes, the close vicinity 
of the targets, and many dose-limiting and noninvolved organs at risk (OARs), and 
its accuracy is enhanced by the lack of breathing-related motion in these tumors. 

 The major OARs in HNC and IMRT role in its prevention of radiotherapy-related 
complications in the HNC are discussed below.  

11.2     Xerostomia 

 Permanent xerostomia is the most prevalent late consequence of irradiation (RT) of 
HNC and a major cause of reduced quality of life (QOL). In addition to patient 
perception of dryness, diminished salivary output has other effects, including 
 making mastication and deglutition diffi cult, which may contribute to nutritional 
defi ciencies, predisposing the patient to mucosal fi ssures and ulcerations, and 
changing the composition of oral fl ora, promoting dental caries and contributing to 
osteoradionecrosis (ORN, discussed later; see under Sect.  11.6.1 ). The prevalence 
of xerostomia relates to the extreme radiosensitivity of the salivary glands [ 4 ]. 
Radiation to the salivary glands alters the volume, consistency, and pH of secreted 
saliva [ 5 ]. 

 The severity of the damage to the salivary glands is dependent both on the total 
radiation dose and on the volume of irradiated salivary glands (major and minor 
salivary glands) [ 6 ]. 

11.2.1     Parotid Gland 

 Especially for HNC squamous cell carcinoma, the necessity of treating bilateral 
level II lymph nodes makes it diffi cult to spare the parotid glands using laterally 
opposed RT techniques. However, with 3D CRT or IMRT, it is possible to partly 
spare at least one parotid gland in selected patients. A high dose is delivered to 
only a small part of the parotid gland that is located closest to the target volumes, 
typically the tail of the parotid gland, while the rest of the parotid receives a low 
dose or no dose at all [ 4 ,  7 ]. 

 The parotid glands under stimulated status produce 60–25 % of saliva, 20–30 % 
by the submandibular glands (SMGs), and 2–5 % by the sublingual glands. However, 
in the nonstimulated state, the SMGs contribute up to 90 % of the salivary output 
[ 8 ]. The serous part of the saliva is secreted by the parotid glands, whereas mucins 
in saliva, which chiefl y contribute to the patient’s subjective sense of moisture, are 
contributed by the SMGs [ 6 ]. It becomes imperative to protect functions of the 
SMGs as well as the parotid glands. 

 Over the years, literature has demonstrated the ability of IMRT to deliver dose 
distributions that allow partial preservation of parotid function, assessed by either 
salivary fl ow measurements or salivary gland scintigraphy (Table  11.1 ).
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   A number of prospective clinical trials have demonstrated that parotid-sparing 
IMRT reduces long-term xerostomia without jeopardizing local-regional control 
for nasopharyngeal cancer (NPC) compared with conventional RT [ 18 – 20 ] and 
preserved salivary fl ow in oropharyngeal cancer [ 10 ,  21 ]. 

 Practice guidelines on parotid-sparing IMRT for HNC have been formulated 
with use of data on locoregional failure after IMRT. Based on the location of tumor, 
the parotid glands can be safely spared. For N0 at least one, but usually both, parotid 
glands; for N1 and 2 a, b disease, sparing of the contralateral parotid gland does 
not result in increased marginal failures [ 22 ,  23 ], and lower priority is given to the 
ipsilateral parotid if lymph nodes at level II are involved [ 5 ,  24 ,  25 ]. 

 In addition, detailed delineation have been given about the cranial border of level 
II, as it has clear pertinence with the possibility of sparing the parotid [ 26 ]. For N0 
disease, the upper boundary of level II is placed at the caudal edge of the lateral 
process of the fi rst vertebra [ 27 ]. For N+, level II on the involved neck side is 
extended to the skull base and includes the retrostyloid space [ 28 ]. 

11.2.1.1     Dose Response 
 The prevalence and extent of dry mouth can be greatly reduced over time by reducing 
the mean dose to at least one parotid gland as salivary function can be partially 
preserved which improves gradually over time. 

 Among the variety of salivary endpoints, subjective xerostomia and objective stimu-
lated/unstimulated salivary fl ow most commonly used have been correlated with the 
dosimetric dose–volume parameters. The mean parotid gland dose [ 12 ,  29 – 31 ] in par-
ticular has been correlated with whole mouth or individual gland salivary production. 

 Defi nition of dose–volume–response relationships for the parotid glands has been 
well established from the data regarding correlation of residual salivary function with 
radiation dose. Table  11.2  summarizes the reported dose–volume predictors for sali-
vary fl ow and salivary function recovery. Minimal gland function reduction occurs at 
<10–15 Gy mean dose. Gland function reduction gradually increases at radiation 
doses of 20–40 Gy, with a strong reduction (usually by >75 %) at >40 Gy [ 12 ,  17 ].

   Table 11.1    Prospective trials on parotid-sparing assessments treated with IMRT   

 Year  Author   n   Stage 
 Mean dose 
(Gy) constraint 

 End point assessments 

 Objective  Subjective 
 2013  Chen et al. [ 9 ], Blanco 

et al. [ 10 ] 
 31  I–IV  <25.8  SGS  NS 

 2010  Eisbruch et al. [ 11 ]  69  I–II  <26  SF  XQ 
 2007  Scrimger et al. [ 12 ]  47  I–IV  ≤26  SF  XQ 
 2005  Saarilahti et al. [ 13 ]  17  II–IV  ≤25.5  SF  NS 
 2004  Parliament et al. [ 14 ]  23  I–IV  ≤26  SF  XQ 
 2004  Münter et al. [ 15 ]  18  I–IV  ≤26  SGS  NS 
 2001  Eisbruch et al. [ 16 ]  84  I–IV  ≤26  SF  XQ 
 2001  Chao et al. [ 17 ]  41  II–IV  ≤32  SF  XQ 

   SF  salivary fl ow,  XQ  xerostomia questionnaire,  NS  not stated,  SGS  salivary gland scintigraphy  
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   Eisbruch et al. [ 33 ] studied the dose–volume effect relationships for the parotid 
glands, and they analyzed the correlations between fractional gland volumes 
 receiving various doses and the mean doses and concluded that they were highly 
correlated; therefore, they concluded that mean dose was an adequate metric. Also 
a medial shift of the parotid glands during therapy in some patients may increase 
their mean doses compared with the treatment plans [ 31 ,  34 ].  

11.2.1.2     Dose Recommendation 
 Defi nition of dose–volume–response relationships for the parotid glands has been 
well established from the data regarding correlation of residual salivary function 
with radiation dose. The consensus has been reached that xerostomia can be sub-
stantially reduced by limiting the mean parotid gland dose to <26–30 Gy as a plan-
ning criterion [ 35 ]. Xerostomia risk is reduced with sparing of at least one parotid 
gland or even one submandibular gland [ 13 ]. Severe xerostomia (long-term salivary 
function <25 % of baseline) can usually be avoided if at least one parotid gland has 
been spared to a mean dose of <20 Gy or if both glands have been spared to a mean 
dose of < 25 Gy [ 36 ]. At present, the mean noninvolved parotid mean dose is set to 
be ≤ 26 Gy in the Department of Radiation Oncology, University of Michigan.   

11.2.2     Submandibular/Sublingual Glands 

 These glands lie anterior to the level II lymph node targets in the neck. In many 
advanced HNC treating bilateral neck disease, it is harder to spare a substantial 
amount of these glands, especially in cases of bilateral lymphadenopathy, resulting 
in no measurable salivary output from the majority of these glands after radiation. 

 Direct comparisons of parotid vs. submandibular gland (SMG) radiation sensi-
tivity studies show a lesser sensitivity of the SMGs compared with the parotid 
glands [ 37 – 41 ]. Also, lower sensitivity of mucinous compared with serous cells is 

   Table 11.2    Dose–volume predictors for salivary fl ow   

 Author (year)   N  
 Tumor dose 
(Gy) 

 Follow-up 
(months) 

 End point 
stimulated 

 Dose–volume 
parameters (mean) 

 Little et al. (2012) 
[ 32 ] 

 78  50–25  24  Saliva fl ow  25.4 Gy 

 Li et al. (2007) 
[ 30 ] 

 142  60–25  24  Saliva fl ow  <25–30 Gy 

 Blanco et al. 
(2005) [ 10 ] 

 55  50–21  12  SOMA  <25.8 Gy# 

    Eisbruch (1999) 
[ 33 ] 

 88  58–22  12  Saliva Flow  ≤25–26 Gy* 

  RT 66–70 Gy to primary tumor and pathologic nodes, 50–70 Gy to tumor bed if postoperatively, 
46–50 Gy to elective nodes. All 1.8–2.0 Gy/fraction, 1.5–1.8-Gy/fractions in low-risk target 
 volumes: SOMA = Grade 4 xerostomia using subjective, objective, management, analytic (SOMA) 
method; #Mean dose to single parotid gland to reduce stimulated salivary fl ow from that gland to 
<25 % of pre-RT saliva:* 26 Gy at 1, 3, and 6 months, 25 Gy at 12 months  
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reported [ 42 ,  43 ]. These fi ndings are confi rmed further with the common symptoms 
of thick and sticky saliva during and shortly after the completion of RT, related to 
the faster decline in the watery content of the saliva produced by the serous parotid 
glands, compared with the decline of the mucinous component produced predomi-
nantly by the SMGs and the minor salivary glands 

11.2.2.1     Dose–Volume Effects 
 While sparing SMGs, care must be taken so that it does not spare the tumor as it lies 
in close proximity to the base of tongue, tonsil, and level IIa lymph nodes, which 
require the full-prescribed radiation dose if gross and/or microscopic disease is in 
the abovementioned area. At present, available evidence has emerged regarding the 
effi cacy and safety of SMGs-sparing IMRT. 

 Various studies support a lesser sensitivity of the SMGs compared with the 
parotid glands, and lower sensitivity of mucinous compared with serous cells is also 
reported [ 36 ,  39 – 43 ]. The common symptom of thick and sticky saliva was reported 
during and shortly after the completion of RT, which was related to the faster decline 
in the watery content of the saliva produced by the serous parotid glands, compared 
with the decline of the mucinous component produced predominantly by the SMGs 
and the minor salivary glands. A study of dose–effect relationships for the subman-
dibular glands showed that their salivary output increased as mean dose was reduced 
from 40 to 30 Gy and then plateaued. No output was observed in glands receiving 
mean >40 Gy [ 44 ]. The treatment policy at the University of Michigan is to try and 
reduce the mean dose to 30 Gy depending on the need to treat level II (esp. the 
 jugulodigastric nodes) which lay immediately posterior to the SMG.   

11.2.3     Minor Salivary Glands 

 The minor salivary glands are dispersed throughout the oral cavity. It is well 
 documented that they produce up to 70 % of the total mucins secreted by the  salivary 
glands [ 45 ]. Hence, if the dose to the oral cavity is minimized, it might contribute to 
patient-reported xerostomia and also additional benefi ts like preventing mucositis 
and loss of taste [ 46 ]. Oral cavity should be contoured and delineated as an OAR 
and dose constraint given in designing IMRT plan whenever possible. In the 
Department of Radiation Oncology, University of Michigan, the mean dose for the 
noninvolved oral cavity is set to be ≤30 Gy with very low priority.  

11.2.4     Salivary Glands Dose Recommendations [ 34 ] 

 The improvement in objective parotid function as measured by salivary fl ow is not 
always accompanied with improved patient-reported xerostomia [ 28 ,  31 ,  36 ]. Kam 
et al. indicated that the observer-based grades underestimated the severity of 
 xerostomia compared with the patient self-reported scores [ 20 ]. Hence, not only the 
objective parotid function but also patient’s subjective scores should be the main 
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end points in evaluating xerostomia. As xerostomia is mainly an issue of QOL, 
patient-reported symptoms are more suggestive of its true severity. 

 One of the strategies to eliminate xerostomia is to spare at least one parotid gland 
and to spare at least one submandibular gland to reduce xerostomia risk and increase 
stimulated and unstimulated salivary function. For complex partial volume RT 
 patterns (IMRT), the mean dose to each parotid gland should be kept as low as pos-
sible, consistent with the desired clinical target volume coverage. Severe xerostomia 
(long-term salivary function <25 % of baseline) can usually be avoided if at least 
one parotid gland has been spared to a mean dose of less than 20 Gy or if both 
glands have been spared to a mean dose of less than 25 Gy. A lower mean dose to 
the parotid gland usually results in better function, even for relatively low mean 
doses (<10 Gy). Similarly, the mean dose to the parotid gland should still be mini-
mized, consistent with adequate target coverage, even if one or both cannot be kept 
to a threshold of <20 or <25 Gy. Published variations in response among different 
patient cohorts were probably related to the lack of an accurate model that correctly 
includes the effects of multiple salivary glands and intra-gland sensitivity  variations. 
When it can be deemed oncologically safe, submandibular gland sparing to modest 
mean doses (<35 Gy) might reduce xerostomia symptoms.   

11.3     Dysphagia 

 Radiotherapy for HNC inevitably results in signifi cant dose delivery to some of the 
critical structures necessary for normal deglutition (such as the tongue, soft palate, 
pharyngeal and laryngeal muscles) which leads to unavoidable mucositis and 
 swallowing diffi culty (dysphagia) [ 47 – 49 ]. These diffi culties have become major 
issues after the wide adoption of concurrent chemotherapy–radiotherapy in the past 
decade. 

 IMRT use in head and neck malignancies increased from 1.3 to 46.1 % between 
2000 and 2005 [ 50 ]. The rationale of using IMRT technique as a strategy to avoid 
dysphagia is based on the established relationship between functional status of the 
swallowing-related structures and irradiation dose distribution in these structures 
and on the ability of the IMRT to shape the high-dose volume in accord with the 
3-dimensional outline of the target(s) [ 3 ]. 

 Swallowing and mastication involve several nerves, muscles, and connective 
 tissue structures. The inferior, middle, and superior constrictors, innervated by the 
vagal nerve are the three most important muscles [ 50 ,  51 ]. The mastication  structures 
involved are the pterygoid, masseter, and temporalis muscles, and the mandibular 
condyle [ 45 ,  51 – 56 ]. Restricted and/or painful mouth opening affect normal 
 chewing and eating and impair speech and oral hygiene [ 57 ,  58 ]. 

 Normal tissue changes like edema, neuropathy, and fi brosis may impair the 
 swallowing function. Acute toxicities like mucositis and edema commonly disrupt 
normal swallowing during treatment, but improve substantially in the months 
 following radiotherapy or chemoradiotherapy in a majority of patients. However, 
neuropathy and fi brosis of the oral, laryngeal, and pharyngeal musculature may 
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develop or persist long after the completion of treatment. These late effects 
 ultimately impair the range of motion of key swallowing structures and have been 
implicated as the primary mechanisms of long-term dysphagia in HNC survivors 
[ 1 ]. Dysphagia may lead to (silent) aspiration, laryngeal penetration, and excess 
residue after the swallow and/or refl ux [ 44 ]. Residue after the swallow is a common 
source of post- swallow aspiration. 

 Eisbruch et al. [ 59 ] were the fi rst to report that radiation damage to the  pharyngeal 
constrictors and the glottic/supraglottic larynx were implicated in post-RT 
 dysphagia. They suggested that reducing the dose to DARS may lead to improved 
outcomes. Studies have found signifi cant correlation with dysphagia/aspiration and 
various dose–volume parameters for the pharyngeal constrictor muscles (superior, 
medial, and inferior group), esophageal inlet, and glottic and supraglottic larynx 
[ 45 ,  60 – 62 ] (Table  11.3 ).

11.3.1       Assessment 

 Dysphagia has been evaluated by both objective and subjective methods. Many 
researchers in clinical trials have analyzed the relationship between irradiated 
 structures and dysphagia; the fi ndings of published studies are nearly consistent 
regarding the crucial structures associated with swallowing dysfunctions. Few of 
them are mentioned briefl y here. 

 Roe et al. [ 53 ] had done a systematic review of the literature on swallowing 
 outcomes after IMRT (1998–2009), identifying 16 papers regarding methodologic 
quality and method of swallowing assessment. They conclude that if radiation dose 
to certain structures is limited, a favorable swallowing outcome may be possible. It 
is evident that it is impossible to compare results across studies due to heterogeneity 
in the patient population, use of a range of outcome measures that have not been 
shown to correlate with each other, and limited use of instrumental assessment (i.e., 

   Table 11.3    Studies assessing correlation of dose and DARS   

 Author  Year  Dosimetric structure correlated 
 Eisbruch et al. [ 59 ]  2004  PCMs (V50) and the glottic and supraglottic larynx (V50) 
 Feng et al. [ 63 ]  2007  PCMs (mean dose, V50, V60, V65) and larynx (mean dose, 

V50) 
 Levendag et al. [ 54 ]  2007  Superior and middle PCMs (mean dose) 
 Jensen et al. [ 64 ]  2007  Supraglottic larynx (mean dose, median dose, V60, V65) 
 Caglar et al. [ 47 ]  2008  Inferior PCMs and Larynx (both mean dose, V50, D60) 
 Caudell et al. [ 48 ]  2009  Inferior PCMs (V60, V65) and 

 larynx (mean dose, V55, V60, V65, V70) 
 Dirix et al. [ 49 ]  2009  Middle PCMs (mean dose, V50) and supraglottic larynx (mean 

dose) 

   PCM s Pharyngeal constrictor muscles,  V50  volume receiving ≥50 Gy,  V60  volume receiving 
≥60 Gy,  V65  volume receiving ≥65 Gy,  D60  minimum dose received by 60 % of a structure,  V70  
volume receiving ≥70 Gy  
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fi beroptic endoscopic evaluation of swallowing [FEES] and VFS). Also, the  methods 
used to delineate and reduce dose to swallowing organs at risk varied. 

 Eisbruch et al. [ 59 ]    recognized that muscular components of the swallowing 
apparatus, critical to the development of dysphagia in irradiated patients, can be 
spared by IMRT. 

 A series of trials have been done to establish whether dose reduction to DARS 
can improve swallowing outcomes for HNC treated by IMRT. The consistent  fi nding 
that increased radiation dose to a larger volume of the pharyngeal constrictors 
resulted in higher levels of dysphagia was seen. 

 Studies that focused on radiation dose reduction and/or structure avoidance, 
unfortunately, cannot easily be compared, because of their heterogeneity in tumor 
sites, treatment protocols, and their overall retrospective nature [ 51 ,  64 ]. It is found 
that there is signifi cant correlation with dysphagia/aspiration and various dose– 
volume parameters for the pharyngeal constrictor muscles (superior, medial, and 
inferior group), esophageal inlet, and glottic and supraglottic larynx [ 60 – 62 ,  65 ]. 

 At the University of Michigan, Feng et al. [ 66 ] demonstrated in a group of 73 
patients with oropharyngeal cancer that sparing these structures using IMRT is 
 feasible with high LRC rates and very low treatment-related dysphagia. During 
delineation of the neck nodes, including only the lateral (lying medial to the carotid 
arteries) retropharyngeal (RP) nodes which are at risk in HNC, Feng et al. [ 66 ] 
could spare the parts of the pharyngeal constrictors medial to the RP nodes,  resulting 
in mild or no dysphagia in almost all patients.  

11.3.2     Dose Effect 

 The use of high-intensity treatments, especially chemoirradiation, has resulted in 
considerable rates of swallowing dysfunction, both acute (15–23 %) and long term 
(3–21 %) [ 65 ,  67 – 72 ]. 

 The dose delivered to the pharyngeal constrictor muscles plays a crucial role in 
the development of severe late dysphagia/aspiration [ 45 ,  47 – 49 ,  55 – 58 ,  61 – 73 ]. 
With the technical ability of IMRT, this knowledge provides us with both the 
 rationale and the means to reduce the dose to these structures. To obtain this, we can 
include these structures in the IMRT optimization process; however, the central 
location of the swallowing structures and the close proximity between tumor and 
crucial structures make this often an arduous task with only limited dosimetric gain. 
Multivariate analysis has identifi ed that the bilateral lymph node irradiation was an 
important independent predictor for swallowing dysfunction 6 months after 
 treatment [ 74 ]. The necessity of elective lymph node irradiation in the eradication 
of subclinical disease has long been established in HNC [ 75 ]. 

 Snadra et al. [ 60 ] in their analysis demonstrated that dose de-escalation to the 
elective lymph nodes signifi cantly reduces the volume of the swallowing apparatus 
irradiated up to a high dose without compromising target coverage and dose 
 homogeneity. This clinically resulted into signifi cantly less grade 3 dysphagia in the 
de- escalated arm 3 months after treatment with similar LRC and DFS rates. A 
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combination of mucosal swelling and fi brosis of the swallowing muscles causes late 
dysphagia after radiation [ 76 ]. 

 Various authors have confi rmed the steep dose–response relationships between 
dose to different parts of swallowing apparatus and dysphagia in the short to medium 
term. 

 Levendag et al. [ 54 ] found a 19 % increase in the probability of late dysphagia 
grade 3/4 (>3 months after completion of the therapy) with every additional 10 Gy 
after a dose of 55 Gy in superior constrictor muscles 

 Eisbruch et al. [ 59 ] correlated doses with various outcome measures (objective 
and subjective outcomes) and noted varying correlation of the doses with each 
 outcome measure. It is likely that mean pharyngeal constrictor doses above 
45–60 Gy are associated with worse dysphagia. 

 Caudell et al. [ 48 ] have reported a 7–11 % increase in risk for gastrostomy 
dependence or aspiration with every 1-Gy increase in a mean dose to the larynx or 
inferior constrictor. 

 Van der Laan et al. [ 77 ] compared in their planning study 30 standard IMRT 
treatment plans with swallowing-sparing IMRT plans that aimed to reduce the dose 
to organs at risk for swallowing dysfunction in the same patients. The dose 
 characteristics of the target volumes and normal structures were comparable. After 
adequate coverage of target volumes and dose to critical structures within  acceptable 
limits were achieved, the mean doses to the various swallowing-related structures 
were reduced, depending on N classifi cation and primary tumor location. In addi-
tion, the observed dose reductions were refl ected in reduced estimates of the NTCP 
(normal tissue complication probability) values for both physician-rated [RTOG 
grade 3/4, for 9 %] and patient-rated measures for swallowing dysfunction  (moderate 
to severe complaints: for solid food 7.9 %, for soft food 2.4 %, for liquid food 
1.4 %, for choking when swallowing 0.9 %). 

 Lisette van der Molen et al. [ 78 ] reported dose–effect relationships between the 
radiation doses to the critical swallowing and mastication structures and dysphagia 
and trismus end points. They summarized that objective dysphagia (PAS) correlated 
signifi cantly to the inferior constrictor (IC) and subjective patient-reported prob-
lems with swallowing solids at 10 weeks posttreatment correlated with the radiation 
dose to the IC and masseter muscle and at 1-year posttreatment to the masseter 
muscle. Signifi cant associations were found with the radiation doses to the masseter 
and pterygoid muscles at 10 weeks for trismus. The radiation doses to the masseter, 
pterygoid, and temporalis muscles and the mandibular condyle at 1 year signifi -
cantly correlated between patient-perceived limited mouth opening and at 10 weeks 
posttreatment with only masseter muscle. He concluded that both objective and 
subjective measurements are valuable for fi nding dose relationships. 

 In Feng’s study, signifi cant correlations were observed between aspirations 
and the mean doses to the PC and GSL, as well as the partial volumes of these 
structures receiving 50–65 Gy [ 45 ]. Both the mean dose to the pharyngeal 
constrictor muscles and the larynx and the volume of structures receiving 
50–60 Gy have been shown to remarkably correlate with the prevalence of dys-
phagia [ 33 ,  49 ,  55 ,  60 ,  66 ,  68 ,  73 ,  76 ,  78 ]. These fi ndings imply that limiting the 
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dose to the crucial swallowing structures might decrease both the incidence and 
severity of radiation-induced dysphagia. 

 At present, the routine IMRT practice for HNC at the University of Michigan is 
to keep the mean dose to the noninvolved PC and GSL ≤50 Gy. However, avoiding 
underdosing to the targets in the vicinity remains the highest priority. In cases of 
oropharyngeal cancer, the lower neck is either treated with split-fi eld technique 
in which the glottis larynx and upper esophagus are shielded. Alternatively, whole- 
neck IMRT is performed while reducing mean doses to the larynx, inferior constric-
tors, and upper esophagus toward 20 Gy, a dose that is similar to that achieved with 
split-fi eld IMRT using laryngeal block.   

11.4     Hearing Loss 

 Hearing loss is a common but frequently ignored late complication after RT for 
HNC. In general, radiation-induced hearing loss includes conductive hearing loss 
due to damage to the outer and middle ear and sensorineural hearing loss (SNHL) 
caused by damage to the cochlea and/or the auditory nerve [ 79 ], which may result 
in long-lasting compromise of the quality of life [ 80 ]. Good hearing plays an impor-
tant role in maintaining relationships. The frequent request of others to repeat what 
has been said might lead to misunderstanding and disruption of relationships and 
social isolation. It is known that hearing loss may result in serious depression, 
 vertigo, cognitive impairment, and reduction in functional status [ 79 ]. 

 Current data from the literature have shown that total radiation dose, cisplatin- 
based chemotherapy, age, male sex, and hearing defi cit before RT are associated 
with the risk of hearing loss [ 79 ]. 

 Patients treated with head and neck IMRT based on audiometric evaluation 
 studies have reported about 0–63 % [ 79 ] of hearing loss. Chemoirradiation with 
cisplatin- based chemotherapy may increase the degree of hearing loss. By decreas-
ing the dose to the cochlea, the incidence of hearing loss may signifi cantly improve. 

 Cochlea is small in size and lies adjacent to the inner ear; hence, a small  deviation 
of contouring will have a profound effect on hearing loss and defeat the purpose of 
IMRT. Pacholke et al. [ 81 ] established the fi rst guidelines for contouring the middle 
ear and the two major components of the inner ear (the vestibular apparatus and 
cochlea). These guidelines have been of practical help to radiation oncologists in the 
process of radiotherapy planning. 

 Several studies have attempted to relate mean or median cochlear dose to 
 persistent hearing loss [ 63 ,  82 ,  83 ] (Table  11.4 ).

   Oh et al. [ 74 ] observed a reduction in the radiation dose to the inner ear from 
69.6 ± 11.8 to 63.4 ± 9.1 Gy and its resultant reduction in the incidence of SNHL 
from 68.2 % (15/22) to 0 % (0/8), even though no attempt was made to limit the 
radiation dose to the inner ear structure on the radiation planning. 

 Pan et al. [ 89 ] did a prospective study to determine the relationship between the 
RT dose to the inner ear and long-term hearing loss in HNC patients treated with 
RT. In each patient, hearing in the side that received a high dose to the cochlea was 
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compared longitudinally with hearing on the contralateral side which received 
 substantially lesser dose. This unique analysis potentially reduced bias and effects 
of aging and systemic therapy on the dose–response relationships. They reported 
that an increase in the mean dose to the inner ear was associated with increased 
hearing loss at high frequency (>2,000 Hz) and also clinically apparent hearing loss 
started at a threshold dose of 45 Gy. 

 Honore et al. [ 87 ] retrospectively estimated mean cochlear doses in 20 patients 
with HNC (1.8–2.3 Gy/fraction) and observed ∆BCT 7–79 months post-RT. A 
dose–response relationship was observed only for 4 kHz where BCT > 15 dB. 

 Chen et al. [ 86 ] retrospectively studied 22 patients treated with RT for NPC 
(1.6–2.3 Gy/fraction and concurrent/adjuvant chemotherapy) and studied ∆BCT 
12–79 months post-RT. A signifi cant increase in hearing loss (BCT of 20 dB at one 
frequency or 10 dB at two consecutive frequencies) was observed for all frequencies 
(0.5–2 kHz) when the mean dose received by the cochlea was >48 Gy. 

 Van de Putten [ 92 ] retrospectively evaluated    ∆BCT 2–7 years after RT in 21 
patients with unilateral parotid tumors (fraction sizes 1.8–2.0 Gy). Using the contra-
lateral ear as a control, SNlll (BCT >15 dB difference in three frequencies between 
0.25 and 22 kHz) was seen when mean doses received by the cochlea were >50 Gy. 

 Grau et al. [ 84 ] demonstrated that the probability and severity of the loss were 
correlated with dose and the sound frequency when cochlea received doses of 
50–70 Gy leads to hearing loss within 18 months. Also in ¾ of the patients of NPC 
cases analyzed retrospectively showed that the cochleae lie within the PTV and that 
their position greatly affects the dose they receive. 

   Table 11.4    Studies related to radiation doses and hearing loss   

 Author  Year   N   Rx 
 Threshold 
dose (Gy)  Clinically cochlear damage studied 

 Grau et al. [ 84 ]  1991  22  RT  50  SNHL at high frequencies (2–4 kHz) 
 Anteunis et al. 
[ 85 ] 

 1994  18  RT  50  Conductive and/or SNHL 

 Chen et al. [ 86 ]  1999  21  RT  60  SNHL 
 Honore et al. [ 87 ]  2002  20  RT  15  Hearing impairment 0.3 dB/Gy and 

15 % risk of SNHL with 15 Gy 
 Johannesen 
et al. [ 88 ] 

 2002  33  RT or 
CRT 

 54  >4,000 Hz 

 Oh et al. [ 74 ]  2004  24  CRT  63.4 ± 9.1  High frequency 
 Merchant et al. 
[ 75 ] 

 2004  72  RT or 
CRT 

 32  Low and intermediate frequency 
(<32 Gy, shunt only); high frequency 
(>32 Gy, with or without shunt) 

 Pan et al. [ 89 ]  2005  31  RT  45  ≥2,000 Hz 
 Herrmann et al. 
[ 90 ] 

 2006  32  RT  20–25  ED50 was in range of 20–25 Gy 

 Hitchcock et al. 
[ 91 ] 

 2009  62  RT  40 for RT  SNHL 
 CRT  10 for CRT  High-frequency SNHL 

   CRT  chemoradiotherapy,  RT  radiation therapy,  SNHL  sensorineural hearing loss,  ED50  dose at 
which 50 % incidence is expected  
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 At MSKCC, the dose limit to the cochlea for NPC patients is 60 Gy wherever 
possible given the target constraints with an additional constraint requiring ≥99 % 
of the GTV to receive ≥70 Gy is used to prevent underdosing the tumor. By IMRT 
dose painting and the simultaneous boost technique, lower cochlear maximum 
doses of 30 Gy without compromising target coverage can be achieved. 

 In a retrospective study of 26 patients with medulloblastoma treated by either 
conventional RT or IMRT, IMRT delivered 68 % of the radiation dose to the audi-
tory apparatus (mean dose: 36.7 vs. 54.2 Gy), without compromising the target dose 
[ 82 ]. Grade 3 or 4 hearing loss was also reduced at 13 % vs. 64 % ( p  < 0.014) [ 93 ]. 
Similarly, hearing loss in NPC treated with IMRT is relatively uncommon and less 
severe. 

 Sultanem et al. [ 83 ] studied IMRT with concurrent and adjuvant cisplatin-based 
chemotherapy in 32 NPC. From dose–volume histograms (DVHs) analyzed, the 
average dose to 50 % of the right and left ear volume was 52.0 Gy (range 34.0–
71.7 Gy) and 52.2 Gy (range 34.6–64.2 Gy), respectively. At a median follow-up of 
21.8 months, only 5 cases developed Grade 3 hearing loss. 

 Wolden et al. [ 94 ] studied IMRT using accelerated fractionation along with 
 concurrent and adjuvant platinum-based chemotherapy in 74 NPC patients (69/74 
received CT). No patient had Grade 4 hearing loss at the end of 6 months, and only 
15 % had Grade 3 SNHL based on audiograms. The average mean dose received to 
cochlea was 55.6 Gy. 

 Due to the large variance in literature reported incidence of hearing loss, future 
toxicity studies are still needed, such as multi-institutional or larger single prospec-
tive trials utilizing both pre- and posttreatment hearing tests, in order to determine 
absolute hearing loss as a function of frequency and the absolute radiation dose 
received by each cochlea. Moreover, due to the wide use of combined chemoradio-
therapy, the response of SNHL to chemoradiation also needs to be established in 
prospective trials as a function of both cisplatin and radiation doses, as well as 
 chemoregimen (neoadjuvant, concurrent, or adjuvant). 

 At the University of Michigan, the dose constraint for cochlea is 40 Gy if the 
target is close to the cochlea, as may be the case in advanced nasopharyngeal cancer. 
If the target is not close, we prefer to reduce the dose as much as possible to <30 Gy.  

11.5     Larynx 

 The primary goals of larynx preservation are to assure speech and swallowing 
 function. Radiotherapy may cause progressive edema, lymphatic disruption, and 
associated fi brosis, which can lead to long-term problems with phonation and 
 swallowing [ 95 ]. 

 Locally advanced laryngeal cancer frequently causes voice and swallowing 
 dysfunction, including aspiration that might not improve even if the cancer has been 
eradicated. These are the main reasons patients presenting with marked laryngeal 
dysfunction are advised to undergo laryngectomy rather than a trial of chemo-
 RT. The addition of concurrent chemotherapy to high-dose, extensive-fi eld RT 
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worsens substantially the risk of laryngeal edema and dysfunction. RT without 
 chemotherapy, delivered to small fi elds for stage T1 glottic larynx cancer, usually 
results in excellent voice quality [ 96 ]. 

 Vocal function is assessed objectively using instruments like videostroboscopy 
for direct visualization to assess supraglottic activity, vocal fold edge, amplitude, 
mucosal wave, phase symmetry, and glottis closure [ 97 ], aerodynamic measure-
ments of phonation time [ 98 ], or human observation [ 99 ] as subjective assessments 
can be made with validated patient-focused questionnaires to assess various 
 combinations of voice, eating, speech, and social function. 

 Flexible fi beroptic examination is used to assess edema. As per RTOG scale 
[ 100 ], Grade 1 edema would correspond to “minimal” thickening of the epiglottis, 
 aryepiglottic folds, arytenoids, and false cords. Grade 2 is a more diffuse and evident 
edema, although still without signifi cant or symptomatic airway obstruction. 

 Due to the small size and close proximity of these vocal structures, high- 
resolution, contrast-enhanced computed tomography facilitates accurate substruc-
ture defi nition. The identifi cation of the most important anatomic sites, whose 
dose–volume parameters would primarily affect vocal function, is of paramount 
importance. Various authors suggest different structures for planning purposes; 
Sanguineti et al. [ 99 ] considered the larynx from the tip of the epiglottis superiorly 
to the bottom of the cricoid inferiorly; the external cartilage framework was excluded 
from the laryngeal volume. Dornfeld et al. [ 100 ] considered the dose points in 
 various structures (e.g., base of tongue, epiglottis, lateral pharyngeal walls, pre- 
epiglottic space, aryepiglottic folds, false vocal cords, and upper esophageal sphinc-
ter) to be related to vocal injury. 

 The exact correlation between voice abnormalities and the degree of laryngeal 
edema has not been assessed. Pre-RT voice abnormalities have not been considered in 
most studies and hence might have overestimated the degree of RT-related  damage. 
Many studies have shown a good voice outcome after RT for Stage T1 laryngeal can-
cer (typically 60–66 Gy without chemotherapy). In the locally advanced setting, less 
information is available regarding voice quality after treatment. 

 Dornfeld et al. [ 100 ] found a strong correlation between speech and doses 
 delivered to the aryepiglottic folds, pre-epiglottic space, false vocal cords, and 
 lateral pharyngeal walls at the level of the false vocal cords. In particular, they noted 
a steep decrease in function after 66 Gy to these structures. Their study was limited 
by not having full three-dimensional dose metrics. 

 Fung et al. [ 96 ] evaluated the subjective and objective parameters of vocal func-
tion. Changes in voice were related to doses to the larynx and pharynx and oral 
cavity. They suggest that saliva, pharyngeal lubrication, and soft tissue/structural 
changes within the surrounding musculature play an important role in voice 
function. 

 Sanguineti et al. [ 99 ] found that neck stage, nodal diameter, mean laryngeal dose, 
and percentage of laryngeal volume receiving ≥30–70 Gy were all signifi cantly 
associated with edema Grade 2 or greater on univariate analysis. On multivariate 
analysis, the mean laryngeal dose or percentage of volume receiving ≥50 Gy and 
neck stage were the only independent predictors. 
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 Rancati et al. [ 101 ] studied two normal tissue complication probability models 
(the Lyman–Kutcher–Burman model and the logit model) with the dose–volume 
histogram reduced to the equivalent uniform dose (EUD). A signifi cant volume 
effect was found for edema, consistent with a prevalent parallel architecture of the 
larynx for this endpoint. These fi ndings suggested an EUD of <30–35 Gy to reduce 
the risk of Grade 2–3 edema. 

 Longitudinal studies consisting of objective scoring of laryngeal edema, voice 
quality, and patient-reported measures are necessary to assess the intercorrelations 
among these measures. Such studies should include pretherapy assessments to 
account for tumor-related voice abnormalities and should concentrate on patients 
receiving concurrent chemo-RT who are at the greatest risk of laryngeal toxicity. 

 The surrounding tissues might be indirectly affected by a reduction in salivary 
function or directly by effects on the intrinsic musculature and soft tissue. From the 
published data, it seems reasonable to suggest limiting the mean noninvolved larynx 
dose to 40–45 Gy and limiting the maximal dose to <63–66 Gy, if possible, 
 according to the tumor extent. To minimize the risks of laryngeal edema, it is 
 recommended that the percentage of larynx volume receiving ≥50 Gy be < 27 % and 
the mean laryngeal dose ≤ 44 Gy [ 102 ]. 

 At the University of Michigan, 91 patients with stage III/IV oropharyngeal 
 cancer were treated on two consecutive prospective studies of defi nitive chemora-
diation using whole-fi eld IMRT from 2003 to 2011. Patient-reported voice and 
speech quality were longitudinally assessed from pretreatment through 24 months 
using the Communication Domain of the Head and Neck Quality of Life (HNQOL-C) 
instrument and the speech question of the University of Washington QOL 
(UWQOL-S) instrument, respectively. Factors associated with patient-reported 
voice quality worsening from baseline and speech impairment were assessed. The 
results demonstrated that patient-reported voice quality decreased maximally at 1 
month, with 68 and 41 % of patients reporting worse HNQOL-C and UWQOL-S 
scores compared to pretreatment, and improved thereafter, recovering to baseline by 
12–18 months on average. In contrast, observer-rated larynx toxicity was rare (7 % 
at 3 months; 5 % at 6 months). Among patients with mean glottic larynx (GL) dose 
≤20 Gy, >20–20 Gy, >30–20 Gy, >40–20 Gy, and >50 Gy, 10, 32, 25, 30, and 63 % 
reported worse voice quality at 12 months compared to pretreatment ( p  = 0.011). 
Results for speech impairment were similar. GL dose, N-stage, neck dissection, oral 
cavity dose, and time since chemo-IMRT were univariately associated with either 
voice worsening or speech impairment. On multivariate analysis, mean GL dose 
remained independently predictive for both voice quality worsening (8.1 % per Gy) 
and speech impairment (4.3 % per Gy). We concluded that voice quality worsening 
and speech impairment after chemo-IMRT were frequently reported by patients, 
under- recognized by clinicians, and independently associated with GL dose. These 
fi ndings support limiting mean GL dose to <20 Gy during whole-neck IMRT when 
the larynx is not a target [ 103 ].  
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11.6     Neural Structures 

11.6.1      Spinal Cord 

 The Spinal cord extends from the base of the skull through the top of the lumbar 
spine; individual nerves continue down to the spinal canal to the level of the pelvis. 
The spinal cord consists of gray and white matter similar to the brain. However, the 
gray matter is internalized with a butterfl y arrangement in transverse section 
 consisting of dorsal and anterior columns. The white matter is the external coat 
composed of nerve fi bers, an inconspicuous vasculature, and glial cells. The 
 concentric myelin sheath that surrounds the axon is formed by the cytoplasmic 
 processes of oligodendrocytes. The refl ex motor actions following stimulus enter 
via the afferent posterior sensory arc and leave delivered by the efferent anterior 
synapse or arc. The blood supply is via the anterior spinal artery and two posterior 
spinal arteries, with the longest branches occurring in the thoracic cord. Unique to 
the spinal cord is interruption or transection of any segment defunctionalizes the 
caudal extension. One of the most dreaded radiation injuries is a transverse myelop-
athy that leads to paraparesis or paralysis of the limbs with loss of bladder and rectal 
sphincter control. 

 Portions of the spinal cord are often included in radiotherapy (RT) fi elds for 
treatment of malignancies involving the neck. RT-induced spinal cord injury (i.e., 
myelopathy) can be severe, resulting in pain, paresthesias, sensory defi cits, paralysis, 
Brown-Sequard syndrome, and bowel/bladder incontinence [ 104 ]. 

 Radiation-induced transverse myelitis is an irreversible process with no effective 
treatment [ 105 ]. The damage that occurs after excessive doses of radiation does not 
manifest itself until late, 6–24 months after treatment, because the tissues that are 
damaged are slowly proliferating [ 105 ,  106 ]. Symptoms, usually paresthesias, 
appear from 6 months to 2 years after completion of radiation therapy and may 
progress to total paralysis [ 107 ]. 

 Lhermitte’s sign (LS) is an electric shock-like sensation in the spine and extremi-
ties exacerbated by neck fl exion. It is caused by reversible demyelination of ascend-
ing sensory neurons due to inhibition of oligodendrocyte proliferation after 
radiotherapy (RT) of the cervical or thoracic spine [ 108 – 110 ]. The denuded axons 
become sensitive to irritation from neck fl exion, causing the characteristic shock 
sensations. Once oligodendrocytes recover and myelin synthesis is resumed, symp-
toms subside. Although LS is not usually associated with a progression to chronic 
progressive irreversible myelitis, delayed radiation myelopathy causing paralysis 
may be preceded by LS [ 111 ]. 

 There are four clinical syndromes of radiation myelopathy as described by 
Reagan et al. [ 105 ] .  The fi rst is acute transient radiation myelopathy, distinguished 
by the presence of Lhermitte’s sign. It is the most common myelopathy and is 
 associated with no other abnormalities on neurologic examination. The second 
 syndrome is an acutely developing paraplegia or quadriplegia, presumably second-
ary to an infarction of the spinal cord because of radiation damage to the blood 
vessels. The third syndrome is manifested by signs of lower motor-neuron disease 
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in the upper or lower extremities, presumably the result of selective anterior horn-
cell damage. These latter two syndromes are exceedingly rare; the fi nal syndrome is 
chronic progressive radiation myelopathy, the only syndrome for which pathologic 
fi ndings have been described. This is the syndrome that most concerns radiation 
oncologists, for it is progressive and permanent and often leads to the development 
of a fatal complication such as infection or pulmonary embolus [ 104 ]. 

 The incidence of permanent injury to the spinal cord as a complication of 
 radiation therapy generally correlates positively with total radiation dosage. The 
pathogenesis of radiation injury is believed to be primarily from vascular/endothe-
lial damage, glial cell injury, or both [ 112 ,  113 ]. The clinical endpoint in most 
 studies is paralysis, with the spinal cord showing nonspecifi c white matter necrosis. 
Several animal study reports suggest regional differences in radiosensitivity across 
the spinal cord [ 112 ,  114 ]. 

 Phillips and Buschke [ 113 ] concluded that the number of fractions was the most 
important factor in the development of late radiation damage to the spinal cord. 
They reported on the incidence of myelitis after treatment to portions of the cervical 
or thoracic spine correlating dosages with number of fractions. They found that a 
line connecting 6,000 cGy in 35 fractions in 7 weeks (171.5  cGy  per fraction) or 
5,000 cGy in 25 fractions in 5 weeks (200 cGy per fraction) excluded all their 
myelitis cases. Van der Kogel [ 114 ] also concluded that the spinal cord tolerance 
depended more on the number of fractions and less on overall treatment time. 

 Abbatucci [ 115 ] concluded that 5,000 cGy in 25 fractions could be tolerated 
safely if not more than 3–5 vertebral segments were involved. Kim and Fayos [ 116 ] 
also concluded that short lengths of spinal cord could safely tolerate 6,000 cGy in 
fractions of 180–200 cGy. They also suggested that fraction size was one of the 
most important factors in determining myelopathy. 

 McCunniff    and Liang [ 117 ] observed that when doses higher than 6,000 cGy to 
the cervical spinal cord with fractions ranging from 133 to 180 cGy, only 1  developed 
spinal cord damage. They concluded that radiation injuries correlated not only with 
the total dose but also with fraction size. 

 Marcus and Million [ 118 ] reported that the risk of myelitis was 0/124 for a dose 
range 3,000–3,999 cGy, 0/442 for 4,000–4,499 cGy, 2/471 for 4,500–4,999, and 0/ 
75 for 5,000 cGy or greater. They concluded that a risk of less than 0.5 % is often 
worth taking if it is necessary to treat a tumor near the spinal cord to a dose near 
5,000 cGy and that a total dose of 5,500 given in fractions of less than 200 cGy was 
associated with a very low risk of permanent neurologic damage. 

 With conventional fractionation of 2 Gy per day, a total dose of 50 Gy, 60 Gy, 
and 69 Gy is associated with a 0.2, 6, and 50 % rate of myelopathy [ 119 ] (Table  11.5 ).

11.6.2        Reirradiation of the Spinal Cord 

 In evaluating reirradiation of the spinal cord, one must not only consider the dose 
regimen for each course and the volume and region (re)irradiated but also the time 
interval between the courses of RT [ 122 ]. For purposes of comparing different 
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regimens (published reports) involving reirradiation of the spinal cord using both 
conventional, full-circumference external beam RT and SBRT [ 119 ], an α/β of 3 Gy 
was used to calculate the biologically equivalent dose in Gy3 and both α/β values of 
1 and 3 Gy were employed to calculate the 2-Gy per fraction equivalent dose. In all 
of these studies, the median interval between courses was at least 6 months, and 
only a small number of cases were treated at intervals less than 6 months. Note that 
few cases of myelopathy are reported despite large cumulative doses, with  essentially 
no cases of myelopathy observed for cumulative doses 60 Gy in 2-Gy equivalent 
doses. These data are consistent with the observations of post-RT repair observed in 
the animal models. For reirradiation at 2 Gy per day after prior conventionally frac-
tionated treatment, cord tolerance appears to increase at least 25 % 6 months after 
the initial course of RT based on animal and human studies [ 119 ]. 

 Ang [ 122 ] treated the thoracic and cervical spines of Rhesus monkeys to 44 Gy 
and then reirradiated these animals with an additional 57 Gy at 1–2 years or 
66 Gy at 2–3 years, yielding aggregate doses of 101 and 110 Gy, respectively. The 
study end point was lower extremity weakness or balance disturbances at 2.5 years 
after reirradiation. Of 45 animals evaluated at the end of the observation period, 4 
 developed end point symptoms. 

 A reirradiation tolerance model developed by combining these data with those of 
a prior study of single-dose tolerance in the same animal model [ 123 ] resulted in an 
estimated recovery of 34 Gy (76 %), 38 Gy (85 %), and 45 Gy (101 %) at 1, 2, and 
3 years, respectively. Under conservative assumptions, an estimated overall  recovery 
of 26 Gy (61 %) was calculated. 

 Treatment with IMRT is characterized by much smaller spinal cord volumes 
irradiated to high doses, and, if a single IMRT plan is used, the dose/fraction deliv-
ered to the SC is usually much lower than the fraction dose around 2 Gy delivered 
to the target. Adopting maximum allowable spinal cord doses that were used in the 
2D and 3D eras (e.g., maximal dose of 50 Gy over a treatment course of 7 weeks) is 
therefore more conservative than in previous eras, where full fraction doses of 

   Table 11.5    Studies related to myelopathy   

 Author 
 Total 
dose  Fraction 

 2 Gy dose 
equivalent a    n   Myelopathy 

 Myelopathy 
probability b  

    Marcus and Million 
[ 118 ] 

 47.5  1.9  45  211  0  0.000 

 52.5  1.9  49.8  22  0  0.000 
 60  2  60  19  2  0.118 

 Abbatucci et al. [ 115 ]  54  3  72.8  15  7  0.622 
 Atkins and Tretter [ 120 ]  19  9.5  68.6  13  4  0.437 
 McCunniff and Liang 
[ 117 ] 

 60  2  60  12  1  0.090 

 65  1.63  56.6  24  0  0.000 
 Jeremic et al. [ 121 ]  65  1.63  56.6  19  0  0.000 

   a  α / β  = 0.87 Gy 
  b Schultheiss et al. [ 110 ]  
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1.8–2.0 Gy were typically delivered homogeneously to relatively large spinal cord 
segments. However, clinical data showing that escalation of the permissible cord 
dose is safe are lacking, therefore standard recommendations limit maximal 
cord dose to 45–50 Gy. If tumors extend very near the spinal cord (uncommon in 
most HN cancers), some relaxation of this rule is likely quite safe. Rather than using 
absolute maximum derived from the DVH, which is often received by a single 
voxel, it is preferable to limit maximal dose to a small volume such as 1 %, to avoid 
being overly conservative.  

11.6.3     Radiation-Induced Brachial Plexopathy (RIBP) 

 The brachial plexus is a network of nerve bundles that originate from the cervical 
and upper thoracic spinal cord and is intimately responsible for the cutaneous and 
muscular innervation of the chest, shoulder, and upper extremity. It begins at the 
ventral rami of nerve roots at the 5th cervical vertebrae and continues inferiorly to 
include the nerve roots exiting the neural foramen of the fi rst thoracic vertebrae. It 
then passes inferolaterally between the anterior and middle scalene muscles to 
innervate the cutaneous skin of the upper extremity and numerous muscles  including 
the latissimus dorsi, pectoralis major and minor, levator scapulae, deltoid, and 
biceps brachii. 

 Though damage to this complex can occur as a result of trauma, tumors, or 
infl ammation, it is believed to be susceptible to injury from therapeutic radiation. 
Neuropathies attributed to radiation therapy including upper extremity paresthesia, 
pain, weakness, and motor dysfunction were described as early as 1966 among 
patients irradiated to the neck and supraclavicular region [ 124 ]. The brachial plexus 
(BP) is adjacent to metastatic lymph nodes and high-risk nodal volume in the neck 
and supraclavicular area, and it is inevitably covered in the radiation portals using 
conventional techniques and irradiated to 54–70 Gy. This prompted the Radiation 
Therapy Oncology Group (RTOG) to include the BP as an OAR in many recent 
protocols. RIBP is a relatively common late complication after postoperative RT for 
breast cancer: The reported prevalence is 1–6 % at 5 years after 45–54 Gy  irradiation 
[ 123 ,  125 ,  126 ]. For patients undergoing radiation therapy for cancers of the head 
and neck, which typically require signifi cantly higher doses to these areas, there are 
very few published data on these side effects. 

 RIBP is a potentially painful and debilitating complication of radiotherapy, 
 characterized by sensory changes and motor defi cits [ 127 ]. There may be a gradual 
evolution of symptoms or a more rapid progression with time, which may on 
 occasion culminate in complete loss of function of the affected arm [ 123 ,  125 ]. The    
median time to onset of symptoms ranging from 6.5 months to 4 years after the 
completion of radiotherapy and ranges of 1.4 months to 26 years [ 128 ,  129 ]. 

 Postmortem examination in clinically symptomatic patients have revealed such 
changes as fi brosis surrounding the nerves of the brachial plexus, fi brous thickening 
of the nerve sheath, demyelination, and fi brous replacement of individual nerve 

A.S. Kadam and A. Eisbruch



233

fi bers [ 124 ]. Notably, these changes are limited to the irradiated region, with 
 extensive demyelination and atrophy seen distal to the radiation fi eld. 

 The natural course of radiation injury to the brachial plexus is uncertain and has 
been reported to range widely. Although the development of radiation-induced 
nerve injury is believed to be a slow process, with a latency period of 1–4 years, 
some investigators have reported a much more rapid onset of symptoms [ 130 ]. What 
is clear, however, is that peripheral neuropathies increase with prolonged follow-up. 
In the largest published series, Powell et al. [ 123 ] reported that the actuarial 
 incidence of radiation-induced brachial plexopathy was approximately 5 % at 
5.5 years among 449 patients treated with postoperative radiation therapy for breast 
cancer. The investigators did identify a signifi cant difference among patients irradi-
ated using 3 Gy per fraction compared with 1.8 Gy. Notably, the calculated dose to 
the brachial plexus was 54 Gy using conventional fractionation, which represented 
a dose approximately 20 % lower than Chen et al. [ 131 ]. Platteaux et al. [ 132 ] found 
no RIBP when he retrospectively analyzed 43 cases of HNC treated with IMRT, 
with a median follow-up of 24 months. The max dose of 64.2 Gy and mean dose of 
44.1 Gy were documented. 

 Chen et al. [ 131 ] was the fi rst to report on nerve injuries after high-dose radiation 
therapy for head and neck cancer. He suggested that a signifi cant proportion of 
patients experience symptoms, consistent with prior reports from the breast cancer 
literature; the most common symptoms observed in the studies were paresthesia and 
dysesthesia of the upper extremities. The use of surgical neck dissection and 
 concurrent chemotherapy each appeared to increase the risk for developing 
 neuropathies; it was notable that 9 and 8 % of patients who never underwent neck 
dissection and were treated without chemotherapy, respectively, developed symp-
toms. In the multivariate analysis, when the brachial plexus was irradiated to doses 
>70 Gy, a signifi cantly higher proportion of patients developed neuropathic 
 symptoms, suggesting a threshold effect. This study was retrospective, relying on 
patient complaints such as shoulder weakness or pain, and no physical examination 
or electromyographs were used. The fact that neck surgery increased the risk in this 
series suggests that at least some of the cases were related to accessory nerve 
 damage from surgery rather than brachial plexopathy. Other publications showed no 
brachial plexopathy in patients with HNC whose BP received high doses [ 132 ,  133 ]. 
It is likely that the report by Chen et al. overestimated substantially the risk of BP 
damage by RT. 

 Emami et al. [ 134 ] had suggested that the TD 5/5 to the entire brachial plexus 
was 60 Gy. More recently, several studies with over 20 years of follow-up have 
 suggested that the incidence of brachial plexopathy continues to rise after 5 years 
and may not be apparent for up to 20 years after radiotherapy [ 126 ,  135 ]. The bra-
chial plexus appears to be especially sensitive to fractionation schedules, with the 
risk of injury much higher for larger fractions despite equivalent BED [ 123 ]. With 
standard fractionation, the risk of clinically apparent nerve damage seems to be 
<5 %, after 5 years of completing radiotherapy, when the brachial plexus is limited 
to 60 Gy. At the University of Michigan, adequate treatment of gross disease in the 
low neck takes precedence over BP doses, and patients with complaints suggesting 
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possible brachial plexopathy have been referred for neurological consultation and 
electromyographs. Thus far, we have not observed any proven case of brachial 
plexopathy.  

11.6.4     Radiation-Induced Optic Neuropathy (RION) 

 Developmentally, the optic nerve is part of the brain; its fi bers are surrounded by 
glial, not Schwann cell sheaths [ 136 ]. The optic nerve is comprised of over 1 million 
retinal ganglion cell axons. Its intraocular portion is not myelinated and derives its 
blood supply from the retinal arterioles and branches of the posterior ciliary artery. 
The myelinated intraorbital, intracanalicular, and intracranial portions of the optic 
nerve are supplied by branches of the central retinal artery and choroidal vascula-
ture, the ophthalmic artery, and branches of the internal carotid and ophthalmic 
arteries. 

 The therapeutic dose levels for tumors in the central nervous system and head 
and neck area are often constrained by the radiation tolerance of the optic apparatus. 
Visual impairment from radiation-induced optic neuropathy (RION) is uncommon 
[ 137 ,  138 ]. It usually results in rapid painless visual loss [ 139 ]. It usually presents 
with painless rapid visual loss. Vasculature injury has been suggested as a signifi -
cant contributor to RION [ 140 ,  141 ]. 

 Two types of optic neuropathy [ 142 ,  143 ] (anterior ischemic optic neuropathy 
and retrobulbar ischemic optic neuropathy) may be seen after irradiation. Both 
types are believed to be caused by vascular occlusive disease, with interruption of 
blood supply to either the nerve head or the retrobulbar portion of the nerve, respec-
tively. Patients with preexisting small vessel occlusive disease are probably at 
increased risk. Ophthalmoscopic fi ndings in anterior ischemic optic neuropathy 
include disk pallor and edema with splinter hemorrhages on or adjacent to the disk; 
the clinical picture may be similar to that seen in patients with papilledema. The 
optic disks are initially normal in most patients with retrobulbar optic neuropathy. 
In both types of injury, optic atrophy typically develops within 6–8 weeks. Visual 
loss secondary to optic neuropathy is initially monocular in most cases. In some 
patients, the second optic nerve is affected, usually weeks or months, but occasion-
ally several years, after the fi rst eye was affected [ 142 ,  143 ]. Some patients are not 
aware of visual loss in the fi rst eye until the second eye becomes affected or until the 
patient happens to cover or close the normal    eye and note vision loss in the other 
eye. Some patients present with visual fi eld defi cits, which are usually nerve fi ber 
bundle defects, particularly altimdinal defects that are highly suggestive of optic 
nerve ischemia. Other observed defi cits include cecocentral scotomas, temporal 
fi eld loss, and generalized constricted fi elds [ 143 ]. 

 Optic nerve injury typically results in monocular visual loss, except if it occurs 
very close to the optic chiasm, where fi bers looping up from the contralateral medial 
eye/retina can be affected. Injury to the entire chiasm can cause bilateral vision loss. 
Temporary injury limited to the inferior central optic chiasm from pituitary  adenoma 
results in bilateral upper outer quadrant visual fi eld impairment. The loss of a 
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proximal optic tract causes loss of the same half of the visual fi eld in each eye. 
Because the optic tracts spread out on their way toward the occipital cortex, injuries 
along the way typically result in small visual fi eld cuts. Uncertainties exist in  scoring 
the toxicity. Acuity problems can result from cataracts, dry eye, or radiation 
 retinopathy (usually distinguishable by examination). Vascular insuffi ciency to the 
retina, optic nerves, tracts, or occipital lobes can also cause visual impairments, 
particularly visual fi eld defi cits. Because patients often undergo RT to many of these 
areas concurrently, it can be challenging to know how to accurately ascribe the 
clinical events. Lesions anterior to the chiasm will affect the ipsilateral eye, lesions 
of the chiasm will affect the bilateral temporal visual fi elds, and lesions posterior to 
the chiasm will affect visual fi elds in both eyes. 

 Based on the QUANTEC [ 144 ] review, a whole organ dose of 50 Gy is  associated 
with <1 % risk of blindness. In fact, blindness was quite rare until a dose of ≥55 Gy. 
Between 55 and 60 Gy, the risk of blindness is approximately 3–7 %. At doses 
>60 Gy, the risk of RION greatly increases. Goldsmith et al. [ 145 ] reported on 49 
patients whose optic nerves were incidentally irradiated to doses of 45–59.4 Gy in 
28–45 fractions (mean, 53.6 Gy in 30 fractions) postoperatively after resection of 
meningiomas; optic neuropathy developed in one patient (54 Gy in 30 fractions over 
43 days). Optic neuropathy did not develop in any of 106 nerves in the current study 
that received < 59 Gy. In a review in 2008, Danesh–Meyer [ 138 ] hypothesized that 
RION likely results from a multifactorial process, whereby free radicals lead to 
damage both of the vascular endothelia and the neuroglial cell progenitors, which 
leads to the clinical vision loss. 

 Treatment of radiotherapy (RT)-associated visual loss is limited. A successful 
treatment with steroids, pentoxifylline, warfarin, and vitamin E is reported by 
Weintraub et al. [ 146 ]. 

11.6.4.1     Dose Effect 
 The incidence of RION was unusual for aDmax < 55 Gy, particularly for fraction 
sizes <2 Gy. The risk increases (3–7 %) in the region of 55–60 Gy and becomes 
more substantial (>7–20 %) for doses >60 Gy (1.8–2.0 Gy/Fr). The patients with 
RION treated in the 55–60 Gy range were typically treated to doses in the very high 
end of that range (i.e., 59 Gy). One exception to this range was for pituitary tumors, 
in which investigators used a constrained Dmax of < 46 Gy for 1.8 Gy/fraction [ 144 ].    

11.7     Osteoradionecrosis of the Mandible 

 Osteoradionecrosis (ORN) of the mandible is one of the known late complications 
after radiation therapy for HNC [ 147 ,  148 ]. In general, bones are radioresistant and 
will sustain any overt damage as long as the Overlying soft tissue remains intact and 
the bone is not subjected to excessive stress or trauma.  A number of risk factors are 
associated with ORN: treatment type, total radiation dose, and associated trauma 
such as teeth extraction before or after radiation therapy in addition to age, general 
health, dentition status, oral hygiene, proximity of the tumor to the mandible, or its 
invasion [ 147 ]. 
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 Mandible sparing is not easily achieved, given the location of the tumors, and 
should not be attempted when the mandible is an “at-risk” structure [ 149 ]. ORN is 
most prevalent following radiation treatment of tumors of the tongue, fl oor of 
mouth, retromolar trigone, and tonsil [ 150 ]. This relates to the mandible being in the 
high-dose region for these tumor types. 

 ORN is characterized by a nonhealing area of exposed bone of at least 6 months 
duration in a patient who has been treated with radiation therapy for cancer. ORN is 
associated with pain and morbidity and, in advanced stages, typically requires 
 surgical resection and reconstruction for management. It is a progressive disease in 
which radiation injuries involve soft tissue, cartilage, and bone, resulting in gradual 
devitalization of these tissues [ 151 ]. The associated morbidity of this condition and 
its subsequent treatment ranges from close observation to radical mandibulectomy 
[ 152 ]. 

 In recent years, there has been a reduction in the incidence of osteoradionecrosis, 
from 11.8 % before 1968 to 5.4 % from 1968 to 1992, and it decreased again after 
1997 to approximately 3%. [ 153 ]. The main factors contributing to the reduction in 
the osteoradionecrosis rates are more conformal dose distributions, which spare 
parts of the mandible that might have received a higher dose using conventional 
radiation therapy, and also better prophylactic and ongoing dental care [ 153 ]. 

 The risk of ORN increases with radiation dosages above 6,000 cGy, previous 
cancer resection, advanced dental disease status, and postradiation dental  extractions 
[ 152 ,  154 ,  155 ]. The risks of developing ORN of the mandible with older radiation 
techniques are in the order of 5–15 % [ 149 ] compared to 6 % by newer techniques 
[ 156 ]. Spontaneous ORN is dose dependent (60 Gy) [ 157 ] and relates to the volume 
of mandible within the treatment fi eld [ 158 ]. However, trauma-related ORN can 
occur at lower doses with no obvious threshold dose. Reuther et al. [ 150 ] 
 demonstrated a signifi cant correlation between radiation dose and extent of 
ORN. Most ORN lesions measuring 2 cm or more occurred at doses of 60 Gy or 
higher. At this dose level, there was also a preponderance of smaller ORN lesions. 
Below 60 Gy, most lesions were <2 cm in size [ 159 ]. 

 Reuther et al. studied in a cohort of 68 patients with ORN; 34 (50 %) had a tooth 
extraction closely associated with the onset of ORN [ 150 ]. However, not all patients 
who develop ORN have identifi able specifi c causes and not all risk factors (e.g., 
severely compromised dentition) predictably cause ORN [ 160 – 163 ]. These studies 
collectively demonstrated that the weighted prevalence with IMRT was lower than 
with conventional RT (5.2 % vs. 7.3 %, respectively) 

 At the University of Michigan, total 176 patients were analyzed with a minimal 
follow-up of 6 months. Of these, 31 (17 %) had undergone teeth extractions before 
RT and 13 (7 %) after RT. Of the 176 patients, 75 % and 50 % had received >65 Gy 
and >70 Gy to >1 % of the mandibular volume,  respectively. At a median follow-up 
of 34 months, no cases of ORN had developed (95 % confi dence interval, 0–2 %). 
They have followed a strict prophylactic dental care policy and IMRT with no case 
of clinical ORN. 

 Gomez et al. [ 155 ] further provided evidence that the mechanisms for radiation- 
induced dental caries and dental extractions differ, with the incidence of dental 
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caries being more related to the dose to the salivary glands and dental extractions 
being a consequence of radiation directly to the mandible. 

 I t is believed that reductions in dose to the salivary glands and mandible are 
likely to translate into reduced incidence of xerostomia and osteoradionecrosis for 
patients with HNC [ 162 ]. 

11.7.1     Prevention 

 To minimize all of these risks, a strict prophylactic dental policy and adherence to 
dose constraints of the mandible and salivary glands as much as feasible so as not to 
compromise target coverage, as well as routine and aggressive dental care, before, 
during, and after radiation treatment, while keeping doses to the salivary glands and 
mandible as low as possible are needed [ 155 ]. 

 The best treatment of ORN is prevention. Careful oral examination prior to 
 radiation, treatment of dental caries, extraction when necessary, fl uoride trays after 
treatment, and good oral hygiene all contribute to reducing the incidence of ORN 
after radiation treatment [ 164 ].  

11.7.2     Hyperbaric Oxygen Therapy 

 Head and neck radiation also affects a variety of critical surrounding normal tissues, 
which can become hypocellular, hypovascular, and hypoxic, frequently eluded to as 
“3 H tissue.” 

 Tissue hypoxia was accepted as the primary cause of ORN, and this led to the use 
of hyperbaric oxygen (HBO) for both treatment and prevention of the complications 
of RT in the head and neck. Over the past decades, a number of theories about the 
pathogenesis of ORN have been proposed, with consequent implications for its 
treatment. Recently    a new theory proposes that damage to bone is caused by 
radiation- induced fi brosis, cells in the bone are damaged as a result of acute 
 infl ammation and free radicals, and there is chronic activation of fi broblasts by a 
series of growth factors [ 164 ]. 

 Hyperbaric oxygen therapy (HBOT) involves inhalation of 100 % oxygen under 
a pressure of greater than one atmosphere absolute (ATA). The high pressure 
increases the amount of oxygen being circulated within the body, which is believed 
to have various effects including the promotion of vascularization (growth of blood 
vessels) [ 165 ]. Patients inhale pressurized oxygen either through a hood or mask in 
a multiplace hyperbaric chamber or through an oxygen-fi lled monoplace chamber 
in which the patient lies. The Marx protocol is the most widely used protocol for 
HBOT in the prevention and treatment of osteoradionecrosis developed by Marx 
et al. [ 166 ]. 

 HBOT has been used to assist in the repair of radiation-induced damage [ 167 ]. 
In theory, HBO may stimulate monocytes and fi broblasts function and collagen 
synthesis [ 168 ,  169 ] and may increase vascular density [ 170 ]. The effects of 
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hyperbaric oxygen can be short term due to enhanced oxygen delivery, reduction of 
edema, and phagocytosis activation, and anti-infl ammatory effects are long term 
due to neovascularization, osteoneogenesis, and stimulation of collagen formation 
by fi broblasts [ 171 ]. 

 HBO increases vascular density and oxygenation in radiation-damaged tissue 
[ 172 ]. It improves tissue oxygen gradients and angiogenesis and enhances  leukocyte 
bactericidal activity. Oxygen tension is increased, enabling fi broblast proliferation, 
collagen formation, and angiogenesis at the wound edges, further improving 
 oxygenation and re-epithelialization [ 173 ]. 

 Marx et al. [ 166 ] showed that up-front hyperbaric oxygen reduced the incidence 
of osteoradionecrosis to 5.4 % compared with the antibiotic group of 29.9 % in a 
high-risk population who required tooth removal from irradiated mandibles. He 
 recommends that HBO be considered as prophylactic therapy for all patients who 
require postradiation dental care involving signifi cant trauma to bone. 

 ORN appears to be highly responsive to HBOT (81 %) [ 174 ]. Results show that 
among H&N subjects who showed favorable response of bone or nonbone symp-
toms to HBOT (21 of 28), a higher percentage improved after HBOT alone (62 %) 
compared to the combined treatment of HBOT and surgery (38 %). 

 Uncontrolled studies showed recovery rates from ORN of 15–45 % with HBO 
alone and 20–90 % with HBO combined to surgery [ 166 ,  167 ]. Studies have shown 
that HBOT effectively treats irradiated soft tissue necrosis [ 175 ,  176 ] and has also 
been used empirically to treat mandibular ORN. Mainous et al. [ 177 ] has also 
reported improved mandibular healing with HBO after radiotherapy for head neck. 

 Limited evidence suggests HBOT may be effective in promoting the healing of 
ORN of the mandible following surgical interventions. HBOT alone is not effective 
in treating ORN of the mandible compared to placebo. There is a lack of evidence 
regarding the effect of HBOT on tooth implants and associated ORN. 

11.7.2.1     Dental Caries 
 Postradiation, there is a profound shift in the oral microfl ora to a predominance of 
acidogenic microbes, primarily  Streptococcus mutans  and lactobacilli, coincident 
with a decrease in salivary fl ow and an increase in caries risk [ 178 – 180 ]. Dental 
caries may occur as early as 3 months after RT. It typically involves the cervical 
portions of the teeth; however, caries may affect any tooth surface, including those 
typically resistant to dental caries such as the incisal edges of the mandibular 
 incisors [ 181 ,  182 ].  

11.7.2.2     Prevention of Dental Caries 
 A strict daily oral hygiene regimen should be followed. It includes fl uoride and 
meticulous plaque removal to prevent the development of caries [ 179 ,  181 ] and 
chlorhexidine gel/mouth wash to clinically reduce caries risk by lowering counts of 
mutants streptococci and lactobacilli in patients undergoing RT [ 183 ,  184 ]. Alcohol- 
free formulations should be selected to reduce discomfort in patients with dry 
mouth. Caries lesions should be restored before RT to prevent progression of dis-
ease and reduce microbial load. 
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 The patient will be more comfortable during treatment if the oral mucosa is 
intact. Diet counseling regarding cariogenic food and its effect on dentition needs to 
be done prior to starting radiation. Vissink et al. [ 185 ] concluded that a lifelong 
commitment to improved oral hygiene and home care should include meticulous 
oral hygiene and frequent self-applications of fl uoride, either neutral NaF 1 % gel 
applied at least every other day [ 182 ,  186 ] in custom-made fl uoride carriers or NaF 
3 % toothpaste twice per day [ 181 ]. The daily use of 4 % stannous fl uoride also is 
effective [ 187 ,  188 ]. Presently, there is inadequate evidence to support one type of 
fl uoride product over another for patients undergoing RT; the frequency of applica-
tion appears to be more important. Because hyposalivation is irreversible in most 
head and neck irradiation patients, especially those treated with standard therapy, 
the application of fl uoride must be continued indefi nitely; otherwise, caries will 
develop within months [ 186 ,  189 – 192 ]. On the other hand, the experience at the 
University of Michigan suggests that sparing saliva by IMRT results in a substantial 
reduction of teeth decay rates. We continue to recommend the use of prophylactic 
therapy, including fl uoride, even in patients with mild xerostomia after IMRT.       
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12.1         Introduction 

 In 2013, a statistical fact sheet from the US Surveillance, Epidemiology, and End 
Results reported that an estimated 228,190 new cases of lung cancer would be 
 diagnosed and that an estimated 159,480 people would die of this disease [ 1 ]. Non-
small cell lung cancer (NSCLC) remains the predominant variant and the leading 
cause of mortality worldwide; it represents 13.7 % of all new cancer cases in the 
United States [ 1 ]. Treatment for NSCLC often requires multimodality therapy 
including surgery, systemic chemotherapy, novel targeted agents, and radiation 
therapy. High doses of radiation therapy (i.e., those above 60 Gy) have been inves-
tigated in attempts to control both local and regional treatment failures in 
NSCLC. However, delivering higher radiation therapy doses, particularly in combi-
nation with chemotherapy, increases the risk of treatment-related toxicity. With the 
emergence of technologies such as intensity-modulated radiation therapy (IMRT) 
and particle beam therapy, the goal in radiation therapy is to effectively treat NSCLC 
while simultaneously minimizing clinically relevant treatment-related toxicity. 

 The availability of advanced techniques such as IMRT and image-guided radia-
tion therapy has greatly improved the precision of delivering radiation treatments 
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for patients with lung cancer. IMRT is thought to enhance the therapeutic ratio by 
using beams of nonuniform intensities to tightly conform the dose to the target. 
Through inverse treatment planning, a combination of carefully chosen beam 
arrangements, optimization parameters, and strict adherence to dose limits for 
 normal structures allows the delivery of tightly conformal dose distributions to 
 targets of complex shapes. Because each fi eld contributes a nonuniform intensity 
pattern, combining the fi elds can create a uniform target dose distribution. Another 
advantage of IMRT for treating lung cancer is the potential for dosimetric improve-
ments in terms of delivering high, tightly conformal doses to the tumor while 
 sparing surrounding normal structures such as the healthy lung and spinal cord, in 
this way improving the therapeutic ratio for lung cancer. This chapter summarizes 
the current state of the art in the use of IMRT for treating NSCLC.  

12.2     Treatment Planning for Thoracic Tumors 

12.2.1     Treatment Simulation, Treatment Planning, and Dosimetry 

 At the authors’ institution, treatment planning for all patients involves treatment 
simulation that is based on the fi ndings from four-dimensional computed tomogra-
phy (4D CT). Patients are positioned in the intended treatment position on a CT 
couch and immobilized through the use of a customized, indexed immobilization 
vacuum device around the upper torso. A respiratory monitoring system is placed 
on the patient’s abdomen, and a series of ten CT datasets representing different 
points of the respiratory phase are reconstructed. The acquired CT dataset is 
imported into the treatment planning system, where the average intensity projection 
is used as the primary dataset for dose calculations, but all datasets are used to 
 determine the internal target volume. 

 For patients undergoing 4D CT-based treatment simulation, a 5–8 mm margin is 
added to the internal target volume to create the clinical target volume (CTV), and 
an additional 5–7 mm margin is added to the CTV to create the planning target 
 volume (PTV) in patients being treated for NSCLC. Treatment plans for IMRT are 
designed using the inverse planning component of the Pinnacle treatment planning 
system’s software with an optimization algorithm (Philips Healthcare, Inc.). The 
goals of IMRT planning are to deliver the prescribed dose to the PTV, with a 
 minimum of 95 % of the prescribed dose and a maximum of 110 % of the prescribed 
dose. The beam confi guration for the IMRT plans depends on the location and size 
of the tumor; however, generally 5–7 beams are suffi cient, with gantry angles 
 separated by a minimum of 25–30° (Fig.  12.1 ).  

 Normal tissue constraints for radiation therapy used to treat thoracic malignan-
cies are summarized in Table  12.1 . At the authors’ institution, we attempt to mini-
mize the total lung volume that receives >5 Gy (i.e., the  V  5 ) to the greatest extent 
possible; we further restrict the mean lung dose (MLD) to 20 Gy or less and the 
volume of lung that receives >20 Gy ( V  20 ) to <40 %. Other dose constraints include 
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minimizing the mean dose and  V  50  to the esophagus, restricting the cardiac  V  30  to 
<45 %, and limiting the dose to the spinal cord to <45 Gy. We closely follow these 
and other dose-volume constraints based on summary QUANTEC recommenda-
tions for standard fractionation treatment.

  Fig. 12.1    Beam confi guration for an intensity-modulated radiation therapy plan to treat a patient 
with non-small lung cancer. The beams are separated by 25–30° so as to avoid parallel opposed 
beams       

   Table 12.1    Dose-volume constraints for normal tissues during standard fractionation radiation 
therapy   

 Radiation only 
 Radiation with 
chemotherapy 

 Radiation with 
chemotherapy before 
surgery 

 Spinal cord   D  max  <45 Gy   D  max  <45 Gy   D  max  <45 Gy 
    Lung  MLD ≤20 Gy  MLD ≤ 20 Gy  MLD ≤20 Gy 

  V  20  ≤ 40 %   V  20  ≤ 35 %   V  20  ≤ 30 % 
  V  10  ≤ 45 %   V  10  ≤ 40 % 
  V  5  ≤ 65 %   V  5  ≤ 55 % 

 Heart   V  30  ≤ 45 %   V  30  ≤ 45 %   V  30  ≤ 45 % 
 Mean dose <26 Gy  Mean dose <26 Gy  Mean dose <26 Gy 

 Esophagus   D  max  ≤80 Gy   D  max  ≤80 Gy   D  max  ≤80 Gy 
  V  70  < 20 %   V  70  < 20 %   V  70  < 20 % 
  V  50  < 50 %   V  50  < 40 %   V  50  < 40 % 
 Mean dose <34 Gy  Mean dose <34 Gy  Mean dose <34 Gy 

 Kidney  20 Gy <32 % of 
bilateral kidney 

 20 Gy <32 % of bilateral 
kidney 

 20 Gy <32 % of bilateral 
kidney 

 Liver   V  30  ≤ 40 %   V  30  ≤ 40 %   V  30  ≤ 40 % 
 Mean dose <30 Gy  Mean dose <30 Gy  Mean dose <30 Gy 
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12.2.2        Radiation Dose 

 Principles of basic radiobiology suggest that doses of 80–100 Gy are required to 
sterilize lung cancer [ 2 ]. The Radiation Therapy Oncology Group (RTOG) and 
other institutions have conducted randomized trials evaluating radiation doses of 
60 Gy or more in combination with chemotherapy to treat inoperable NSCLC [ 3 – 7 ]. 
The optimal dose for defi nitive radiation therapy for patients with inoperable 
NSCLC at diagnosis is still controversial. At MD Anderson Cancer Center, such 
patients are treated with defi nitive radiation doses of 60–74 Gy with concurrent 
chemotherapy, if they can tolerate this therapy.  

12.2.3     Radiation-Induced Toxicity 

12.2.3.1     Radiation Pneumonitis 
 Patients receiving radiation therapy to the thorax are at risk for developing radiation 
pneumonitis (RP), which typically manifests within 3–9 months after the comple-
tion of radiation therapy. Many studies have demonstrated that MLD [ 8 – 15 ] and the 
percentage of lung volume receiving more than some threshold dose [ 8 ,  11 ,  13 , 
 16 – 18 ] can predict the development of RP; however, other studies have shown that 
some of these factors are not linked with RP [ 16 ,  19 ,  20 ], but rather that only a his-
tory of smoking [ 11 ,  17 ], chronic obstructive pulmonary disease [ 9 ], and receipt of 
induction chemotherapy with mitomycin [ 10 ] predict RP. 

 Variables typically used in the evaluation of lung dose and risk of RP include the 
volume of both lungs receiving more than a threshold dose ( V  dose ), the MLD, the 
lung  V  20 , and normal tissue complication probabilities (NTCPs) given various com-
binations of dose-volume variables. We and others also evaluate the lung  V  5 . 

 In general, in radiation therapy for lung cancer, the total tolerable radiation dose 
depends on the volume irradiated. In a retrospective analysis, the MLD (Fig.  12.2 ) 
and relative  V  5 – V  65  in increments of 5 Gy were all found to be associated with the 
incidence of grade ≥3 RP according to the Common Terminology Criteria for 
Adverse Events v3.0. Investigators at MD Anderson [ 21 ] showed that  V  5  was also a 
signifi cant predictor of RP (Fig.  12.2 ); in that study, the 1-year incidence of grade 
≥3 RP for patients with a relative  V  5  ≤ 42 % was 3 % compared with 38 % for those 
with  V  5  > 42 % ( P  = 0.001). This fi nding suggests that damage to the lung, which has 
functional subunits in parallel, may depend more on the volume irradiated than on 
the radiation dose. Gopal et al. similarly demonstrated that exposing normal lung to 
as little as 13 Gy led to a pronounced decrease in diffusion capacity for carbon mon-
oxide (DLCO), and a loss of DLCO of >30 % was associated with grade ≥2 pulmo-
nary symptoms ( P  = 0.003). Those investigators concluded that such a low threshold 
for deterioration of DLCO (13 Gy) indicates that it is better to treat a small amount 
of normal lung to a high dose rather than treating a large volume to a low dose [ 22 ]. 
Similarly, Yorke et al. reported that in patients with NSCLC treated with dose- 
escalated radiation therapy, the incidence of grade ≥3 pneumonitis correlated with 
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MLD ( P  ≤ 0.05). The dose response as a function of mean dose to the total lung rises 
steeply, beginning at approximately 10 Gy [ 10 ]. In clinical practice,  V  20  is often 
used as a surrogate to evaluate total dose to the lung in radiation treatment planning. 
Graham et al., in their analysis of  V  20  for predicting RP, stratifi ed patients into risk 
groups and found that the incidence of RP increased steeply when  V  20  levels were 
40 % or higher [ 16 ].   

12.2.3.2     Esophagitis 
 Another form of radiation-induced toxicity, acute esophagitis, typically occurs 
within 90 days after the start of radiation therapy, whereas chronic esophagitis 
occurs after that time. Chronic esophagitis can result in the development of esopha-
geal stricture requiring dilation and, in rare cases, esophageal fi stula. Grade 1–2 
radiation-related esophagitis is relatively common after treatment for lung cancer, 
and rates of grade >3 esophagitis range from 10 to 50 % [ 23 – 25 ]. A recent analysis 
of acute esophagitis in four RTOG trials involving 528 patients reported that 75 % 
of patients had grade >2 acute esophagitis and 34 % had grade >3 acute esophagitis 
after radiation therapy. Nineteen percent of these cases had developed within the 
fi rst month of treatment, 32 % by the second month, and 33 % by the third month 
[ 26 ]. At the authors’ institution, we closely monitor acute esophagitis weekly during 
treatment, and we use aggressive supportive care measures to avoid the need for 
hospitalization and treatment interruptions. 

 Reports of potential clinical and dosimetric predictors of esophagitis are many, 
with substantial variation among studies. Esophagitis has generally been found to 
be associated with the volume of the esophagus receiving a specifi c dose, the mean 
esophageal dose, and the maximum esophageal dose ( D  max ), having a history of 
esophageal morbidity, having nodal involvement, and receiving twice-daily rather 
than once-daily irradiation [ 27 – 32 ]. At the authors’ institution, we adhere closely to 
the following dose constraints for patients receiving high-dose radiation for thoracic 
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malignancies: mean esophageal dose <34 Gy,  V  70  < 20 %, and  D  max  of 80 Gy. These 
dose constraints were based in part on the reported experience at Washington 
University [ 33 ]. A group at MD Anderson investigated the potential of IMRT for 
reducing the volumes of irradiated lung and esophagus during the treatment of 
NSCLC in a retrospective treatment planning study and found that IMRT produced 
lower lung  V  20  and MLD than did three-dimensional conformal radiation therapy 
(3D CRT) in all cases. Notably, IMRT also led to smaller volumes of the esophagus 
and heart being exposed to radiation doses in excess of 45 Gy [ 34 ]. In a similar 
analysis, Gomez et al. tested the ability of a variety of factors to predict radiation- 
induced esophagitis in 652 patients with NSCLC treated with 3D CRT, IMRT, or 
proton beam therapy. In that study, the rate of grade ≥3 esophagitis was highest 
among patients who had been treated with IMRT (28 % vs. 8 % for 3D CRT and 6 % 
for proton therapy), leading the authors to conclude that the Lyman-Kutcher- 
Burman statistical model used in that study seriously underestimated the risk of 
severe esophagitis among patients treated with IMRT [ 35 ].  

12.2.3.3     Cardiac Toxicity 
 Most of the posited effects of radiation-induced cardiotoxicity have been  extrapolated 
from studies in which thoracic irradiation was delivered with older, 2D radiation 
techniques for breast cancer or lymphoma [ 36 – 40 ]. Findings from these studies, in 
which patients had been treated many years ago with techniques that could not 
minimize dose to the heart, are generally not applicable to current technology. 
Moreover, the reported rates of long-term cardiac morbidity varied considerably 
across studies, from <1 % to >15 %, although the rates do seem to continue to 
increase over time. 

 Several studies have compared the putative dosimetric advantages of IMRT over 
3D CRT for sparing normal critical structures such as the heart. In one retrospective 
treatment planning comparison, Liu et al. investigated whether IMRT could reduce 
the volumes of lung and other critical structures relative to 3D CRT during radiation 
therapy for NSCLC. In addition to producing a lower MLD, IMRT led to smaller 
volumes of the esophagus and heart being exposed to high-dose radiation (>45 Gy). 
IMRT further allowed an additional safety margin around normal structures 
 including the spinal cord, heart, and esophagus to account for uncertainties related 
to variations in setup, thereby minimizing the risk of radiation-associated cardiomy-
opathy [ 34 ]. Others at MD Anderson found similar results in their evaluations of 
IMRT versus 3D CRT for patients with stage III–IV NSCLC. Again, IMRT led to 
smaller lung  V  10  and  V  20  values as well as smaller MLD and a 10 % absolute 
 reduction in risk of RP; IMRT also reduced the volumes of the heart and esophagus 
receiving >40–50 Gy. Those investigators concluded that IMRT could signifi cantly 
improve target coverage and reduce the volume of normal lung irradiated to low 
doses; they further stated that the extent of low-dose exposure of normal tissues can 
be controlled in IMRT by choosing appropriate planning parameters [ 41 ].    
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12.3     Clinical Use of IMRT 

 As noted previously within this chapter, concurrent chemoradiation therapy is 
 usually recommended for patients with locally advanced, inoperable stage IIIA or 
IIIB NSCLC. Nevertheless, treatment failures are relatively common, and overall 
survival rates remain relatively low at 5 years. Several studies have demonstrated 
that improving local disease control can improve overall survival for patients with 
stage III NSCLC [ 42 – 45 ]. Using IMRT rather than 3D CRT is thought to provide 
both dosimetric and clinical advantages when suffi ciently high doses can be given 
for locally advanced NSCLC. IMRT enables tighter sculpting of high-dose regions 
around the target volume; the steep gradients created can reduce the radiation dose 
to surrounding normal tissues, which presumably could facilitate dose escalation 
[ 46 ]. 

 Govaert et al. assessed survival outcomes and acute pulmonary and esophageal 
toxicity in 86 patients who received IMRT for stage III NSCLC. The median  survival 
time was 29.7 months after delivery of 66 Gy, with or without chemotherapy. 
Esophageal toxicity was more pronounced in the group that received concurrent 
chemoradiation, but no differences were noted in pulmonary toxicity [ 47 ]. Long- 
term clinical outcomes for 165 patients with inoperable stage III–IV NSCLC treated 
with IMRT to doses >60 Gy were recently reported from MD Anderson; the 3-year 
overall survival rate was 30 %, the rate of grade ≥3 RP was 14 % at 12 months, and 
the median time to maximum (grade 3) esophagitis was 6 weeks. Those investiga-
tors concluded that IMRT led to low rates of pulmonary and esophageal toxicity and 
favorable clinical outcomes in terms of survival [ 48 ]. 

 The use of 4D CT-based treatment simulation and then IMRT instead of 3D CRT 
for NSCLC became routine at the authors’ institution in 2004. In 2010, Liao et al. 
published fi ndings on disease control, survival, and toxicity for 496 patients who 
had been treated with IMRT or 3D CRT, both with concomitant chemotherapy, to a 
median radiation dose of 63 Gy. Toxicity was considerably lower among patients 
treated with IMRT, specifi cally in smaller lung  V  20 , lower rates of grade 3 RP, and 
improved overall survival, leading the authors to conclude that IMRT was associ-
ated with therapeutic gain. Rates of locoregional progression-free and distant 
metastases-free survival rates were no different between those who received IMRT 
and those who received 3D CRT (Fig.  12.3 ). Nevertheless, the advantage of lower 
toxicity, which presumably would allow effective doses of systemic therapy to be 
given concurrently, may have been a factor in the improved overall survival in this 
study [ 49 ].  

 A phase I/II protocol involving the use of image-guided, dose-escalated IMRT 
for patients with stage II–III NSCLC receiving concurrent chemoradiation is cur-
rently underway at MD Anderson. The goal of the study is to determine the maxi-
mum tolerated dose to the gross tumor volume, starting at 72 Gy and escalated to 
the highest dose level of 84 Gy, while keeping the dose to the PTV at 60 Gy 
(Fig.  12.4 ). This nonuniform delivery of different radiation dose distributions is 
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distant metastases (DM), ( c ) overall survival, and ( d ) freedom from grade ≥3 radiation pneumoni-
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modulated radiotherapy (IMRT) based on 4D computed tomography simulation (4D CT) (Figure 
republished (with permission) from Liao et al. [ 49 ])       

  Fig. 12.4    Axial, sagittal, and coronal slices of a treatment plan designed to deliver 72 Gy to the 
gross tumor volume and 60 Gy to the planning target volume via intensity-modulated radiation 
therapy with a simultaneous integrated boost       
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possible with the use of IMRT. The hypothesis of this study is that using a simulta-
neous integrated boost technique will permit accelerated radiation therapy, with the 
ultimate goal of improving tumor control without the expected increase in risks of 
normal tissue toxicity.   

12.4     Conclusions 

 Technologic advances in IMRT and image-guided radiation therapy over the past 
decade have signifi cantly changed the fi eld of radiation oncology. The availability 
of daily imaging and more sophisticated treatment delivery systems have allowed 
the delivery of higher radiation doses to the target volume with tighter conformality, 
minimizing the dose to normal thoracic structures and thereby improving the 
 therapeutic ratio. Minimizing treatment-related toxicity could expand the number of 
patients with locally advanced NSCLC who could tolerate concurrent chemother-
apy or novel molecular targeted agents, which in turn could lead to improved  clinical 
outcomes.     
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13.1         Introduction 

 Mesothelioma is an aggressive and often deadly malignancy for which multimodal-
ity therapy remains the standard of care for patients who can tolerate such therapy. 
For locally advanced disease, treatment that includes surgical resection is the best 
approach; whether that surgery should be extrapleural pneumonectomy (EPP) or a 
lung-sparing technique, however, is in debate owing to recent retrospective and pro-
spective evidence that EPP may have greater morbidity but similar disease control 
[ 7 ,  19 ]. Numerous trials of systemic therapy are also underway in attempts to 
improve the control of micrometastatic disease [ 20 ,  21 ]. 

 Radiation therapy options for mesothelioma have also evolved in parallel with 
surgical and systemic approaches over the past 10–15 years. The use of conven-
tional nonconformal techniques did not allow the radiation dose to normal struc-
tures to be adequately estimated, and the target volume was frequently underdosed. 
Computed tomography (CT)-based treatment planning, the ability to calculate and 
evaluate dose-volume histograms, and ultimately the implementation of inverse 
planning and fl uence modulation with intensity-modulated radiation therapy 
(IMRT) enabled the evaluation of treatment plans based on adherence to normal 
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tissue constraints and avoidance of critical structures near the treatment fi eld. 
However, the use of IMRT to treat mesothelioma, as well as disease at other 
 anatomic sites, involved a “learning curve” in how to use this complex technique 
effectively yet safely and to establish unique guidelines for its use based on novel 
features of the treatment planning process. As will become clear from the fi ndings 
reviewed below, the toxicity associated with the early use of conventional tech-
niques substantially affected how the disease is treated with radiation therapy today. 
Similarly, IMRT techniques continue to be modifi ed in attempts to improve rates of 
disease control and expand the number of patients suited for radiation therapy, so 
that patients can be provided with the best treatment options and the best overall 
prognosis.  

13.2     Conventional Radiation Therapy for Mesothelioma 

 Because mesothelioma by defi nition involves the pleura, it is widely accepted that 
even when imaging shows involvement of discrete regions, the entire pleural cavity 
is at risk for disease. Therefore, attempts to control localized disease have focused 
on hemithoracic treatments. In the context of surgical resection, the standard of care 
involves removal of the entire pleura, with or without the ipsilateral lung and peri-
cardium. Similarly, with respect to radiation therapy, the techniques used as adju-
vant therapy encompass a hemithoracic approach that targets the entire pleural bed. 

 Regardless of initial disease stage, single-modality treatment for mesothelioma, 
whether that modality is surgery, chemotherapy, or radiation therapy, rarely leads to 
long-term survival. Typical results after the use of external beam radiation therapy, 
delivered with conventional techniques as a single modality, are refl ected in a retro-
spective review of 38 patients with mesothelioma treated at the Peter MacCallum 
Cancer Institute between 1981 and 1985. Twelve of these patients had had defi nitive 
radiation therapy to the involved hemithorax to a total dose of 50 Gy. The median 
survival time for this group was 17 months, and the estimated 2-year survival rate 
was 17 %. Two patients died of treatment-related causes, one from radiation-induced 
hepatitis and the other from radiation myelopathy, for a mortality rate of 17 %. The 
authors of this review concluded that radiation therapy alone is ineffective in 
 prolonging survival in patients with mesothelioma [ 4 ]. 

 Given these dismal outcomes, the preferred treatment strategy then shifted 
toward a multimodality approach in which surgery (EPP) was followed by adjuvant 
radiation therapy, with or without systemic chemotherapy. An early retrospective 
review of this approach comprised 49 patients with mesothelioma who underwent 
EPP at the Brigham and Women’s Hospital and Dana-Farber Cancer Institute 
between 1987 and 1993. Ten of those patients also received adjuvant multi-agent 
chemotherapy, and 35 patients received adjuvant multi-agent chemotherapy fol-
lowed by radiation therapy. The radiation therapy involved treating the ipsilateral 
hemithorax and mediastinum to about 30 Gy, with a boost to 50–55 Gy given to 
areas of previously bulky disease when possible. The median overall survival time 
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for these patients was 22 months, and the median time to disease progression 19 
months. At 3 years, the actuarial overall survival rate was 34 % and the freedom 
from disease progression rate 33 %. The most common site of fi rst recurrence (35 % 
of patients) was the ipsilateral hemithorax, and the predominant failure pattern was 
local, accounting for 67 % of all recurrences. A trend was noted toward improved 
local control after radiation therapy (local recurrence rates of 31 % with radiation 
therapy vs. 45 % without radiation therapy) [ 3 ]. 

 Collectively, these reviews demonstrated that the combination of surgery and 
radiation therapy at palliative doses (30–50 Gy) provided modest increases in 
 disease control, but that rates of local recurrence remained high. As a result, subse-
quent approaches involved delivering higher doses of radiation to the hemithorax in 
an effort to improve local control. In one such study, Rusch et al. at Memorial Sloan 
Kettering Cancer Center conducted a prospective phase II trial of surgical resection 
followed by adjuvant high-dose hemithoracic radiation. From 1995 through 1998, 
88 patients underwent surgical resection (70 % with EPP), and 57 received adjuvant 
radiation to the entire hemithorax, including the thoracotomy and chest tube inci-
sion sites. Radiation was given to a dose of 54 Gy via anterior and posterior fi elds, 
with the spinal cord protected after 41.4 Gy. Cerrobend blocks were used to limit 
the dose to the liver, heart, and stomach when necessary. Matched electron fi elds 
were used in the blocked regions to prevent underdosing the pleura and diaphragm. 
The median survival time was 17 months. In contrast to prior studies, only 7 patients 
(13 %) had locoregional recurrence, which in 3 cases was classifi ed as failures at the 
margin of the radiation fi eld. Distant metastases were the most common form of 
relapse [ 18 ,  23 ]. 

 EPP has historically been preferred for patients who are candidates for surgery 
and have localized epithelioid tumors without nodal involvement. Unfortunately, 
only a small minority of patients with mesothelioma are suitable candidates for this 
approach. For patients of advanced age or with inadequate baseline pulmonary 
function or other comorbid conditions, pleurectomy/decortication is an alternative 
surgical approach that involves “stripping” the visceral and parietal pleura but not 
removing the lung. Many comparisons of these techniques have been done, and 
most studies show that pleurectomy is also associated with high rates of local recur-
rence (about 60–70 %) but has similar rates of survival and less morbidity and 
mortality than EPP [ 19 ,  7 ]. Historically, pleurectomy has remained a viable option 
for patients with mesothelioma who are not candidates for a pneumonectomy. 

 The use of hemithoracic radiation therapy after pleurectomy presents some 
unique challenges compared with radiation after EPP. First, patients with functional 
lung on the ipsilateral side are at risk of radiation pneumonitis from inadvertent 
irradiation of that lung; indeed, patients can theoretically experience signifi cant 
functional decline because of the diffi culty in sparing the functional ipsilateral lung. 
Moreover, if much of the ipsilateral lung is deemed nonfunctional after irradiation, 
a “shunting” effect can be produced whereby perfusion to the ipsilateral lung con-
tinues, yet very little air exchange occurs. Thus, radiation treatment for patients 
with two functional lungs paradoxically can be more challenging than when only 
one lung is intact. 
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 Studies of hemithoracic radiation given with conventional techniques after 
 pleurectomy are sparse. In 2005, Gupta et al. presented retrospective fi ndings from 
123 patients unable to undergo EPP who were treated with pleurectomy at Memorial 
Sloan Kettering from 1974 through 2003. All patients received adjuvant external 
beam radiation therapy to the involved hemithorax to a total median dose of 42.5 Gy, 
and 54 patients also received intraoperative brachytherapy (160 Gy). The radiation 
technique used was similar to that in the previous Sloan Kettering trial, consisting 
of standard anteroposterior photon beam geometry with blocks for vital organs and 
matching electron fi elds to complete the dose to the target volume. At a median 
follow-up time of 11 months after treatment, the local control rate for all patients 
was 44 %. However, for patients with minimal or no residual disease after resection, 
the median time to failure was 21 months. Two patients (1.6 %) died of treatment- 
related toxicity, one of cardiac etiology and the other of radiation pneumonitis. 
These investigators concluded that hemithoracic radiation with conventional tech-
niques was relatively well tolerated but was not effective in reducing local recur-
rence after pleurectomy [ 9 ]. 

13.2.1     Intensity-Modulated Radiation Therapy After 
Extrapleural Pneumonectomy 

 When this chapter was written, IMRT had become a commonly used technique with 
the potential to tightly conform dose to the target volumes, thereby allowing  delivery 
of higher doses of radiation to the target while reducing the normal tissue toxicity 
relative to standard conventional treatments. IMRT has been shown to be effective 
and safe for lung cancer [ 12 ], and many of the same principles have been applied in 
using IMRT for mesothelioma. 

 Ahamad et al. published an early report on the use of IMRT after EPP for 28 
patients treated at MD Anderson Cancer Center. Those patients received IMRT to 
the surgically violated inner chest wall, insertion of diaphragm, pleural refl ections, 
and deep margin of the incision. The total delivered dose was 45–50 Gy, with focal 
boost doses to gross disease of up to 60 Gy. At a median follow-up time of 9 months, 
no in-fi eld failures had taken place. Rates of overall survival and disease-free sur-
vival at 1 year were 65 and 88 %. Nausea and vomiting were the most common side 
effects (65 %, grades 2–3), followed by fatigue (62 %, grades 2–3). No grade 4 or 
higher toxicity was reported [ 1 ]. These fi ndings suggested that IMRT after EPP was 
well tolerated and that short-term outcomes were encouraging. 

 However, the limitations of more aggressive dose delivery were illustrated by 
Allen et al. in 2006. Those authors retrospectively reported outcomes from an initial 
group of 13 patients treated at the Brigham and Women’s Hospital and Dana-Farber 
Cancer Institute in 2004–2005. All patients had had EPP, and 11 patients had 
received heated cisplatin during surgery. This treatment was followed by adjuvant 
IMRT to a dose of 54 Gy to the involved hemithorax. Contralateral lung dose con-
straints used were similar to those used in treating lung cancer, including a  V  20  of 
<20 % and a mean lung dose (MLD) of <15 Gy. This approach led to the death of 6 
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patients (46 %) from pneumonitis, with a median onset of 30 days after the 
 completion of radiation therapy. The V 20  among those 6 patients ranged from 15.3 
to 22.3 %, the  V  5  from 81 to 100 %, and the MLD from 13.3 to 17 Gy [ 2 ]. Potential 
contributors to this suboptimal outcome noted in editorials on this study included 
the use of heated intraoperative cisplatin, but the most signifi cant factor was thought 
to be the dose to the contralateral (and only functioning) lung. As a result, recom-
mendations based on these outcomes included the lung dose constraint of  V  20  < 10 %, 
with close attention to minimizing  V  5  as well [ 10 ]. 

 In 2007, an updated retrospective analysis from MD Anderson Cancer Center 
described 63 patients who had been treated from 2000 through 2005 with EPP fol-
lowed by adjuvant IMRT to the involved hemithorax to a total dose of 45–50 Gy. At 
a median follow-up time of 35 months from surgery, the median survival time was 
14.2 months, and the 2- and 3-year survival rates were 32 and 21 %. The locore-
gional failure rate was 13 %, with only 5 % as failures within the treatment fi eld. 
The rate of fatal pulmonary toxicity was 9.5 %. Additional analysis suggested that 
patients who received an MLD of <8.5 Gy may have had fewer fatal pulmonary 
outcomes [ 15 ,  16 ]. Another update from MD Anderson describing 86 patients who 
had been treated with this technique continued to show relatively low rates of high- 
grade toxicity and promising improvements in survival. Specifi cally, rates of grade 
3 toxicity were 17 % skin, 12 % lung, 2 % cardiac, and 16 % gastrointestinal. 
Overall survival rates were almost 90 % at 1 year and 71 % at 2 years, with nodal 
involvement being associated with both distant metastasis and overall survival [ 8 ]. 

 In 2008, Duke University reported their institutional experience in a retrospec-
tive study of 13 patients treated with EPP followed by adjuvant IMRT from 2005 
through 2007. Patients had been treated to a median dose of 45 Gy to the involved 
ipsilateral hemithorax, instrument insertion sites, and involved nodal regions, with 
a focal boost to areas suspected of harboring high-risk disease. Three patients 
(23 %) experienced grade ≥2 toxicity, including 1 (8 %) with grade 5 pneumonitis 
after an MLD of 11.4 Gy (compared with 7.6 Gy for the other patients). Six patients 
(46 %) experienced local recurrence, and 9 patients (69 %) were still alive at the 
most recent follow-up, at a median 9.5 months after IMRT completion [ 13 ]. 

 Even though the use of these more modern techniques has produced encouraging 
improvements in local control, distant failure rates remain high and limit improve-
ments in long-term survival. An attempt to improve these results with the use of 
trimodality therapy came in the form of a multicenter phase II trial, the fi ndings of 
which were published by investigators at Sloan Kettering in 2009. In that trial, 77 
patients with medically operable stage T1-3 N0-2 disease were treated with neoad-
juvant pemetrexed plus cisplatin followed by EPP and hemithoracic radiation 
 therapy to a dose of 54 Gy. IMRT was allowed but not required. The median overall 
survival time was about 17 months. Evidence of a radiologic response to induction 
chemotherapy doubled the survival time to 26 months from 13 months ( P  < 0.05), 
but a pathologic complete response did not predict long-term survival in two of the 
three patients with such a response. Among the 40 patients who completed all three 
treatment modalities, 1 had grade 5 pneumonitis, and 5 had grade ≥3 radiation- 
related toxicity [ 11 ].  
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13.2.2     Intensity-Modulated Radiation Therapy After 
Lung- Sparing Techniques 

 As alluded to above, the superiority of EPP over pleurectomy has been questioned 
recently, leading some centers away from using EPP, particularly for borderline- 
operable patients, those with high-risk tumor histology (biphasic or sarcomatoid), 
or those with nodal involvement. Although studies of conventional radiation used as 
adjuvant therapy after lung-sparing techniques have generally shown less than 
 optimal outcomes, analyses of IMRT in this circumstance are rare. Most such stud-
ies involved patients who had either had pleurectomy and then IMRT or had been 
considered to have inoperable disease and received only IMRT to the hemithorax. 
The current literature on the use IMRT in these circumstances is reviewed below. 

 From 2005 through 2010, 36 patients from Sloan Kettering with mesothelioma 
who were unable to undergo pneumonectomy underwent induction chemotherapy 
(89 % of patients) followed by pleurectomy and adjuvant IMRT (56 %) or IMRT 
alone (44 %). The pleural surface of the involved hemithorax was treated in all cases 
to a median dose of 46.8 Gy. Seven patients (20 %) developed grade ≥3 pneumoni-
tis (one grade 5). For patients who underwent pleurectomy before IMRT, the 1-year 
and 2-year survival rates were 75 and 53 %, and the median survival time was 26 
months. For patients who did not undergo surgical resection, the 1-year and 2-year 
survival rates were slightly lower at 69 and 28 %, and the median survival time was 
slightly shorter at 17 months [ 17 ]. 

 Investigators from Australia have also published results on the use of three- 
dimensional conformal radiation therapy or IMRT to treat mesothelioma in patients 
with an intact lung. Of the 14 patients in that study treated to 45–60 Gy to the hemi-
thorax, only 1 had undergone EPP. The in-fi eld local control rate was 71 %, with no 
grade ≥4 toxicity. Median survival times were 25 months after diagnosis and 17 
months after starting radiation therapy [ 6 ]. 

 A prospective study of pleurectomy and hemithoracic IMRT conducted in Italy 
was published by Minatel et al. in 2013. In 2009–2010, 20 patients with mesotheli-
oma had radical pleurectomy followed by IMRT to the entire hemithorax, excluding 
the intact lung, to a prescribed dose of 50 Gy, with a simultaneous integrated boost 
to 60 Gy to areas suspected of harboring residual disease. Nineteen patients also 
received cisplatin and pemetrexed chemotherapy. The median follow-up time was 27 
months. The median overall survival and progression-free survival times were 33 and 
29 months. Overall survival rates at 2 and 3 years were 70 % and 49. Local-regional 
control rates at 2 and 3 years were 68 % and 59 %. The predominant pattern of failure 
was distant, with 7 patients developing distant metastases as the fi rst site of relapse. 
Only 3 patients experienced isolated locoregional recurrences. Five patients had 
grades 2–3 pneumonitis, but no fatal pulmonary toxicity was noted [ 14 ]. 

 A recent report from MD Anderson described 22 patients with mesothelioma 
treated with pleurectomy followed by adjuvant IMRT to the involved hemithorax (11 
prospectively enrolled in an institutional protocol and 11 studied off protocol). Patients 
were treated to 45 Gy in 25 fractions, and 9 patients received a simultaneous boost to 
60 Gy to high-risk areas. Twenty patients received chemotherapy (15 induction, 2 
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adjuvant, and 3 both). The median follow-up time after surgery was 14.7 months 
(range 4.1–37.1 months). The therapy was well tolerated, with no  episodes of grade 
4–5 pulmonary toxicity and one case of grade 4 thrombocytopenia. Progressive 
decreases in pulmonary function were noted after surgery followed by IMRT. Median 
percentage of predicted forced vital capacity (FVC), forced expiratory volume at 1 s 
(FEV1), and DLCO at baseline were 88 %, 83 %, and 87 %. Signifi cant decreases 
relative to baseline were seen after surgery (PD): FVC 67 % (P<.01), FEV1 67 % 
(P<.01), and DLCO 68 % (P<.01), and signifi cant additional reductions were noted 
after IMRT: FVC 57 % ( P  = 02), FEV1 58 % (P<01), and DLCO 56 % (P<.01). Rates 
of overall survival and progression- free survival were 73 and 60 % at 1 year and 52 
and 32 % at 2 years. Outcomes for IMRT after pleurectomy (compared with 22 
matched patients who had had IMRT after EPP) included less grade 4–5 toxicity (0/22 
vs. 3/22,  P  = 0.23) and trends toward improved median overall survival time 
(28.4 months vs. 14.2 months,  P  = 0.14), median disease-free survival time (15.4 months 
vs. 10.2 months,  P  = 0.18), and median time to distant metastasis (not reached vs. 
11.8 months,  P  = 0.15). Median time to local-regional failure (20.5 months vs. not 
reached,  P  = 0.06) also seemed to be better in the group who had had EPP [ 5 ]. 

 Indeed, even when efforts are made to spare the ipsilateral lung in patients 
 undergoing radiation after pleurectomy, many patients ultimately experience 
 signifi cant declines in function on the treated side, which can develop into a “func-
tional” pneumonectomy. However, the clinical effects of such changes, manifested 
by high rates of grade 3 radiation pneumonitis or high-grade dyspnea, are often 
disproportionally low. Possible reasons for this discrepancy are as follows. First, the 
ipsilateral lung is typically substantially smaller than the uninvolved lung, with 
much less perfusion on the involved side. As a result, treating the ipsilateral hemi-
thorax is rarely synonymous with delivering radiation to 50 % of the lung volume. 
Second, IMRT allows the dose to the target to be made more homogeneous, and hot 
spots within normal lung parenchyma can be avoided to a greater extent than is 
 possible with conventional techniques. If the amount of lung receiving high-dose 
radiation is important in the development of radiation pneumonitis, as some have 
suggested [ 22 ], then even though almost all of the ipsilateral lung receives a low 
dose of radiation in most cases, sparing this region from high doses that would 
result from the use of 2D techniques may also reduce the rates of pulmonary 
toxicity.   

13.3     Intensity-Modulated Radiation Therapy Technique 

13.3.1     Before Treatment Simulation 

 All patients undergoing hemithoracic IMRT should undergo a nuclear perfusion 
renal scan and measurements of blood urea nitrogen and creatinine levels before 
treatment to assess the relative perfusion in each kidney, because covering the entire 
pleura and pleural bed will typically extend inferiorly to this region. The treating 
physician should ensure that kidney function is normal and that perfusion in the 
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contralateral kidney, which should receive almost no radiation dose, is roughly 
equal to that of the kidney on the involved side. If these two criteria are not met, then 
a nephrologist should be consulted. 

 Because hemithoracic IMRT for patients with an intact lung is not yet considered 
an established technique, it should be performed only in the context of a clinical 
trial or at centers with experience in this type of treatment. The method used at the 
authors’ institution is as follows. Before treatment simulation, patients undergo 
 pulmonary function testing and a quantitative perfusion study to determine the 
anticipated functional loss after treatment to the hemithorax. For the purposes of 
pretreatment evaluation, it is appropriate to estimate a “worst-case scenario” in 
which the patient would experience a long-term functional pneumonectomy and 
therefore depend on pulmonary function from the contralateral side. We use the 
 following parameters to identify patients who are candidates for this approach: 
(1) expected postradiation FEV1 >30 % predicted {defi ned as [pretreatment FEV1 × (% 
perfusion to contralateral lung)]} and (2) pretreatment DLCO >30 % predicted.  

13.3.2     Treatment Simulation 

 The simulation technique for adjuvant IMRT for mesothelioma is the same regard-
less of whether the lung is intact or not. In either situation, before the patient is 
immobilized, scars can be marked with wire and drain sites with BBs and a bolus 
placed on these regions so that the treatment volume can be extended laterally 
toward the skin. At the authors’ institution, if a bolus is placed, the material is 5 mm 
thick and encompasses the scar and drain sites with a 2.5- to 3-cm margin circum-
ferentially. However, because rates of treatment failures in drain sites and scars have 
been low in most series and because skin reactions are expected to increase when 
this approach is used, it is reasonable to reserve bolus placement for patients at high 
risk for recurrence in these regions, as indicated by operative or imaging fi ndings. 

 Treatment is simulated while the patient is supine with arms over the head to 
maximize the number of beam angles for treatment planning. Patients are immobi-
lized with a customized upper-body cradle, and 4D CT scanning is done to account 
for tumor motion. Respiratory management techniques such as breath hold or gating 
are not typically used.  

13.3.3     Radiation Treatment Volumes 

13.3.3.1     IMRT After Extrapleural Pneumonectomy 
 For patients who have undergone an EPP, we recommend covering the entire hemi-
thorax, from approximately the thoracic inlet to L1, to ensure that all ribs are 
encompassed in the internal target volume (ITV) (Fig.  13.1 ). We do not recommend 
coverage of the mediastinal lymph nodes, although the ipsilateral hilar lymph nodes 
are often included in the treatment volume when the pleural bed is contoured. The 

W.W. Chance et al.



269

pleura should be covered medially such that the crus and the reconstructed dia-
phragm are within the treatment volume. Lateral expansion to drain sites and scars 
should also be included in the ITV if a bolus was placed during simulation. If daily 
kilovoltage imaging is used, the ITV can be expanded by 5 mm to encompass the 
planning target volume.   

13.3.3.2     IMRT with an Intact Lung 
 As noted above, we recommend that this technique be used only in the context of 
clinical protocols or at institutions with experience in using it. Our treatment method 
is as follows. Consistent with reported methods from other centers, our treatment 
volumes include an ITV “rind,” that is, a 5-mm expansion off the pleural bed 
(Fig.  13.2 ). These volumes are then expanded similarly to those for IMRT after EPP 
as described above, with sparing of the ipsilateral lung when feasible. The target is 
adjusted to account for respiratory motion and to include all at-risk pleural regions; 
the target is also expanded to include the scar and drain sites laterally if applicable. 
For patients with gross residual disease after surgery, limited studies have suggested 
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  Fig. 13.1    Scans for intensity-modulated radiation therapy to be given after an extrapleural pneu-
monectomy for mesothelioma, with representative sagittal, coronal, and axial slices and the dose- 
volume histogram (DVH)       
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using a concomitant boost, although again this technique must be considered exper-
imental at this time and should not be attempted except in the context of a clinical 
trial or at a center with experience in its use.    

13.3.4     Radiation Dose 

 Doses to microscopic disease when IMRT is to be used as adjuvant treatment are 
typically 45–50.4 Gy, given in 1.8-Gy fractions. A concomitant boost has been used 
to treat gross disease in limited studies, but this approach is not considered standard 
and its safety and effi cacy have not been established.  
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  Fig. 13.2    Scans for intensity-modulated radiation therapy to be given after a pleurectomy or 
decortication, with lung intact for mesothelioma, with representative sagittal, coronal, and axial 
slices and the dose-volume histogram (DVH). The normal tissue complication probability in this 
case was 24 %       
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13.3.5     Normal Tissue Constraints 

 We recommend standard thoracic normal tissue constraints to the esophagus (mean 
dose <34 Gy), heart ( V  40  < 40 % or mean dose <20 Gy), and spinal cord (maximum 
dose <45 Gy). For left-sided disease, meeting heart constraints can be diffi cult while 
still covering the pericardium and anterior pericardial pleural bed and lymph nodes, 
and so treatment beyond these constraints is at the treating physician’s discretion. 
The current literature on this technique does not describe high rates of heart toxicity. 
Because the fi elds extend inferiorly to the kidneys, and for right-sided tumors to the 
liver, we recommend adhering to normal tissue constraints for these organs as well 
(liver  V  30  < 40 %, mean dose <30 Gy; kidney  V  20  < 33 %). As for lung constraints, for 
patients who have had an EPP, we recommend limiting the dose to the remaining 
lung to an MLD of <8.5 Gy and a V 20  of <10 %. When treating patients with an 
intact lung, we use a normal tissue complication probability limit of <25 % to the 
total lung, and we also attempt to limit the contralateral lung to an MLD of <8.5 Gy 
and a  V  20  of <10 %.      
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14.1         Introduction 

 Radiation therapy has a central role in the management of breast cancer after either 
breast-conserving surgery or mastectomy, with attendant improvements in local 
control [ 8 ] and survival [ 5 ,  21 ,  22 ]. Numerous trials showing a benefi t from adju-
vant irradiation of the breast [ 2 ,  4 ,  8 ,  30 ] used conventional two-dimensional tech-
niques involving a beam of uniform intensity, often simply modulated with a 
physical wedge. Such techniques routinely resulted in areas of the breast receiving 
up to 115 % of the prescribed dose. 

 With the development of commercially available treatment planning systems that 
model the radiation dose in three dimensions, it became possible to homogenize the 
dose to the breast by progressively blocking “hot spots” within the breast by using 
Cerrobend blocks or multileaf collimators. This form of intensity modulation of the 
radiation beam is often referred to as “fi eld-in-fi eld” or “step-and-shoot” technique. 
These techniques are often categorized as “forward-planned,” in that a radiation 
dose is not specifi ed to a target volume (typically the breast with or without regional 
lymphatics); instead, in an iterative process, the radiation beam is modulated by 
progressively blocking hot spots by viewing them on digitally reconstructed radio-
graphs (DRRs) along the axis of the radiation beam. In addition, this technique 
typically involves the use of only two tangentially oriented gantry positions to treat 
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the breast. The end result is a homogeneous plan in which “hot spots” typically 
exceed the prescribed dose by no more than 7 %. 

 More recently, the term intensity-modulated radiation therapy (IMRT) has come 
to refer to a treatment planning process in which targets and structures to be avoided 
are contoured on axial images, typically computed tomography (CT); a dose to the 
target and the structures to be avoided are specifi ed within the planning computer; 
and the planning system then generates a plan involving multiple shaped beams and 
multiple, often non-tangential, gantry positions. This technique can result in more 
complex dose distributions than those that can be achieved with a fi eld-in-fi eld tech-
nique and can be used to treat irregular target volumes or avoid critical structures, 
such as the heart, that are close to the target volume. 

 The role of IMRT in the treatment of breast cancer is rapidly evolving, but its 
adoption and development have lagged somewhat compared with the use of IMRT 
to treat disease at other sites such as prostate cancer. Some of this lag may refl ect the 
typically modest radiation doses used to treat breast cancer, which are decreasing 
still further in clinical practice [ 27 ]. However, with the recognition that excess radi-
ation dose to the heart from radiation therapy for breast cancer can result in long- 
term morbidity and mortality [ 9 ,  11 ], interest is increasing in using IMRT to limit 
even modest radiation doses to the heart. In addition, the evolving evidence showing 
increasing benefi ts from regional nodal irradiation [ 28 ], in particular irradiation of 
the internal mammary chain, has further increased interest in using IMRT to treat 
regional lymphatics in breast cancer [ 3 ].  

14.2     Field-in-Field or “Forward-Planned” IMRT 

 Forward-planned IMRT [ 17 ] usually results in a radiation treatment plan with a more 
homogeneous dose distribution than can typically be achieved with a conventional 
plan using physical or dynamic wedges (Fig.  14.1 ). The use of forward planning 
requires that the planning system be capable of generating a dose cloud that is visible 
along a beam's eye view on a DRR (Fig.  14.2 ). The process begins by setting up two 
tangential photon beams in a typical oblique arrangement on the chest wall. Various 
dose clouds are then visualized along a beam's eye view (Fig.  14.3 ), and new fi elds 
using the identical gantry positions are created. Then monitor units for each new 
“fi eld within a fi eld” are subtracted from the open fi eld and added to the new fi eld, 
which blocks high-dose clouds until the isodose line of interest disappears. The pro-
cess then begins anew until the 5–7 % isodose cloud is reduced as much as possible. 
Once mastered, such plans can be generated and delivered rapidly. Centers without 
access to linear accelerators equipped with multileaf collimators can use fabricated 
Cerrobend blocks for each individual subfi eld, with the attendant increase in treat-
ment time owing to the need to switch out blocks for each blocked subfi eld.    

 Limitations of forward-planned IMRT are the constraints associated with using 
just two gantry positions with medial and lateral tangentially oriented fi elds. 
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Comprehensive irradiation of the regional lymphatics of the internal mammary, 
axillary, and supraclavicular regions is often not possible with this technique, and it 
is ideally suited for treatment that includes only the breast.  

  Fig. 14.1    A forward-planned intensity-modulated radiation therapy (IMRT) plan ( left ) vs. a con-
ventional wedge plan ( right )       

  Fig. 14.2    A 107 % isodose 
cloud ( blue ) visible on a 
digitally reconstructed 
radiograph (DRR)       
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14.3     Inverse-Planned IMRT 

 Over the past decade, the general term IMRT has been used to refer to inverse plan-
ning of radiation therapy involving the use of either multiple, non-coplanar fi xed 
gantry positions or, more recently, a continuous photon arc. Such techniques can 
result in far more complex and homogenous dose distributions than forward-planned 
IMRT, which offers some advantages when treating lymphatics in the internal mam-
mary, axillary, and supraclavicular regions owing to the non-coplanar orientation of 
the beams or arcs used. A disadvantage of inverse-planned IMRT is that the multiple- 
beam geometry results in higher doses to both superfi cial and deep tissues outside 
the target volume, such as the lung and contralateral breast. The clinical implica-
tions of these high-dose exposures are unclear, but scattered dose to the uninvolved 
breast during radiation therapy could result in the development of breast cancer [ 1 , 
 10 ] or lung cancer [ 19 ,  31 ] in smokers. As a result, the benefi ts of the improved 
conformality and homogeneity of inverse-planned IMRT should be balanced against 
the risk of additional scattered radiation to normal structures when inverse-planned 
IMRT is used. Inverse-planned IMRT is best reserved for specifi c cases where more 
conventional techniques such as forward-planned IMRT are unable to cover regions 
at risk and should probably not be used routinely, especially in cases where only the 
breast is being treated. 

14.3.1     Avoiding the Heart 

 Inverse-planned IMRT can result in treatment plans that can avoid the heart in 
patients with left-sided breast cancer (Fig.  14.4 ). A deep inspiratory breath-hold 
technique [ 23 ] should be used to minimize target motion during therapy, in addition 

  Fig. 14.3    A 105 % isodose 
cloud ( green ) visible on a 
digitally reconstructed 
radiograph (DRR)       
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to pulling the chest wall away from the heart as much as possible. The dose to the 
heart should be thoroughly minimized. Although the optimal dose-volume histo-
gram parameters have not been clearly defi ned, a reasonable guideline would be a 
mean dose to the entire muscular heart of <5 Gy [ 6 ].   

14.3.2     Treatment of Regional Lymphatics 

 The lymphatic regions at risk in patients with breast cancer include the axillary, 
infraclavicular, supraclavicular, and internal mammary chains. Evidence is evolving 
that comprehensive treatment of the lymphatics may be of benefi t for patients with 
high-risk disease [ 28 ]. Traditionally the lymphatics of the breast were treated with 
multiple abutting photon or electron fi elds (Fig.  14.5 ), usually matched on the skin. 
These techniques often resulted in underdosing at the fi eld junctions. IMRT can 
eliminate underdosing at these regions (Figs.  14.6  and  14.7 ), at the expense of 
higher doses to the lung and contralateral breast in some cases. Several detailed 
contouring atlases have been published [ 20 ,  29 ], and some general principles of 
nodal contouring are described below.    

14.3.2.1     Internal Mammary Lymphatics 
 The internal mammary artery and vein should be contoured within the fi rst three ipsi-
lateral rib interspaces, starting at the superior aspect of the ipsilateral, medial fi rst rib 
and extending to the cranial aspect of the ipsilateral, medial, fourth rib (Fig.  14.8 ).   

14.3.2.2     Level I of the Axilla 
 Level I of the axilla should be contoured starting at the level where the axillary 
vessels cross the lateral edge of the pectoralis minor muscle superiorly and extend-
ing inferiorly to the insertion of the pectoralis minor muscle on the ribs. The 

  Fig. 14.4    An inverse- 
planned IMRT plan for a 
patient with a reconstructed 
breast that avoids the heart 
while treating the internal 
mammary chain of 
lymphatics       
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medial and lateral borders extend between the medial border of the latissimus 
dorsi muscle and the lateral border of the pectoralis minor muscle, respectively. 
The anterior border is the anterior surface of the pectoralis major muscle, and the 
posterior border should be the anterior surface of the subscapularis muscle 
(Fig.  14.9 ).   

  Fig. 14.6    An underdosed region in the internal mammary chain       

  Fig. 14.5    Abutting photon and electron fi elds used to treat a patient after mastectomy       
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14.3.2.3     Level II of the Axilla 
 Level II of the axilla should be contoured at the level where the axillary vessels cross 
the medial edge of the pectoralis minor muscle superiorly, extending inferiorly to the 
cranial edge of level I of the axilla (where the axillary vessels cross the lateral edge of 
the pectoralis minor muscle). The medial and lateral borders extend between the 
medial border of the pectoralis minor muscle and the lateral border of the latissimus 
dorsi muscle, respectively. The anterior border is the anterior surface of the pectoralis 
minor muscle and the posterior borders are the ribs and intercostal muscles (Fig.  14.10 ).   

  Fig. 14.7    Elimination of the underdosed region in the internal mammary chain with IMRT       

  Fig. 14.8    The location of the internal mammary lymphatics       
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14.3.2.4     Level III of the Axilla 
 Level III of the axilla should be contoured at the level of the insertion of the pecto-
ralis minor muscle on the coronoid process superiorly, extending inferiorly to the 
cranial edge of level II of the axilla (where the axillary vessels cross the medial edge 
of the pectoralis minor muscle). The medial and lateral borders extend from the 
thoracic inlet to the medial border of the pectoralis minor muscle, respectively. The 
anterior border is the posterior surface of the pectoralis major muscle, and the pos-
terior borders are the ribs and intercostal muscles (Fig.  14.11 ).   

14.3.2.5     Supraclavicular Lymphatics 
 The lymphatics of the supraclavicular region should be contoured at the inferior 
border of the cricoid cartilage superiorly, extending inferiorly to the caudal edge of 

  Fig. 14.9    Axillary contours.  Red , level II;  orange , level I       

  Fig. 14.10    Axillary contours.  Blue , level III;  red , level II;  orange , level I       
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the clavicular head. The medial and lateral borders should be the edge of the thyroid 
gland and trachea and the lateral edge of the sternocleidomastoid muscle, respec-
tively. The anterior border is the posterior surface of the sternocleidomastoid mus-
cle, and the posterior border is the anterior surface of the scalene muscles 
(Fig.  14.12 ).    

14.3.3     Treatment of the Breast and Tumor Bed 

 Treating the intact breast with inverse-planned IMRT involves contouring the 
entire breast mound on CT images. Breast mounds vary considerably between 
patients depending on body habitus and positioning; common sense should be 
used when contouring this structure, but some general guidelines are as follows: 
The breast mound often extends from the region between the clavicular head and 
second rib insertion superiorly and extends inferiorly to a variable degree. The 
medial border is typically at the junction of the sternum and the ribs, and the lat-
eral junction should be determined clinically. In patients with early-stage disease 
who have not received neoadjuvant therapy and who have tumors that do not 
approximate the pectoralis muscles, the posterior border should be at the anterior 
border of the pectoralis major muscle. Otherwise, the posterior border should be 
at the pleural surface and include the ribs and pectoralis muscles. The skin surface 
should constitute the anterior border. The tumor cavity should comprise the entire 
visible postoperative seroma seen on CT and should be included in its entirety 
within the breast contours. The placement of surgical clips at the time of lumpec-
tomy can assist in delineating the tumor cavity if the seroma is not visible on CT 
and constitutes best practice when using IMRT to treat the breast. Use of an inte-
grated boost [ 24 ,  26 ] can shorten treatment time through the administration of a 
higher dose per fraction to the tumor bed concurrently with treatment of the 
breast, with acceptable cosmetic results [ 18 ].  

  Fig. 14.11    Axillary contours.  Blue , level III;  red , level II       
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14.3.4     Treatment of the Chest Wall 

 For patients with locally advanced disease, treatment of the chest wall after mastec-
tomy is accompanied by comprehensive irradiation of the draining lymphatics in 
most cases. In some patients found to be node-negative after mastectomy, irradiat-
ing the chest wall alone, without regional nodal irradiation, may be appropriate 
[ 13 ]. Care should be taken to include the entire surgical scar when irradiating the 
chest wall. The superior border is usually placed at the inferior border of the cla-
vicular head; the contralateral breast is used as a guide in determining the inferior 
border. If the contralateral breast is surgically absent, preoperative imaging should 
be used to determine the inferior border. The posterior border should be the pleural 
surface and include the ribs and pectoralis muscles. The skin surface should consti-
tute the anterior border.  

  Fig. 14.12    Contours of the supraclavicular region       
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14.3.5     Normal Tissue Constraints 

 Normal tissue constraints for a variety of organs have been published [ 7 ]. An 
ongoing trial by the National Surgical Adjuvant Breast and Bowel Project and 
Radiation Therapy Oncology Group (NSABP B-51/RTOG 1304) [ 16 ] is investi-
gating the utility of regional nodal irradiation for patients with lymph node-posi-
tive disease that responds completely to neoadjuvant chemotherapy. This trial 
allows the use of inverse-planned breast IMRT. The normal tissue constraints used 
in this trial are listed below, with the caveat that fi nding from the trial has not yet 
been published; indeed, when this chapter was written, the trial was only in the 
early stages of accrual. 

14.3.5.1    Normal Tissue Constraints from NSABP B-51/RTOG 1304 
   Contralateral Breast 
•   <5 % receives 3 Gy.   

  Ipsilateral Lung 
•   ≤30 % of the ipsilateral lung should receive ≥20 Gy.  
•   ≤50 % of the ipsilateral lung should receive ≥10 Gy.  
•   ≤65 % of the ipsilateral lung should receive ≥5 Gy.   

  Contralateral Lung 
•   ≤10 % of the contralateral lung should receive ≥5 Gy.   

  Heart 
•   ≤5 % of the whole heart should receive ≥25 Gy for left-sided breast cancers, and 

0 % of the heart should receive ≥25 Gy for right-sided breast cancers.  
•   ≤30 % of the whole heart should receive ≥15 Gy for left-sided breast cancers, 

and ≤10 % of the heart should receive ≥15 Gy for right-sided breast cancers.  
•   The mean heart dose should be ≤4 Gy.       

14.4     Accelerated Partial-Breast Irradiation 

 Accelerated partial-breast irradiation (APBI) is a relatively new approach being inves-
tigated in ongoing randomized trials [ 25 ]. APBI typically involves the irradiation of 
the tumor bed alone to doses of 34–38 Gy administered in 10 fractions twice daily 
over 5 treatment days. The ongoing NSABP B-39/RTOG 0413 trial randomly assigned 
patients with early-stage breast cancer to receive either whole-breast radiation therapy 
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or APBI using either brachytherapy or 3D conformal radiation therapy. The fi ndings 
from this trial continue to mature; however, early reports [ 12 ,  15 ] have suggested 
unacceptable cosmetic outcomes, particularly subcutaneous fi brosis and fat necrosis, 
in patients treated with APBI with 3D conformal radiation therapy. In addition, fi nd-
ings from single-institution studies have also suggested that cosmetic results are unac-
ceptable when IMRT is used for APBI [ 14 ]. At this time, external- beam modalities, 
including IMRT, seem to result in inferior cosmetic outcomes when used for APBI 
and should be avoided outside the context of clinical trials.  

14.5     Conclusions 

 When only the breast is to be treated, forward-planned IMRT results in excellent 
dose homogeneity compared with conventional techniques involving the use of 
physical wedges. With modern multileaf collimator-equipped linear accelerators, 
forward-planned IMRT can be administered quickly and safely, without the 
increased costs associated with inverse-planned IMRT. On the other hand, inverse- 
planned IMRT is an attractive option for patients who require extensive irradiation 
of the regional lymphatics. Inverse-planned IMRT typically involves a trade-off 
between increased dose conformality and homogeneity at the expense of higher 
radiation doses to normal structures such as the contralateral breast, heart, and 
lungs. Although experience with the technique can allow minimization of such 
doses to normal structures, the question remains as to whether the increased doses 
to normal structures from inverse-planned IMRT are clinically signifi cant. Reports 
of improved long-term clinical outcomes with inverse-planned IMRT are lacking 
but should become available as the technique becomes more widely accepted.     
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15.1         Anatomy 

 The esophagus is divided into cervical and thoracic components. The American 
Joint Committee on Cancer report divides the esophagus into four regions: cervi-
cal, upper thoracic, midthoracic, and lower thoracic. The cervical esophagus begins 
at the cricopharyngeus muscle and extends to the thoracic inlet. According to the 
Japanese classifi cation of carcinoma of the esophagus, the cervical esophagus is 
defi ned as beginning at the esophageal orifi ce and extending to the level of the 
sternal notch. 

 The esophagus is characterized by a rich, longitudinal, lymphatic drainage 
network. Regarding thoracic esophageal cancer, extended lymph node metasta-
ses are often observed. As compared with thoracic esophageal cancer, a higher 
incidence of cervical lymph node metastasis is observed in cervical esophageal 
cancer, and mediastinal lymph node metastases are often limited to the upper 
mediastinal lymph nodes. Fujita et al. [ 1 ] reported on the incidence of lymph 
node metastases from cervical esophageal cancer in 36 patients who had under-
gone curative resection and divided them into two groups with or without tumor 
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invasion into the pharynx. Cervical esophageal cancer with invasion into the 
pharynx had a high incidence of cervical paraesophageal and deep cervical node 
metastases, while cervical esophageal cancer without invasion into the pharynx 
had a higher incidence of cervical paraesophageal and recurrent nerve node 
metastases; resection of these nodes was related to better prognosis [ 1 ]. 

 According to the 7th UICC staging system, supraclavicular node metastasis is 
classifi ed as distant metastasis regardless of the primary tumor location. However, 
in the case of cervical esophageal cancer, even in the presence of supraclavicular 
node metastasis, surgery or radiation therapy is performed with curative intent. 
According to the Japanese classifi cation of carcinoma of the esophagus, the supra-
clavicular nodes are defi ned as a regional lymph node station (group 2, N2) and 
defi nitive treatment is selected.  

15.2     Risk Factors 

 Alcohol and smoking are well-known major risk factors for hypopharyngeal and 
esophageal cancer [ 2 ,  3 ]. This is a major problem in East Asia, because approxi-
mately 36 % of East Asians show low tolerability to alcohol because of an inherited 
defi ciency in the enzyme aldehyde dehydrogenase 2 (ALDH2) [ 3 ]. However, cervi-
cal esophageal cancer is a rare disease, because the incidence of cervical esophageal 
cancer among all esophageal cancers is low. According to the Japanese 
 Comprehensive Registry of Esophageal Cancer  published in 2006 [ 4 ], the incidence 
of cervical esophageal cancer was only 4.2 % among all esophageal cancers.  

15.3     Surgery 

 Cervical esophageal cancer is often discovered as locally advanced disease at 
diagnosis and is frequently associated with local invasion to other organs and 
lymph node metastases. However, lymph node metastases are often limited to the 
cervical region and are candidates for surgery. According to the Japanese guide-
lines for the diagnosis and therapy of esophageal cancer (2012), larynx-preserv-
ing therapy is recommended for cases in which the tumor does not invade into the 
larynx or trachea and does not reach the esophageal orifi ce. If the tumor extends 
to the pharynx, trachea, or hypopharynx, or there is not enough space for anasto-
mosis of the cervical esophagus, laryngoesophagopharyngectomy is recom-
mended and a permanent tracheostomy is performed. If the tumor directly invades 
the internal carotid artery, the left subclavian artery, or the cervical vertebral body, 
it is unresectable. The role of neoadjuvant chemotherapy or chemoradiation ther-
apy has not yet been established. 

 Results of surgery for cervical esophageal cancer have often been reported 
together with hypopharyngeal cancer (Table  15.1 ). In recent reports regarding 
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surgical treatments, 5-year overall survival rates were in the range of 24–37.6 %, 
and high morbidity (33.1–49 %) and mortality (4–9.8 %) have also been reported. 
In a Japanese study, Daiko et al. [ 8 ] reported that 74 cases of cervical esophageal 
cancer (UICC 1997 pStage I, 6; pStage II, 30; pStage III, 38 (T4, 19)) were treated 
using surgery, and the 3- and 5-year overall survival rates were 42 % and 33 %, 
respectively. Fujita et al. reported a 5-year overall survival rate of 31 % for 29 cases 
of cervical esophageal cancer (UICC 1997 pStage I, 1; pStage II, 8; pStage III, 13; 
pStage IV, 7).

   Daiko et al. [ 8 ] reported that the fi rst recurrence after surgery was mostly locore-
gional (82 %) and that the rate of distant metastasis was 14 %. They reported that 
pathological staging, namely, pT, pN, pM1 distant lymph node metastases, lym-
phatic invasion, and extracapsular invasion, was prognostic factors identifi ed using 
univariate analysis. Triboulet et al. [ 6 ] reported that the pT3 and pT4 histopathologi-
cal stages were poor prognostic factors in surgical cases of cervical esophageal 
cancer. Thus, surgery can be applied for locally advanced disease, but outcome is 
not satisfactory and a worse quality of life (QOL) is a problem.  

15.4     Radiation Therapy 

15.4.1     Results of Radiation Therapy 

 Radiation therapy for cervical esophageal cancer has a major positive impact on 
the QOL of patients as a result of the preservation of the larynx and esophagus 
[ 10 ]. Therefore, radiation therapy is often preferred over surgery in the clinic. The 
optimal radiation dose and fractionation have not yet been established; a wide 
range (50–70 Gy) of prescribed doses regarding the doses, which are used for 
either thoracic esophageal cancer or head and neck cancer, have been reported [ 9 , 
 11 – 19 ]. Although no large prospective trials have been carried out because of the 
small number of cases involved, the outcome of radiation therapy has been reported 
in several studies (Table  15.2 ). Burmeister et al. [ 13 ] reported on 34 patients (Stage 
I, 4; Stage II, 27; Stage III, 3) treated using chemoradiation therapy at a total 

   Table 15.1    Outcomes of patients treated using surgery   

 Study  Year  Ce/Hp  5ySR (%)  Morbidity  n  (%) 
 Hospital mortality 
 n  (%) 

 Wei et al. [ 5 ]  1998  32/37  24  34(49)  6(9) 
 Triboulet et al. [ 6 ]  2001  78/131  24  42(33.1)  10(4.8) 
 Wang et al. [ 7 ]  2006  15/26  31.5  19(46.3)  4(9.8) 
 Daiko et al. [ 8 ]  2007  74/0  33  25(34 %)  3(4 %) 
 Tong et al. [ 9 ]  2011  43/25  37.6(2y)  5(7.1) 
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radiation dose of 61.2 Gy (mean dose); 3- and 5-year overall survival rates were 
60 % and 55 %, respectively. Yamada et al. [ 14 ] reported on 27 patients (UICC 
1997 Stage I, 5; Stage II, 6; Stage III, 12; Stage IV, 4) treated using defi nitive radia-
tion therapy at a mean total dose of 66 Gy; both 3- and 5-year overall survival 
rates were 37.9 %. Uno et al. [ 18 ] reported on 21 patients (UICC 1997 Stage I, 1; 
Stage II, 5; Stage III, 8; Stage IV, 7) treated using defi nitive radiation therapy 
(median dose 64 Gy), and the 2- and 5-year overall survival rates were 41 % and 
27 %, respectively. For 11 patients who did not have grade T4 tumors, the 5-year 
overall survival rate was 41 %. Gkika et al. [ 21 ] reported on 55 patients (UICC 
1992 Stage II, 20; Stage III, 35) treated by means of defi nitive chemoradiation 
therapy (median dose 60 [range, 50–70] Gy). Overall survival rates at 2, 3, 5, and 
10 years were 35 %, 29 %, 25 %, and 10 %, respectively. Although the above 
reports represent only a small number of retrospective studies involving differ-
ences in doses and chemotherapy regimens, the results of radiation therapy have 
been promising. A few studies regarding treatment results using intensity-modu-
lated radiation therapy (IMRT) have been used as a basis for the treatment of cervi-
cal esophageal cancer [ 22 ]. Huang et al. [ 16 ] reported that patients treated from 

   Table 15.2    Outcomes of patients treated using radiation therapy   

 Study  Year   n   Dose (Gy) 
 CCRT 
(%) 

 IMRT 
(%)  LRC (%) 

 2y-OS 
(%) 

 5y-OS 
(%) 

 Stuschke et al. 
[ 12 ] 

 1999  17  60–66  100  0  33(2y)  24  NA 

 Burmeister 
et al. [ 13 ] 

 2000  34  50.4–65 (mean 
61.2) 

 100  0  NA  NA  55 

 Yamada et al. 
[ 14 ] 

 2005  27  44–73.7 (mean 
66) 

 85.2  0  13(5y) a   38  38 

 Wang et al. 
[ 15 ] 

 2006  35 b   24.5–64.8 
(median 50.4) 

 100  0  47.7(5y)  NA  18.6 

 Wang (MDA) 
[ 20 ] 

 2006  7  59.4–66 (median 
64.8) 

 100  100  NA  NA  NA 

 Uno et al. [ 18 ]  2007  21  60–74 (median 
64) 

 90  0  NA  41  27 

 Huang et al. 
[ 16 ] 

 2008  71  52  37(2y) c   35  18.6 
 (29)  54Gy/20fr.  45  0  NA  41  NA 
 (42)  70Gy/35fr.  57  Some  NA  32  NA 

 Tong et al. [ 9 ]  2011  21  60–68  100  0  NA  46.9  NA 
 Cao et al. [ 17 ]  2013  115  59.4–80  30.4  73.6  68.3(2y) d   47.6  NA 

   a Disease-free survival 
  b Including 13 upper thoracic esophageal cases 
  c Locoregional relapse-free survival 
  d Local failure-free survival  
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2001 at a total radiation dose of 70 Gy delivered in 35 fractions, using either three-
dimensional conformal radiation therapy (3D CRT) or IMRT together with concur-
rent cisplatin, achieved a 2-year overall survival rate of 32 %. Wang et al. [ 20 ] 
reported on the initial experience of seven patients treated with IMRT at the MD 
Anderson Cancer Center, at total doses of 59.4–66 Gy (median 64.8 Gy) given in 
combination with concurrent chemotherapy. Several preliminary studies regarding 
IMRT for both cervical and upper thoracic esophageal cancer have also been pub-
lished [ 22 ,  23 ]. Overall, whether or not better coverage of the planning target vol-
ume (PTV) by IMRT leads to an improvement in local tumor control and patient 
survival is unknown and a prospective study is needed.

15.4.2        IMRT 

15.4.2.1     Merits of IMRT 
 Classically, the AP-PA fi eld, the so-called short-T fi eld, is the initial fi eld; cord 
cut opposing oblique fi elds has been used for a radiation boost. The distance 
between the esophagus and spinal cord is short at the level of the neck, so it is 
often diffi cult to deliver an adequate dose to the tumor and reduce the dose to the 
spinal cord with 3D CRT. In addition, differences in the thickness of the body at 
the neck and the chest make it diffi cult to achieve an even dose distribution; this 
is especially true in patients with bulky tumors, a bilateral neck, or supraclavicu-
lar nodes. Several treatment planning studies have clearly demonstrated the use-
fulness of IMRT for cervical esophageal cancer, with superior target volume 
coverage and conformity, and a reduced dose to the spinal cord and lungs [ 24 –
 26 ]. Comparisons between fi xed- beam IMRT and volumetric modulated arc ther-
apy (VMAT) [ 27 ] have also been reported. Both methods basically achieve 
abundant dose coverage of the PTV; VMAT has exhibited slight improvements in 
the radiation dose distribution and a large reduction in the number of monitor 
units (MU) required for treatment, but a slight increase in low-dose lung radia-
tion exposures.  

15.4.2.2     Target Delineation 
 Usually, the type of primary tumor is determined by means of multiple studies 
including barium studies, endoscopy, computed tomography, magnetic resonance 
imaging, and FDG-PET. Because Lugol chromoendoscopy cannot be used in the 
head and neck region because of the risk of aspiration, narrow-band imaging esoph-
agogastroduodenoscopy is useful for determining superfi cial squamous cell carci-
noma extension in cervical esophageal cancer [ 28 ]. The radiation fi eld for cervical 
esophageal cancer (Fig.  15.1a–d ) usually includes prophylactic lymph node stations 
including the bilateral supraclavicular, mid-deep cervical, paraesophageal, and 
recurrent nerve extending as far as the subcarina. When tumors have invaded the 
pharynx, the upper deep cervical station is also incorporated into the radiation fi elds.   
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  Fig. 15.1    ( a – d ): An example of contouring for a cervical esophageal tumor. ( a ) The clinical target 
volume (CTV) for the primary tumor is defi ned as the gross tumor volume plus a 2-cm craniocaudal 
margin with a 0.5-cm radial margin. The CTV over the trachea and bone is cut unless there is direct 
invasion of the tumor. ( b – d ) Axial images of contouring. Planning target volume (PTV) for prophy-
lactic lymph node stations ( green ); PTV for primary tumor and metastatic lymph nodes ( red )         
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15.4.2.3    Case Reports 
 Examination of a 66-year-old male patient who suffered from dysphagia using 
laryngoscopy revealed no abnormalities. Two months later, the patient received 
upper gastrointestinal endoscopy, and a 5-cm, localized, ulcerative tumor that 
started at a distance of 17 cm from the incisor teeth was found. Squamous cell car-
cinoma was determined by means of biopsy, and CT and FDG-PET revealed exten-
sive lymph node swellings at the bilateral supraclavicular and mediastinal nodes. 
Gastrostomy was performed prior to chemoradiation therapy. The total dose deliv-
ered was 60 Gy in 30 fractions for the PTV and 51 Gy for the prophylactic lymph 
node region delivered by means of seven fi elds involving a simultaneous integrated 
boost using IMRT (Fig.  15.2a–d ); cisplatin and 5FU were administered concur-
rently in two courses. After chemoradiation, metastatic lymph nodes showed a com-
plete response (CR), but ulceration remained at the primary tumor site. Adjuvant 
chemotherapy with cisplatin and 5FU was repeated in four courses. Eight months 
after treatment, the CR of the primary tumor was confi rmed using endoscopy. At the 
same time as adjuvant chemotherapy, balloon dilation of the esophagus was repeated 
for stenosis of the esophagus, and gastrostomy was terminated at 8 months after the 
completion of radiation therapy. The patient has continued to exhibit a CR over a 
4-year period.     

Fig. 15.1 (continued)
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  Fig. 15.2    ( a – d ): Case report. A 66-year-old male patient with cT4b (trachea and thyroid) 
N2M1(LYM) cervical esophageal cancer. A total dose of 60 Gy was delivered in 30 fractions to the 
planning target volume and 51 Gy to the prophylactic lymph node region using seven fi elds of 
simultaneous integrated boost intensity-modulated radiation therapy (IMRT); cisplatin and 5FU 
were concurrently administered in two courses. Four courses of adjuvant chemotherapy with cis-
platin and 5FU were added. ( a ) Contouring. Note the huge tumor located in both the cervical and 
upper thoracic esophagus. Bilateral supraclavicular and mediastinal lymph node swellings can also 
be observed. ( b ) Dose distribution of IMRT in the axial plane. ( c ) Dose distribution of IMRT in 
three-dimensional view. ( d ) Computed tomography scans showing dramatic improvement in 
esophageal wall thickness and the disappearance of bilateral supraclavicular lymph node metasta-
ses at 10 months after chemoradiation therapy         
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15.5     Future Considerations 

 Although cervical esophageal cancer is a rare disease, radiation therapy plays an 
important role in its treatment, and IMRT has clear advantages over 3D CRT. To 
establish the role of IMRT in the treatment of cervical esophageal cancer, the 
Japanese Radiation Oncology Study Group is now running a multi-institutional 
phase II study of chemoradiation therapy using IMRT for cervical esophageal can-
cer to confi rm the effi cacy and safety of IMRT.     
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16.1         Introduction 

 Esophageal cancer is the eighth most common cancer worldwide, with an estimated 
456,000 cases in 2012, and is the sixth most common cause of cancer death, account-
ing for over 400,000 deaths [ 15 ]. The prognosis for patients with esophageal cancer is 
poor, with mortality nearly matching incidence in most countries and an overall 5-year 
survival rate of less than 20 %. Esophageal cancer is most prevalent in Eastern Asia 
and Southern and Eastern Africa. The two histologic types of esophageal cancer, 
esophageal squamous cell carcinoma (CC) and esophageal adenocarcinoma, occur in 
distinct geographic areas, with esophageal SCC being most common in the Eastern 
Hemisphere and esophageal adenocarcinoma predominating in the Western 
Hemisphere. This difference in distribution refl ects the difference in etiology of the 
two subtypes, with esophageal SCC associated with chronic damage from smoking 
and alcohol consumption and esophageal adenocarcinoma linked with squamous 
metaplasia from chronic refl ux disease and obesity [ 13 ]. 

 Historically, thoracic esophageal cancer has been managed with surgical resec-
tion or, for patients who are not candidates for surgery, defi nitive radiation therapy. 
Two reviews published in 1980 of more than 80,000 patients concluded that either 
approach produced poor treatment outcomes, with 5-year survival rates ranging 
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from 0 to 10 % [ 11 ,  12 ]. Improvements in surgical techniques and postoperative 
care have improved the morbidity and mortality associated with surgery, and the 
5-year survival rates after surgery alone are generally about 20 % regardless of 
whether the surgical technique is transhiatal or open thoracotomy [ 22 ,  23 ]. Radiation 
therapy used as monotherapy produces limited cure rates; however, the addition of 
chemotherapy (given alone or concurrently with radiation before surgery) has sub-
stantially improved cure rates. In one randomized trial comparing radiation alone 
with chemoradiation, the corresponding 5-year survival rates were 0 and 25 % [ 20 ]. 
Chemoradiation also produced outcomes comparable to those of surgical resection 
in another randomized trial [ 7 ]. The benefi t of adding surgery to chemoradiation is 
still somewhat controversial because the two randomized trials conducted to date 
showed a benefi t in disease-free survival but not in overall survival, and the high 
perioperative mortality rate (8–12 %) may have offset any survival benefi t from 
preoperative therapy [ 3 ,  42 ]. Most retrospective studies have shown a benefi t from 
adding surgery to chemoradiation, but selection bias precludes the fi ndings from 
those studies from being considered defi nitive. 

 The belief that outcomes could be improved by adding neoadjuvant therapy 
(either chemotherapy or chemoradiation) to surgery has led to several randomized 
trials, all of which have shown survival benefi ts from neoadjuvant therapy relative 
to surgery alone, a fi nding confi rmed by a recent meta-analysis involving 4,188 
patients [ 41 ]. Specifi cally, preoperative chemotherapy was associated with a hazard 
ratio (HR) of 0.87 ( p  = 0.005), but the benefi t was confi ned to adenocarcinomas. The 
HR for preoperative chemoradiation, by contrast, was 0.78 ( p  < 0.0001), and bene-
fi ts were similar for both SCC and adenocarcinoma. An indirect comparison of 
neoadjuvant chemotherapy versus neoadjuvant chemoradiation had an HR of 0.88, 
but this was not statistically signifi cant ( p  = 0.07). 

 That meta-analysis did not include a recently published phase III randomized 
trial from the Dutch CROSS group [ 47 ]. This    trial, the largest conducted to date, 
involved 366 patients randomized to receive preoperative chemoradiation or sur-
gery alone. Unlike previous neoadjuvant chemoradiation trials, the chemotherapy 
was carboplatin and paclitaxel (unlike the more common regimen of cisplatin with 
fl uorouracil), and the radiation dose was lower than in other trials at 41.4 Gy in 23 
fractions. Chemoradiation was found to substantially enhance median survival time, 
being 49 months versus 24 months in the surgery-only group, and improve 3-year 
overall survival rates (59 % vs. 48 %). The benefi t seems to have been greater for 
the 25 % of patients who had SCC in that study. Moreover, chemoradiation did not 
increase perioperative mortality, and the pathologic complete response rate was 
29 %, which was no different than fi ndings from previous studies involving higher 
radiation doses (45–50.4 Gy). This high-quality trial, conducted using modern-day 
treatment approaches, has shifted the paradigm for managing esophageal cancer 
worldwide. Even countries in which preoperative chemotherapy has been the stan-
dard of care are now comparing preoperative chemotherapy versus preoperative 
chemoradiation. The Japan Clinical Oncology Group is conducting a phase III clini-
cal trial, JCOG 1109, comparing three treatment approaches—preoperative cispla-
tin with fl uorouracil versus docetaxel with cisplatin and fl uorouracil versus cisplatin, 
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fl uorouracil, and radiation therapy—for locally advanced esophageal cancer. Future 
meta-analyses that include the CROSS trial will likely demonstrate a benefi t from 
preoperative chemoradiation over preoperative chemotherapy.  

16.2     Adverse Events After Radiation Therapy 

 Although radiation therapy is a key component of the current management of 
esophageal cancer, the safe delivery of radiation is challenging owing to the proxim-
ity of the heart and lung, particularly for adenocarcinomas that develop in the mid- 
to distal regions of the esophagus. Inadvertent exposure of the heart and lung can 
lead to signifi cant morbidity, and several studies have linked dosimetric variables 
with pleural and pericardial effusion. In one such study, Wei et al. evaluated data 
from 101 patients with inoperable disease who received chemoradiation using 
3-dimensional conformal radiation therapy (3D CRT) in 2000–2003 [ 54 ]. The crude 
rate of pericardial effusion in that study was 27.7 %, with median time to onset of 
5.3 months. On multivariable analysis, a pericardial  V  30  of > 46 % was the most 
signifi cant predictor of pericardial effusion. In a separate study of 167 patients, 
symptomatic pericardial effusion (grade ≥3 on the Common Terminology Criteria 
for Adverse Events scale) was observed in 14 patients (8.4 %), and the authors 
found that the cutoff values for predicting symptomatic pericardial effusion were a 
mean pericardial dose of 36.5 Gy and a pericardial  V  45  of 58 % [ 16 ]. In another 
study evaluating dose-volume variables associated with pleural effusions, the 
authors found 35 % of the 43 patients in that study developed pleural effusions. 
Multivariable analysis revealed the heart V 50  to be the strongest predictor of pleural 
effusions, with the risk being <6 % if the heart  V  50  was <20 % but 64 % if the heart 
 V  50  was >40 % [ 40 ]. In a study evaluating long-term toxicity after defi nitive chemo-
radiation for thoracic esophageal SCC, more than 25 % of patients experienced late 
grade ≥3 cardiopulmonary toxicity [ 24 ]. This late toxicity was considerably more 
common among patients older than 75 years (29 %) than among younger patients 
(3 %) ( p  = 0.005) [ 34 ]. 

 Although trimodality therapy is currently the standard approach for managing 
nonmetastatic esophageal cancer for patients who can tolerate surgery [ 10 ,  44 ,  47 , 
 50 ], esophagectomy carries a high risk of complications [ 8 – 10 ,  48 ] that can lead to 
poor prognosis and decrements in the quality of life [ 9 ,  21 ,  39 ]. Bosset and col-
leagues [ 4 ] reported higher rates of postoperative death among patients who 
received multimodality therapy than among those given surgery alone (17 % vs. 
5 %), although the risk of death was related to both the surgical volume of the 
institution and the skill of the surgeons [ 38 ,  43 ]. Adelstein and colleagues [ 2 ] 
reported a postoperative mortality rate of 18 % in their phase II study of preopera-
tive concurrent chemotherapy and accelerated fractionated radiation therapy for 
esophageal carcinoma. The morbidity associated with esophagectomy procedures 
is even more alarming. In several large prospective trials examining neoadjuvant 
chemoradiation followed by surgical resection [ 44 ,  46 ,  47 ,  50 ], the rate of postop-
erative pulmonary complications ranged from 33 to 46 %, with anastomotic leaks 
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occurring in 4 to 22 % of cases. Large retrospective analyses [ 8 ,  9 ] also showed 
high rates of postoperative pulmonary complications (up to 45 %) and gastrointes-
tinal complications (up to 24 %). The lung dose-volume relationship has also been 
linked with postoperative pulmonary complications [ 28 ,  51 ]. In one series of 
patients who had preoperative chemoradiation in 1998–2002, 18 % had pulmonary 
complications, most of which were postoperative pneumonia and some of which 
were fatal. The incidence of pulmonary complications correlated signifi cantly with 
a total lung  V  10  of ≥40 % (35 %) and a lung  V  15  of ≥ 30 % (33 %) and may have 
been associated with a  V  20  of ≥20 % as well (≥20 % [32 %] vs. <20 % [10 %]) 
( p  = 0.079) [ 28 ]. Subsequent analyses seem to indicate that other dosimetric vari-
ables such as mean lung dose (MLD) can also predict postoperative pulmonary 
complications [ 45 ].  

16.3     Dosimetric Benefits from IMRT Versus Conformal 
Techniques 

 Even though the complex beam arrangements used for IMRT can produce highly 
conformal treatment plans [ 55 ], particularly for tumors in the lung and esophagus, 
any dosimetric benefi t from IMRT relative to other conformal techniques depends 
on the way the beams are arranged. Simply modulating the beam arrangements used 
for conformal techniques or creating a 9-fi eld plan that spreads out the dose will not 
substantially improve dosimetric sparing of nearby normal tissues [ 37 ] and could 
even enhance pulmonary toxicity [ 26 ]. However, more often than not, IMRT 
improves dosimetric sparing of adjacent tissues, particularly the heart, compared 
with 3D CRT (Fig.  16.1 ). In an early treatment planning comparison involving 10 
patients with distal esophageal tumors that had been treated with 3D CRT, IMRT 
plans created with 4, 7, or 9 beams could reduce the total lung volume exposed to 
>10 Gy and >20 Gy as well as the MLD, but there was no benefi t in terms of doses 
to the spinal cord, heart, or liver or integral doses to the total body [ 5 ]. This improve-
ment in lung dose was noted not only for mid- to distal esophageal tumors but also 
for proximally located tumors in the cervical esophagus, with IMRT providing bet-
ter target volume coverage and conformality and lower doses to the spinal cord and 
parotids [ 14 ]. This improved coverage and conformality should allow further dose 
escalation and, presumably, improved tumor control [ 56 ]. For distal esophageal 
tumors, the heart is immediately anterior to the tumor. Given traditional beam 
arrangements, the anterior-posterior entering beam is often complemented by 2 or 3 
other beams, either as two posterior obliques or as a cross-like distribution. Although 
this beam arrangement improves lung dosimetry, the heart dose often is not substan-
tially reduced with IMRT. Grosshans et al. [ 18 ] recently analyzed IMRT beam 
arrangements that could optimize heart sparing without drastically increasing lung 
dose. Removing the anterior entrance beams and placing all 5 beams in a posterior- 
left lateral beam arrangement signifi cantly reduced mean cardiac doses (from 33 Gy 
to 23 Gy, p < 0.05) as well as the heart  V  20  and  V  30 . This arrangement did increase the 
MLD and lung  V  5  and  V  20  slightly, but those variables remained within acceptable 
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limits. Target coverage, homogeneity, and conformality were similar to or improved 
with the alternative beam arrangements. Another dosimetric planning study 
comparing heart and coronary vessel exposure between IMRT and 4-fi eld 3D CRT 
showed better conformality (conformality index 1.3 for IMRT vs. 1.56 for 3D CRT) 
and a signifi cant reduction in the mean heart dose, heart  V  30 , and sparing of the right 
coronary artery with the use of IMRT [ 25 ].  

 Thus, when optimal beam arrangements are used, IMRT can substantially 
improve sparing of organs at risk (OARs) relative to conformal techniques. 
Moreover, the technology used to deliver IMRT can produce further improve-
ments in conformality and dose delivery. In one treatment planning comparison 
study of 10 patients with upper thoracic esophageal tumors, the use of “micro” 
4-mm-wide multileaf collimators (MLCs) was compared to the use of standard 
10-mm-wide MLCs. The 4-mm MLCs were more effi cient, using fewer monitor 
units (MUs) than did the standard 10-mm MLCs (mean 703 vs. 833 MUs). Dose 
coverage was also improved, as was sparing of the spinal cord and lung [ 17 ]. 
Other studies have explored the use of volumetric modulated arc therapy (VMAT, 
also known as RapidArc), a specialized IMRT delivery system in which the radia-
tion is delivered while the gantry of the linear accelerator is being rotated through 
one or more arcs. This application can be used to further improve OAR sparing 
over that which is possible with 3D CRT or fi xed-fi eld IMRT and signifi cantly 
reduces the “beam-on” time [ 1 ,  19 ,  31 ,  36 ,  49 ,  57 ]. One treatment planning study 

  Fig. 16.1    The relative distribution of radiation dose in the treatment of esophageal cancer with 
3-dimensional conformal radiation therapy (3D CRT) versus intensity-modulated radiation ther-
apy (IMRT)       
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that compared single-arc and double-arc VMAT plans to those for 4-fi eld IMRT or 
3D CRT showed that the IMRT and VMAT plans improved both OAR sparing and 
dose conformality over that possible with the 3D CRT plans; also, the double-arm 
VMAT plan further enhanced OAR sparing while also reducing beam-on time 
compared with the single- arc VMAT plan [ 49 ]. These improvements may be fur-
ther enhanced with the use of fl attening fi lter-free RapidArc plans. In a study 
comparing this technique with standard RapidArc therapy, IMRT, and 3D CRT, all 
of the IMRT plans showed better sparing of the lung compared with 3D CRT, but 
the fl attening fi lter-free RapidArc therapy showed a 20 % increase in MU/Gy, a 
90 % increase in average dose rate, and a 20 % reduction in beam-on time [ 36 ]. 
The use of IMRT delivered by helical tomotherapy has also been reported in sev-
eral treatment planning studies, and the dose distributions are quite similar to 
those of the double-arc RapidArc plans [ 6 ,  33 ,  35 ].  

16.4     Clinical Evidence in Support of IMRT 

 As alluded to in the previous section, many treatment planning studies have demon-
strated potential dosimetric advantages from IMRT in terms of improving avoid-
ance of normal tissues and the effi ciency of radiation treatment; however, clinical 
evidence of such benefi ts is only recently emerging from a few single-institution 
reports. No large randomized trials have been undertaken to directly compare IMRT 
with 3D CRT, and indeed, such studies are unlikely. Although 3D CRT remains the 
standard of care in many parts of the world, IMRT is increasingly being used at 
large academic centers and in many community practices. Several small studies 
have shown that IMRT for esophageal tumors is feasible and has promising long- 
term outcomes and good tolerability [ 27 ,  52 ]. A small randomized trial was con-
ducted in China comparing IMRT versus 3D CRT in 60 patients [ 29 ]; the radiation 
dose was 64 Gy in 30 fractions and was given with concurrent cisplatin and 
docetaxel. Although the 1- to 3-year survival rates seemed to favor IMRT, the num-
bers were too small to reach statistical signifi cance. MD Anderson Cancer Center 
reported a large retrospective analysis that spanned 1998–2010; 3D CRT was more 
common in 1998–2002, and IMRT was more common in 2002–2010 [ 30 ]. Because 
of the substantial potential for bias in this nonrandomized comparison, propensity- 
matched analysis was used with an inverse probability weight approach to balance 
the two treatment era groups for 13 potential confounding patient- and treatment- 
related characteristics. Imbalances noted were that patients given IMRT were less 
likely to have received induction chemotherapy (35.7 % in the IMRT group vs. 
46.7 % in the 3D CRT group), had worse performance status scores (≤80 in 66 % 
of IMRT vs. 50 % of 3D CRT), were more likely to have undergone positron emis-
sion tomography (PET) with fl uorodeoxyglucose (FDG) as part of the initial 
disease- staging workup (95 % vs. 55 %), and had higher levels of predicted forced 
expiratory volume in 1 second (FEV1) (96 % vs. 90 %). Clinical outcomes, evalu-
ated after inverse probability weight adjustment and Cox logistic regression, showed 
that IMRT produced signifi cantly better overall survival and locoregional control 
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but not cancer-specifi c survival or distant metastasis-free survival. To determine 
why overall survival but not cancer-specifi c survival was better in the IMRT group, 
cause-specifi c survival was compared between groups, specifi cally evaluating 
deaths from cancer, pulmonary or cardiac disease, or other causes (defi ned as deaths 
that were not related to cancer but were unknown). Cancer-related deaths accounted 
for most of the deaths in these patients, accounting for >40 % of deaths during the 
long-term follow-up period (median 40.3 months for the IMRT group and 
82.4 months for the 3D CRT group). No differences were found in cancer-specifi c 
death or pulmonary death between groups, but the cumulative risks of cardiac- 
related mortality and other death were strikingly higher in the 3D CRT group than 
in the IMRT group, with nearly three times the risk of dying from causes not related 
to cancer (Fig.  16.2 ). To determine if this observation could be generalized to other 
populations, these investigators evaluated two large populational databases, the 
United States Surveillance, Epidemiology, and End Results (SEER) and the Texas 
Cancer Registry-Medicare databases. Inclusion criteria included having nonmeta-
static esophageal cancer, being older than 65 years, and having been treated in 
2002–2009 with either conformal radiation or IMRT. A total of 2,578 patients were 
identifi ed who met these criteria, 2,265 who received conformal radiation and 313 
IMRT. The two groups were well balanced in age, sex, race, disease stage (localized 
or regional), tumor grade, practice location, Charlson comorbidity index (CCI), use 
of chemotherapy, use of surgery, and various underlying cardiac and pulmonary 
diseases; the only differences were in marital status and SEER geographic region. 

  Fig. 16.2    The cumulative risk of cause-specifi c death after 3D CRT versus IMRT for esophageal 
cancer. Cancer and pulmonary deaths were not signifi cantly different between IMRT and 3D CRT; 
however, for cardiac and other deaths (undefi ned deaths), rates of deaths were signifi cantly higher 
in patients treated with 3D CRT (Reprinted with permission from [ 30 ])       
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On average, 85 % of patients had had chemotherapy with radiation, and 18 % had 
surgical resection. The rate of IMRT use increased over time from 2.6 % in 2002 to 
30 % in 2009, and the use of 2D or 3D radiation therapy decreased from 97.4 % in 
2002 to 69 % in 2009. All-cause mortality was signifi cantly lower in the IMRT 
group (52.4 % vs. 74.5 %,  p  < 0.0001). Cause-specifi c mortality also revealed that 
IMRT led to lower rates of esophageal cancer-specifi c death (40.3 % vs. 55.6 %, 
 p  < 0.0001) and cardiac-related mortality (1.6 % vs. 5.3 %,  p  = 0.0043), but not 
pulmonary- specifi c death (0.96 % vs. 1.55 %,  p  = 0.419) or all other non-cancer 
deaths (9.6 % vs. 12.1 %,  p  = 0.204). On multivariable analysis, not being married 
(HR 1.17,  p  = 0.02), having regional vs. localized disease (HR 1.29,  p  < 0.0001), 
having a Charlson comorbidity index of 2+ (HR 1.21,  p  = 0.01), receiving surgery 
(HR 0.52,  p  < 0.0001), receiving chemotherapy (HR 0.57,  p  < 0.0001), and living in 
the New Jersey region (HR 0.73,  p  = 0.002) predicted cancer-specifi c mortality, but 
receipt of IMRT (rather than 3D CRT) did not. However, other multivariable analy-
ses showed that IMRT (HR 0.39,  p  = 0.047) and comorbidity index 2+ (HR 3.9, 
 p  < 0.0001) were the only signifi cant predictors of for cardiac-related mortality [ 32 ].  

 Because postoperative complications are well known to be related to radiation 
exposure of OARs, MD Anderson investigators further studied whether postopera-
tive complications could be improved with the use of IMRT relative to 3D CRT. In 
the subgroup of 444 patients who received preoperative chemoradiation followed 
by surgical resection between 1998 and 2011, 208 had received 3D CRT, 164 
patients IMRT, and 72 patients proton beam therapy (PBT; use of PBT began at MD 
Anderson in 2006). Postoperative complications evaluated were pulmonary, gastro-
intestinal, cardiac, and wound-healing complications [ 53 ]. Although radiation was 
not associated with cardiac or wound-healing complications, signifi cant differences 
were seen in pulmonary and gastrointestinal complications: IMRT was associated 
with a substantial reduction in risk of both gastrointestinal (odds ratio [OR] 0.57, 
95 % CI [confi dence interval] 0.34–0.93) and pulmonary (OR 0.50, 95 % CI 0.27–
0.91) complications compared with 3D CRT, but no differences were found between 
IMRT and PBT (with the possible exception of IMRT being more likely to produce 
pulmonary complications [OR 1.56, 95 % CI 0.68–3.60]). Actuarial rates of pulmo-
nary complications were 34 % for the 3D CRT group, 23 % for the IMRT group, and 
14 % for the PBT group. The Lyman-Kutcher-Burman modeling showed that the 
MLD was the strongest predictor of pulmonary toxicity (Fig.  16.3a ); indeed, after 
MLD was added to the multivariate model, the link between radiation modality and 
pulmonary toxicity disappeared. Superimposing the MLD of each patients treated 
with each modalities revealed that pulmonary complications were driven not by the 
type of radiation used but by the ability of each of the modalities to achieve lower 
MLD (Fig.  16.3b ). PBT produced the lowest MLD and IMRT a low-to-intermediate 
range MLD, and 3D CRT was associated with intermediate-to-high MLD. These 
fi ndings strongly link MLD with the percent probability of pulmonary complica-
tions [ 53 ]. The rates of pulmonary and gastrointestinal complications associated 
with 3D CRT in this study were similar to those reported in the literature, but were 
much lower among patients treated with either IMRT or PBT (Table  16.1 ). 
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16.5        Treatment Planning for Chemoradiation 

 Investigators at MD Anderson take a multidisciplinary approach to treating 
esophageal cancer. Each case is discussed at multidisciplinary tumor board 
meetings, and eligibility for various ongoing clinical trials is considered. After 
a complete staging workup that includes FDG-PET/CT and esophagoduodenos-
copy and endoscopic ultrasonography with biopsy, all patients with nonmeta-
static disease are treated with chemoradiation, to be followed by an evaluation 
to determine surgical resectability. That workup also includes FDG-PET to rule 
out metastatic disease and endoscopy and biopsy to identify any local residual 
disease. 

  Fig. 16.3    LKB modeling of pulmonary toxicity in relation to mean lung dose and radiation 
modality. ( a ) The probability of developing postoperative pulmonary toxicity is related to the mean 
lung dose (MLD). ( b ) The relationship between incidence of postoperative pulmonary toxicities 
and MLD in the context of radiation modality (Reprinted with permission from [ 53 ])       

  Table 16.1    Studies of 
pulmonary and gastrointesti-
nal toxicity after surgery for 
esophageal cancer  

 Study  Pulmonary  Gastrointestinal 
 [ 50 ]  46.40 %     3.5 % † 
 [ 8 ]  13.6 %*  24.40 % 
 [ 46 ]  Not reported  14.9 % † 
 [ 44 ]  33.30 %  20.80 % 
 [ 9 ]  45.00 %  14.0 %† 
 [ 47 ]  46.00 %  22.3 %† 
 [ 53 ]  25.2 % (overall)  23.0 % (overall) 

 30.3 % (3D CRT)  28.4 % (3D CRT) 
 23.8 % (IMRT)  18.3 % (IMRT) 
 13.9 % (PBT)  18.1 % (PBT) 

   3D CRT  3-dimensional conformal radiation therapy, 
 IMRT  intensity-modulated radiation therapy,  PBT  
proton beam therapy 
 *   Did not include respiratory insuffi ciency 
 †The only gastrointestinal toxicity was an anasto-
motic leak  
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 For treatment planning, 4D CT-based treatment simulation is used for all patients. 
This technique assesses diaphragmatic motion of the gastroesophageal junction, 
where most tumors are located, and that motion is accounted for in the treatment 
planning, along with fi ndings from pretreatment PET scans and ultrasonography. 
Outlines of the gross tumor volume (GTV) and the path of its motion (iGTV) are 
contoured on the axial slices of maximum intensity projection (MIP) images, with 
the margin expanded by 4 cm superiorly and by 3 cm inferiorly, into the lesser cur-
vature of the stomach. If nodal disease is present in the left gastric nodes along the 
lesser curvature of the stomach, generally, those nodes are included in the iGTV, but 
the internal clinical target volume (iCTV) will extend down to encompass the celiac 
axis nodes because of the risk of regional recurrence in those nodes. Laterally, the 
iCTV encompasses all of the soft tissues surrounding the esophagus up to the pari-
etal pleural surface and avoids all anatomic boundaries (e.g., aorta, vertebral body, 
and the inferior border of the heart). The planning target volume (PTV) is a uniform 
expansion of 0.5 cm around the iCTV to account for setup errors and is used only if 
daily kV or MV projection imaging is used for daily image-guided setup. If daily 
imaging is not performed, the PTV should be a 1-cm expansion from the iCTV. The 
standard radiation dose used is 50.4 Gy in 28 fractions, although other regimens 
(e.g., 40 Gy in 20 fractions, 41.4 Gy in 23 fractions, or 45 Gy in 25 fractions) are 
also acceptable. The most common fi eld arrangement is a 5-fi eld IMRT approach, 
with 5 posteriorly placed beams without any beams directly entering anteriorly 
through the heart. In light of the potential advantages of VMAT or RapidArc IMRT 
in terms of workfl ow effi ciency, these techniques are also being implemented. In 
terms of dosimetric (dose-volume histogram or DVH) limits, the total lung V 10  is 
kept at <40 %, lung  V  15  < 30 %, and lung  V  20  < 20 %, particularly for patients who 
will go on to undergo surgery, to avoid postoperative pulmonary complications. The 
heart  V  40  is generally kept at <40 %, but considerably lower doses can generally be 
achieved. The most common chemotherapy regimen used concurrently with IMRT 
is cisplatin with fl uorouracil, although other regimens can also be used, as none 
have been shown to have particular advantages. Per the CROSS trial, carboplatin 
(AUC 2.0) and paclitaxel (50 mg/m 2 ) can also be considered a standard chemo-
therapy regimen.  

16.6     Conclusions 

 Radiation is a crucial component of the management of esophageal cancer. Based 
on fi ndings from recent randomized trials and meta-analyses, trimodality therapy 
(chemotherapy, radiation, and surgery) can be considered the standard of care. For 
patients who cannot tolerate surgery, chemoradiation is the defi nitive treatment, 
with long-term cure rates of around 20 %. Treatment of esophageal tumors, par-
ticularly those that arise in the mid- to distal locations, can cause signifi cant mor-
bidity and postoperative complications such as pleural and pericardial effusions 
owing to the proximity of the heart and lung. The use of IMRT can improve dose 
conformality to the target and also reduce the dose to the OARs. The clinical 
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experience at MD Anderson, in which large numbers of patients have been treated 
with IMRT or 3D CRT, has demonstrated signifi cant improvements for IMRT in 
overall survival and reduced cardiac mortality as well as in postoperative pulmo-
nary and gastrointestinal complications. A recent population-based analysis of 
SEER-Medicare data further supports a benefi t from IMRT in terms of improved 
survival, not from a reduction in cancer-specifi c death but rather from a reduction 
in risk of cardiac mortality compared with 3D CRT. Given the unlikeliness of a 
large randomized trial that directly compares IMRT with 3D CRT, the fi ndings 
reviewed in this chapter should provide suffi cient evidence to support the use of 
IMRT for esophageal cancer.     
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17.1         Introduction 

 Pancreatic cancer is often fatal. The only curative treatment is complete resection of 
the tumor, but even patients who are able to undergo surgery have a 5-year survival 
rate of less than 20 %. Most patients have metastatic or locally advanced, unresect-
able tumors at diagnosis. For all disease stages combined, the 5-year survival rate is 
less than 5 % [ 1 – 4 ]. 

17.1.1     Definitive Treatments for Unresectable Locally 
Advanced Pancreatic Cancer 

 For locally advanced, unresectable pancreatic cancer,  chemoradiation   therapy is the 
standard treatment based on the results of two randomized trials conducted by the 
Gastrointestinal Tumor Study Group (GITSG). These trials demonstrated a survival 
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advantage for the combination of radiation therapy plus fl uorouracil over either 
radiation therapy alone [ 5 ] or chemotherapy (streptozotocin, mitomycin-C, and 
fl uorouracil) alone [ 6 ]. However, the survival benefi ts were very modest. Recently 
developed chemotherapeutic agents showing clinical benefi ts in the treatment of 
pancreatic cancer include gemcitabine, capecitabine, and the fl uoropyrimidine 
derivative S-1 [ 7 – 11 ]. Some clinicians have raised concerns about the need for 
 radiation therapy for locally advanced pancreatic cancer from the perspective of 
toxicity versus the small survival benefi t. Results of two randomized trials directly 
comparing chemoradiation therapy with chemotherapy alone were recently reported. 
In one of these studies, the Fédération Francophone de Cancérologie Digestive/
Société Francophone de Radiothérapie Oncologique (FFCD/SFRO) randomly 
assigned 119 patients into one of two treatment groups, one receiving intensive 
chemoradiation therapy (60 Gy with infused fl uorouracil and intermittent cisplatin) 
followed by maintenance gemcitabine and the other receiving gemcitabine alone 
[ 12 ]. In that study, the overall survival time was shorter in the chemoradiation group 
than the gemcitabine group (median 8.6 months, 99 % confi dence interval [CI] 7.1–
11.4 vs. 13 months, 99 % CI 8.7–18.1,  P  = 0.03). However, in this study, only 42 % 
received at least 75 % of both the planned radiation dose and concomitant chemo-
therapy because of hematologic toxicity. In addition, the rate of grade 3/4 non-
hematologic toxicity was higher in the chemoradiation group (43.6 %) than in the 
chemotherapy group (10 %). The high incidence of toxicity in the chemoradiation 
group was thought to be one reason why the survival times were much shorter than 
in previous reports of chemoradiation therapy. By way of comparison, the other 
study, by the Eastern Cooperative Oncology Group, randomly assigned 74 patients 
to receive gemcitabine or gemcitabine plus radiation [ 13 ]. The primary end point 
was the survival time, which was 9.2 months (95 % CI 7.9–11.4) with gemcitabine 
alone and 11.1 months (95 % CI 7.6–15.5) with chemoradiation ( P  = 0.017). In this 
study, patients in the chemoradiation group had a greater incidence of grade 4 
hematologic toxicities than those in the gemcitabine-alone group, but rates of grade 
3 and 4 toxicities were similar in the two groups. No statistical differences were 
seen in quality of life measurements. The radiation dose was 50.4 Gy in 28  fractions, 
with a required fi eld reduction after 39.6 Gy. Three-dimensional (3D) treatment 
planning was encouraged in the protocol. The Quality Assurance Review Center 
conducted two separate reviews of the 3D benchmark, including dose-volume 
 histograms for the critical normal tissues. Although this trial did not reach the 
planned accrual goals, the results were highly suggestive that well-planned radia-
tion therapy could control toxicity, even in combination with novel cytotoxic agents, 
and could contribute to prolonging survival time. 

 Results of several recent phase I/II studies of  chemoradiation   combined with 
novel chemotherapeutic agents have been promising. Wilkowski et al. reported the 
results of a prospective study of 32 patients with locally advanced pancreatic cancer 
treated with low-dose (300 mg/m 2 ) gemcitabine and fl uorouracil as a continuous 
infusion at 350 mg/m 2 /day with concurrent radiation (45–50 Gy) to the tumor and 
regional lymph nodes [ 14 ]. The median survival time was 13.6 months (95 % CI 
12.7–14.6) for all patients versus 16.4 months (95 % CI 13.4–19.4) for those 
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undergoing secondary resection. The actuarial 1-, 2-, and 3-year survival rates were 
67.2, 20.0, and 8.0 %. On the basis of these fi ndings and those from other phase I/II 
studies of gemcitabine with radiation, gemcitabine-based chemoradiation is 
 currently considered a standard therapy for locally advanced pancreatic cancer [ 4 ]. 

 S-1 is an oral fl uoropyrimidine derivative that has shown anticancer activity in 
various types of solid tumors. Several clinical trials of radiation therapy combined 
with S-1 for locally advanced pancreatic cancer have been conducted in Japan. In 
one of those studies, Sudo et al. completed a phase II trial of a regimen comprising 
radiation therapy delivered in 1.8-Gy daily fractions to a total dose of 50.4 Gy, with 
S-1 administered orally twice a day at a dose of 80 mg/m 2 /day on days 1–14 and 
22–35, followed by maintenance chemotherapy with S-1 [ 15 ]. In the 34 patients 
treated with this regimen, the median survival time was 16.8 months (95 % CI 
12.9–20.7) and the 1-year survival rate was 70.6 %. Another phase II study reported 
by Shinchi et al. enrolled 50 patients, of whom 43 completed the scheduled course 
of chemoradiation therapy: oral S-1 at a dose of 80 mg/m 2 /day twice daily on days 
1–21 and radiation therapy delivered in 1.25-Gy twice-daily fractions for 4 weeks 
(total dose 50 Gy in 40 fractions) [ 16 ]. The median survival time in that trial was 
14.3 months (95 % CI 10.8–20.8), and the survival rates at 1, 2, 3, and 4 years were 
62, 27, 15, and 12 %. In 2012, Ikeda et al. reported the results of a multicenter phase 
II trial of radiation therapy at a dose of 50.4 Gy in 28 fractions combined with S-1 
at a dose of 80 mg/m 2  twice daily on the day of irradiation, followed by a 2- to 
8-week break and a maintenance dose of S-1 (80 mg/m 2 /days for 28 consecutive 
days and a 14-day rest period) [ 17 ]. In all, 61 patients were enrolled and 60 patients 
were treated with this regimen. The median survival time was 16.2 months (95 % CI 
13.5–21.3) and the survival rates were 72 % at 1 year and 26 % at 2 years. 

 Capecitabine is an oral fl uorouracil prodrug used to treat pancreatic cancer in the 
United States and Europe. Some clinical trials testing treatment with radiation and 
capecitabine have suggested that this may be an alternative to the classic fl uorouracil- 
based chemoradiation regimens. In 2013, the results of a multicenter, randomized, 
phase II trial of gemcitabine or capecitabine-based chemoradiation therapy for 
locally advanced pancreatic cancer (SCALOP) were reported [ 18 ]. In this regimen, 
induction therapy was given with gemcitabine and capecitabine (four cycles of 
gemcitabine [1,000 mg/m 2  on days 1, 8, 15 of a 28-day cycle] and capecitabine 
[830 mg/m 2  twice daily on days 1–21 of a 28-day cycle]), followed by either 
 gemcitabine (300 mg/m 2  once per week) or capecitabine (830 mg/m 2  twice daily, 
Monday to Friday only) combined with radiation (50.4 Gy in 28 fractions). That 
study registered 114 patients, 74 of whom were randomly assigned to one of the two 
treatment groups. The median overall survival time was 15.2 months (95 % CI 
13.9–19.2) in the capecitabine group versus 13.4 months (95 % CI 11.0–15.7) in the 
gemcitabine group (adjusted hazard ratio [HR] 0.39, 95 % CI 0.18–0.81;  P  = 0.012). 
The 1-year overall survival rate was 79.2 % (95 % CI 61.1–89.5) in the capecitabine 
group and 64.2 % (95 % CI 46.4–77.5) in the gemcitabine group. 

 To summarize, the survival data varied markedly in these studies. Overall, higher 
proportions of patients who survived for longer than 2 or 3 years were found among 
those treated with  chemoradiation   than among those treated with chemotherapy 
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alone. These results indicate that at least some subset of patients get a survival 
 benefi t from intensive local treatments, i.e., radiation therapy. 

 Based on a limited number of randomized controlled trials, the American 
National Comprehensive Cancer Network (NCCN) guidelines recommend both 
 chemoradiation   and chemotherapy alone as standard treatments for locally advanced 
pancreatic cancer. Unlike other solid tumors, pancreatic cancer is a disease for 
which chemotherapy and chemoradiation therapy share positions as standard 
therapy.  

17.1.2     Neoadjuvant Radiation Therapy for Resectable 
or  Borderline Resectable   Pancreatic Cancer 

 Numerous studies of factors that could infl uence outcomes after surgery for pancre-
atic cancer have shown that resection margin status is signifi cantly associated with 
survival [ 19 – 21 ]: the survival outcomes of patients with positive margins after 
resection were similar to those of patients with unresectable disease. However, no 
randomized controlled study has shown any improvement from more radical 
 procedures (such as an extended retroperitoneal lymphadenectomy) as compared 
with a standard pancreaticoduodenectomy [ 22 – 27 ]. Thus, interest is increasing in 
optimizing the use of multimodality therapy in neoadjuvant or adjuvant settings. 

 Neoadjuvant  chemoradiation   has been investigated in several studies [ 28 – 31 ], 
but no conclusions were reached regarding effects on survival. A recent retrospec-
tive analysis of the Surveillance, Epidemiology, and End Results (SEER) registry 
database (1994–2003) compared survival of patients who received preoperative 
radiation therapy with that of patients who underwent surgical resection without 
radiation therapy or with that of patients who received surgery followed by adju-
vant radiation therapy [ 32 ]. The median survival time for patients receiving neoad-
juvant radiation therapy was 23 months vs. 12 months for those with no radiation 
therapy and 17 months for those with adjuvant radiation therapy. Adjuvant and 
neoadjuvant radiation therapy were both associated with signifi cantly higher sur-
vival rates than those for no radiation therapy (for neoadjuvant radiation therapy 
HR for = 0.49,  P  = 0.00; for adjuvant radiation, HR = 0.71,  P  = 0.00). A recent meta-
analysis found that 40 % of patients with initially unresectable pancreatic cancer 
who underwent neoadjuvant chemoradiotherapy could ultimately undergo resec-
tion and achieved similar survival outcomes to those of patients with resectable 
disease [ 33 ]. In that study, neoadjuvant chemoradiation therapy was not associated 
with a statistically signifi cant increase in the rate of total complications. 

 Neoadjuvant therapy has also been investigated for the purpose of downstaging 
or downsizing  borderline resectable   tumors. The defi nitions of borderline resectable 
tumors in the NCCN guidelines (version 1.2014), adopted from a consensus report 
from Callery et al. [ 34 ], are as follows: tumors with no metastasis, no venous 
involvement of the superior mesenteric vein or portal vein, no gastroduodenal artery 
encasement up to the hepatic artery with either short segment encasement or direct 
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abutment of the hepatic artery without extension to the celiac axis, or no tumor abut-
ment of the superior mesenteric artery (SMA) that exceeds > 180° of the 
 circumference of the vessel wall. Criteria for resectable or borderline resectable 
tumors differ among institutions and countries; for example, whether portal vein 
infi ltration should be included in the resectable category has been found to correlate 
with the experience of the operating surgeon [ 35 ]. However, tumor abutment of the 
arteries that is less than half the circumference of those arteries is generally accepted 
to meet the criteria of borderline resectable disease. Neoadjuvant radiation therapy, 
using highly conformal techniques, is thought to be a reasonable approach to 
 downsizing borderline resectable tumors and debulking tumors away from involved 
vessels, possibly resulting in a margin-free resection. 

 So far, no standard preoperative treatment regimen exists for resectable or 
  borderline resectable   pancreatic cancer. The NCCN guidelines (version 1.2014) 
 recommend that neoadjuvant therapy for patients with resectable tumors should be 
conducted in the context of a clinical trial.  

17.1.3     Adjuvant Radiation Therapy After Resection 

 Although adjuvant  chemoradiation   after resection has been shown to be effective 
in several types of gastrointestinal cancer [ 36 ,  37 ], the role of adjuvant chemora-
diation in pancreatic cancer is still controversial. In 1985, a prospective random-
ized study by the GITSG showed improved overall survival with adjuvant 
fl uorouracil-based chemoradiation, in which the median survival of the treatment 
group (20 months) was signifi cantly longer than that of the control group 
(11 months) [ 38 ]. However, the results of a clinical trial conducted by the European 
Study Group for  Pancreatic Cancer   (ESPAC-1) suggested that the effect of adju-
vant chemoradiation on survival was equal to the effects of adjuvant chemother-
apy or surgery alone [ 39 ]. Despite much discussion about possible shortcomings 
of this study including its design, the radiation delivery methods, and radiation 
quality control, the conclusions of the ESPAC-1 trial raised doubts about the 
validity of adjuvant chemoradiation therapy for pancreatic cancer. On the other 
hand, several US study groups have reported fi ndings supporting the use of adju-
vant chemoradiation therapy. A review of Johns Hopkins’ data prospectively col-
lected on 908 patients (seen from 1993 through 2005) included examination of the 
effi cacy of adjuvant chemoradiation therapy after pancreaticoduodenectomy or 
total pancreatectomy. Excluding patients with metastatic disease, those who died 
within 60 days of surgery, those who received preoperative therapy or an experi-
mental vaccine, and those treated with adjuvant chemotherapy or radiation alone, 
the fi nal cohort included 616 patients, of whom 271 patients received adjuvant 
chemoradiation therapy, whereas 345 patients elected to receive no therapy, after 
being fully informed of the potential risks and benefi ts of such therapy. In that 
study, patients who received adjuvant chemoradiation  therapy had better median 
survival time (21.2 vs. 14.4 months,  P  < 0.001), 2-year survival rates (43.9 % vs. 
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31.9 %), and 5-year survival rates (20.1 % vs. 15.4 %) compared with patients 
given no chemoradiation therapy [ 40 ]. Also, a retrospective review of 472 con-
secutive patients treated from 1975 through 2005, who underwent complete resec-
tion with negative margins (R0) at Mayo Clinic, revealed that they experienced a 
median overall survival time after adjuvant chemoradiation therapy of 25.2 months 
vs. 19.2 months for those who had had no adjuvant therapy ( P  = 0.001) [ 41 ]. The 
respective 2-year overall survival rates were 50 % vs. 39 %, and the 5-year  survival 
rates were 28 % vs. 17 %. Multivariate analysis identifi ed several factors that 
predicted adverse prognosis: no adjuvant therapy (risk ratio [RR] = 1.3,  P  < 0.001), 
positive lymph nodes (RR = 1.3,  P  < 0.001), and high histologic grade (RR = 1.2, 
 P  < 0.001). Subsequently, investigators at Johns Hopkins and the Mayo Clinic 
compared the effi cacy of adjuvant fl uorouracil-based chemoradiation therapy for 
resected pancreatic adenocarcinoma versus surgery alone. In that study, all 
patients who underwent pancreaticoduodenectomy at Johns Hopkins from 1993 
through 2005 ( n  = 794) and at the Mayo Clinic from 1985 through 2005 ( n  = 592) 
were prospectively evaluated. The results of matched-pair analysis of 496 patients 
by treatment group (1:1, with 248 patients per group) in terms of institutional, 
marginal, and nodal positivity showed that overall survival improved when 
chemoradiation therapy was added to surgery versus surgery (median survival 
times 21.9 months vs. 14.3 months; 2-year overall survival rate 45.5 % vs. 31.4 %; 
5-year overall survival rate 25.4 % vs.12.2 %, all  P  values <0.001) [ 42 ]. 

 In 2012, an interesting report explored whether failure to adhere to specifi ed 
radiation therapy guidelines could have infl uenced survival or toxicity in the 
Radiation Therapy Oncology Group (RTOG) trial 9704 [ 43 ], a randomized phase 
III trial that compared the use of either continuous fl uorouracil or gemcitabine 
before and after concurrent chemoradiation therapy with fl uorouracil in patients 
with resected pancreatic cancer. In this analysis, patients were divided into two 
groups using a cutoff score confi rmed by radiation therapy quality assurance (QA) 
review. These were “per protocol” (PP) patients. They also defi ned “less than PP 
(<PP) patients as those exhibiting both acceptable and unacceptable deviations [ 44 ]. 
Median survival time of PP patients was signifi cantly better than that of < PP patients 
(1.74 vs. 1.46 years,  P  = 0.0077). Upon multivariate analysis of factors affecting 
survival, nodal status ( P  = 0.043), tumor size ( P  = 0.0036), and QA score ( P  = 0.016) 
were signifi cant. Toxicity in the fl uorouracil arm was not affected by QA score. 
However, in the gemcitabine arm, a trend toward increased toxicity was evident 
in < PP patients; the toxicities were of hematologic grade 4 ( P  =0.08) and non- 
hematologic grades 4/5 ( P  =0.065). 

 In summary, studies that compare adjuvant chemotherapy with adjuvant chemo-
therapy combined with quality-controlled radiation therapy are needed to determine 
the most effective combination with surgery to control both systemic and locore-
gional lesions.   
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17.2     IMRT for Pancreatic Cancer 

17.2.1     Why IMRT? 

 As mentioned above, despite evidence that chemoradiation can result in long-term 
survival in some subsets of patients with pancreatic cancer, evidence is still limited 
regarding the superiority of combined radiation and chemotherapy over chemother-
apy alone. 

 One reason why a survival benefi t from  chemoradiation   therapy cannot be 
 demonstrated clearly is the very high rate of metastasis in pancreatic cancer. For 
patients with latent but rapidly progressive systemic disease, treatment with highly 
toxic local therapy is obviously inappropriate. The key to controlling such tumors is 
to reduce the toxicity and achieve a balance between local and systemic interven-
tion. Another critical issue is that the optimal radiation dose for pancreatic cancer 
has not been determined. In many studies, the occurrence of normal tissue toxicity 
consistently limited the radiation dose that could be given, because the pancreas is 
surrounded by several critical organs with a very low tolerance for radiation, includ-
ing the stomach, duodenum, small and large bowels, kidneys, and liver. The average 
radiation doses in these studies were about 50–54 Gy, but generally no more than 
60-Gy doses that seem weak considering the radiosensitivity of common adenocar-
cinomas derived from other organs. A phase I trial conducted at the University of 
Michigan examined the maximum tolerated dose of radiation combined with 
 gemcitabine [ 45 ]. This study was revolutionary in several ways. First, it combined 
radiation dose escalation (given as 3D conformal radiation therapy) with a fi xed, 
full dose of gemcitabine, with goals of retaining systemic antitumor activity and 
exploiting the radiosensitizing effects of gemcitabine during radiation therapy. 
Second, it omitted elective nodal irradiation (ENI), narrowing the radiation fi eld to 
the gross tumor volume (GTV). Nevertheless, gastrointestinal dose-limiting toxicity 
was noted at 42 Gy; hence, the recommended dose for the phase of this study was 
36 Gy in 15 fractions for 3 weeks, which was still insuffi cient for tumor control. 

 Increasing the effectiveness of pancreatic cancer treatments will require the use 
of advanced, highly conformal irradiation techniques that can facilitate intensifi ca-
tion of the radiation dose without enhancing normal tissue toxicity. Intensity- 
modulated radiation therapy (IMRT) techniques have the potential to deliver more 
highly conformal dose distributions to pancreatic tumors than a 3D-CRT. In one 
treatment plan comparison, Landry et al. compared plans for IMRT and for 3D-CRT 
for pancreatic cancer [ 46 ]. Planning data for 10 randomly selected patients led them 
to predict probability of small bowel complications of 9.3 % ± 6 % with IMRT com-
pared with 24.4 % ± 8.9 % with 3D-CRT ( P  = 0.021) when 61.2 Gy was delivered to 
the GTV and 45 Gy to the clinical target volume (CTV). Fuss et al. reported that 
ultrasound-guided IMRT is feasible clinically and that this form of image-guided 
IMRT reduced the required safety margin and allowed a moderate dose escalation 
[ 47 ]. Eppinga et al. showed that volumetric modulated arc therapy achieved a 
 superior conformity index compared with IMRT and led to modest reductions in the 
dose to organs at risk (OAR) in the dosimetric analysis [ 48 ].  
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17.2.2     Clinical Assessments 

 Clinical assessments of IMRT for pancreatic cancer are just beginning. Ben-Josef 
et al. retrospectively analyzed 15 patients (7 patients after curative resection and 8 
with unresectable disease) treated with IMRT given concurrently with capecitabine 
at 1,600 mg/m 2 /day, 5 days per week during the radiation period [ 49 ]. Two target 
volumes were set: target 1 consisted of the GTV or the tumor bed after resection and 
target 2 consisted of the draining lymph nodes. The total dose to target 1 was 
45–54 Gy (median 54 Gy) for postoperative therapy and 54–55 Gy (median 54 Gy) 
for unresectable disease; the dose to target 2 was 45 Gy for all patients, and all 
radiation was given in 25 fractions, 5 days a week. This treatment regimen was well 
tolerated, with only 1 patient experiencing grade >3 toxicity. The median follow-up 
time in this study was 8.5 months, and no deaths occurred in the group with resect-
able disease. Two patients with initially unresectable disease were reclassifi ed as 
having resectable disease after treatment. These results led to a phase I/II trial of 
IMRT dose escalation with concurrent fi xed-dose-rate gemcitabine at the University 
of Michigan [ 50 ]. In that trial, the planning target volume (PTV) consisted of the 
GTV plus 1 cm and did not include the elective nodal region. The IMRT dose was 
delivered in 25 fractions over 5 weeks and was escalated from 50 to 60 Gy. The 
gemcitabine dose was 1,000 mg/m 2  over 100 min on days 1 and 8 of a 21-day cycle. 
One cycle of run-in chemotherapy was given before IMRT, followed by two cycles 
concurrently with IMRT, and four cycles of gemcitabine were recommended after 
IMRT. The study accrued 50 patients, and dose-limiting toxicity was observed in 11 
patients. The recommended dose was 55 Gy in 25 fractions. The 2-year freedom 
from local progression rate in that study was 59 % (95 % CI 32–79), the median 
survival time was 14.8 months (95 % CI 12.6–22.2), and the 2-year survival rate 
was 30 % (95 % CI 17–45). Twelve patients underwent resection, ten with negative 
resection margins (R0), and two with microscopically positive margins (R1); the 
median survival time was 32 months. 

 Some clinical investigations examining IMRT combined with novel systemic 
therapies in adjuvant or neoadjuvant settings are summarized in Table  17.1  [ 51 – 54 ]. 
In another such study, Yovino et al. [ 55 ] retrospectively analyzed patterns of the fi rst 
failure among 71 patients treated with IMRT for resected pancreatic cancer. At a 
median follow-up time of 24 months, treatment failure had occurred in 49 patients 
(69 %); 14 patients (19 %) had developed locoregional failure (in the tumor bed 
alone in 5 patients, regional nodes in 4 patients, and concurrently with metastases in 
5 patients). In that study, median overall survival time was 25 months, and late small 
bowel obstruction occurred in four patients (6 %). Yovino et al. also evaluated acute 
gastrointestinal toxicity after IMRT in patients with pancreatic and ampullary can-
cers [ 56 ] treated similarly to those in the US intergroup trial of adjuvant  chemora-
diation   (RTOG 97-04 [ 43 ]), in which all patients had been treated with conventional 
3-D planning techniques. In that comparison, Yovino et al. found that IMRT 
 produced signifi cantly lower rates of grade 3–4 upper- and lower-gastrointestinal 
toxicity than did 3D-CRT.
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17.2.3        IMRT Techniques 

17.2.3.1     Treatment Volume 
 The GTV generally comprises the primary tumor and any grossly involved lymph 
nodes (minimum diameter >1 cm) based on computed tomography (CT), magnetic 
resonance imaging (MRI), and (optionally)  18 F-fl uorodeoxyglucose positron emis-
sion tomography (PET) [ 57 ]. The clinical target volume (CTV) is the area thought 
to harbor micrometastasis and is usually covered by a 0.5–1.5-cm margin around 
the GTV. The need for ENI for unresectable or neoadjuvant/ borderline resectable   
cases is controversial, but ENI is typically used even though its benefi ts have not 
been proven in a planned prospective randomized study. Findings from some recent 
trials suggest that omitting ENI can both be effective and allow dose escalation of 
radiation or chemotherapeutic agents [ 45 ,  58 ,  59 ]. However, if the dose constraints 
for normal tissues permit, the retropancreatic space between the root of the celiac 
and superior mesenteric arteries could be reasonably included in the CTV, because 
microinvasion of the neural plexus in this region is common and causes severe back 
pain that reduces the patients’ quality of life. When IMRT is used for adjuvant 
therapy, the CTV is the preoperative tumor bed and the region at highest risk for 
residual subclinical disease. Clinical studies have also involved targeting the follow-
ing volumes as specifi c regions of interest (ROIs), according to the guidelines used 
to construct the 3D fi elds used in RTOG 9704: the celiac artery (the most proximal 
1.0–1.5 cm of that artery from where it splits from the aorta and including up to its 
fi rst branching), the superior mesenteric artery (the most proximal 2.5–3.0 cm of 
that artery from where it splits from the aorta), the portal vein, the site of pancreati-
cojejunostomy (may be omitted if clinically appropriate), and the aorta (from the 
cephalad contour of the celiac artery, and portal vein or pancreaticojejunostomy site 
[whichever is most cephalad] to the bottom of the L2 vertebral body). The PTV is 
the CTV plus a setup margin and the internal target volume (ITV). ITV is generated 
via management of respiratory motion, as described  below  .  

17.2.3.2     Respiratory Motion Management 
 The delivery of highly conformal radiotherapy is usually problematic because the 
pancreas moves with respiration. According to fl uoroscopic, ultrasonographic, 
MRI, and four-dimensional (4D) CT studies [ 60 – 67 ], the peak-to-peak magnitude 
of movement associated with respiratory motion can be as large as 20–30 mm [ 68 ]. 
Using cine MRI, Feng et al. [ 65 ] found that the motion of the borders of pancreatic 
tumors was highly variable among patients and reported that a margin of 20 mm 
inferiorly was required to provide 99 % geometric coverage. Mori et al. [ 66 ] used a 
256-multislice 4D CT scanner and verifi ed a displacement of the GTV by >10 mm 
in the superior-inferior direction. 

 Traditionally, radiation treatment planning for pancreatic cancer involves adding 
large margins around the CTV to generate the PTV [ 67 ] to account for  respiratory 
motion   during free breathing; however, the use of large margins can result in high- 
grade gastrointestinal toxicity [ 68 ], as the PTV often contains large volumes of 
organs at risk. 
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  Respiratory motion   of the pancreas is also a critical factor limiting IMRT. The 
interplay between motion of the multileaf collimator and motion of the target could 
lead to degradation of the planned dose distribution [ 69 ,  70 ]. Several investigators 
have proposed various dose delivery methods to resolve problems related to respira-
tory motion. The use of  breath-hold (BH) techniques   can reduce the impact of 
 respiratory motion and has been used successfully in the treatment of cancer at 
 various sites [ 71 – 76 ]. Dawson et al. showed the reproducibility of organ position 
using active breathing  control   during liver radiotherapy [ 74 ]. Hanley et al. applied a 
deep inspiration BH technique for the treatment of thoracic cancer [ 75 ]. Respiratory 
 gating has been used for the treatment of lung and liver cancer [ 76 – 79 ]. Taniguchi 
et al. showed in a dosimetric analysis that expiratory gating might be preferable to 
inspiratory BH and free breathing for avoiding normal tissue toxicity [ 80 ]. Dynamic 
tumor tracking [ 81 – 84 ] has reduced the impact of respiratory motion and interfrac-
tion motion during radiation treatment. Gibbs et al. found the CyberKnife system, 
which includes dynamic tumor tracking, to be one of the most effective techniques 
for treating pancreatic tumors that move with respiration [ 85 ]. 

 At Kyoto University, the use of a visual feedback technique during end- exhalation 
(EE)-BH conditions led to highly reproducible positioning of pancreatic  tumors   
[ 67 ,  86 ]. IMRT in combination with EE-BH could be a reliable method to facilitate 
dose escalation in locally advanced pancreatic tumors with small margins. This 
technique and its application in the treatment of locally advanced pancreatic cancer 
are described in the following sections: 

17.2.3.2.1     Simulation and Planning for IMRT with the End-Expiration 
Breath-Hold Technique: The Kyoto University Regimen 

   CT-Based Simulation 
 For CT-based treatment simulation, patients fast for at least 3 h and are positioned 
supine on individualized vacuum-molded pillows to ensure immobilization 
(BodyFIX, Medical Intelligence, Schwabmünchen, Germany) with both arms raised 
(Fig.  17.1 ). A marker block with two infrared-refl ecting dots is placed on the ante-
rior abdominal surface. A real-time position management (RPM) system (Varian 
Medical Systems, Palo Alto, CA) is used to monitor the abdominal skin-surface 
displacement in the anterior-posterior direction. Patients are given video goggles 
that display the extent of abdominal displacement acquired by the RPM system; the 
abdominal motion signal gives visual feedback to the patient. CT scans are obtained 
during EE-BH at a slice thickness of 2.5 mm.   

   IMRT Planning 
 The GTV includes the primary tumor, and the CTV is defi ned as the GTV plus a 
5-mm isotropic margin. The retropancreatic space between the root of the celiac 
trunk and superior mesenteric artery is included in the CTV. The PTV is the CTV 
surrounded by another 5-mm isotropic margin. The GTV, stomach, duodenum, 
small intestine, liver, kidneys, and spinal cord are delineated. The planning OAR 
 volume   is determined from the BH-CT for the dose-limiting organs (the stomach, 
duodenum, and small intestine). The PTV is divided into two regions to satisfy the 
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dose constraints for the PTV and planning OAR volume, i.e., the volume after 
deducting the planning OAR volume from the PTV and the volume where the PTV 
and planning OAR volume overlap. 

 IMRT plans are based on the BH-CT set produced by inverse planning by a com-
mercially available planning system (Eclipse version 8.6; Varian Medical Systems). 
The prescribed dose is 39 Gy in 15 fractions, based on the clinical results from 
McGinn et al. [ 45 ] and Allen et al. [ 87 ]. Five coplanar ports with gantry angles of 
40°, 100°, 180°, 260°, and 320° are selected. Radiation is delivered with a 15-MV 
photon beam at a dose rate of 600 monitor units (MU)/min. The radiation dose is 
calculated by using the analytical anisotropic algorithm (version 8.6.15) with 
 heterogeneity correction. The calculation grid size is 2.5 mm × 2.5 mm. Dose-
volume constraints are summarized in Table  17.2 .

   After the optimization process, the intensity fl uences are converted into continu-
ous sets of multileaf collimator segments for dynamic delivery. MUs for each port 
are kept at <150 MU so that the duration of the EE-BH is kept at 15 s or less, with 
a dose rate of 600 MU/min. Typically the IMRT technique involves using 5–7 ports 
to deliver the entire prescribed set of MUs, and one set of MUs in one port can be 
delivered during a 15-s EE-BH by using the highest dose rate. Therefore, one 
 fraction requires a number of BHs that equal the number of ports. An IMRT dose 
distribution on a CT image obtained during EE-BH while the patient uses the visual 
feedback technique is shown in Fig.  17.2    .   

  Fig. 17.1    Patient setup. All patients were placed supine on an individualized vacuum pillow with 
both arms raised, and an infrared-refl ective marker block was placed on the anterior abdominal 
surface. Patients wore goggles on which the extent of abdominal displacement was displayed for 
visual feedback       
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    Table 17.2    Dose-volume constraints in intensity-modulated radiotherapy planning in the Kyoto 
University regimen   

 Structure  Dose-volume constraints 
 PTV  Maximum dose ≤110 %a 
   D98% >36 Gy 
 PTV minus Planning OAR Volume  D95% >95 % a  
 Stomach and duodenum  V42 < 0.5 mL 
   V39 < 1.0 mL 
   V36 < 10.0 mL 

 Liver  Mean dose <30 Gy 

 Kidney  V20 < 30 % (in each kidney) 

 Spinal cord  Maximum dose <36 Gy 

   PTV  (planning target volume),  OARs  (organs at risk),  Dxx%  (dose covering ≥ xx% of the struc-
ture’s volume),  Vxx  (volume of the structure receiving > xx Gy) 

  a Dose relative to the prescription dose  

  Fig. 17.2    Dose distribution on a CT scan obtained during an end-exhalation breath-hold with a 
visual feedback technique during IMRT, delivered using the Kyoto University regimen. The CTV 
is defi ned as the GTV plus a 5-mm isotropic margin and the retropancreatic space between the root 
of the celiac trunk and the superior mesenteric artery. PTV1 is the CTV plus another 5 mm of 
isotropic margin (long arrow). A prescribed dose of 39 Gy in 2.6-Gy daily fractions was specifi ed 
for PTV2 (small arrow), which is the volume remaining after subtraction of the planning OAR 
volume from PTV1. The OAR volume includes the volume of the stomach plus a 10-mm isotropic 
margin, and the volume of the duodenum, the small intestine, and the spinal cord, plus 5-mm iso-
tropic margins. The dose to the PTV1 was to be at least 36 Gy in 15 fractions. A dose-escalation 
study based on this regimen is ongoing at Kyoto University       
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   Quality Assurance 
 The American Association of Physicists in Medicine Task Group 76 recommended 
that respiratory management techniques such as BH, respiratory gating, and 
dynamic tumor tracking techniques be considered in cases where organ motion of 
>5 mm is observed in any direction [ 88 ]. Although the BH technique is applied to a 
moving target, the position of that target can still vary (Fig.  17.3 ). Investigators at 
Kyoto University evaluated the source and effects of variations in respiratory  pattern 
under EE-BH conditions, such as pulsation from the abdominal aorta and baseline 
drift, on BH/IMRT dose distribution. That group found that the effect of aortic arch 
pulsation on BH/IMRT dose distribution was often negligible; a baseline drift of 
>5 mm should be avoided in using the BH/IMRT [ 89 ].  

 An example of the EE-BH technique used for IMRT for locally advanced pancre-
atic cancer is given in the case report that follows.   

17.2.3.2.2     Case Presentation: Using the Kyoto University Regimen 
to Treat Locally Advanced Pancreatic Cancer with IMRT 

 A 43-year-old man presented with a 1-month history of epigastric and back pain. 
CT (Fig.  17.4a ) and sonographic imaging showed a mass in the pancreatic head. At 
laparotomy, the tumor was deemed unresectable because of invasion of major 
 vessels including the superior mesenteric artery. The diagnostic workup revealed a 
4-cm pancreatic adenocarcinoma that was diagnosed as stage III (cT4N0M0). The 
recommended treatment was gemcitabine-based induction chemotherapy followed 
by consolidative  chemoradiation   therapy; the patient is elected to participate in a 
dose-escalation clinical trial involving BH/IMRT that was underway at Kyoto 
University Hospital.  

  Fig. 17.3    An abdominal motion pattern as documented by an external respiratory monitoring 
system during end-exhalation breath-hold. Abdominal motion varied with pulsation of the abdomi-
nal aorta and with baseline drift       
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 CT simulation and IMRT planning were done according to the Kyoto University 
regimen, as described in the previous section. The prescribed dose of 48 Gy in 3.2- 
Gy daily fractions was specifi ed to the PTVboost region (the volume after subtract-
ing the planning OAR volume from the PTV), and the minimum dose to the entire 

  Fig. 17.4    A 43-year-old man presented with epigastric and back pain. ( a ) CT scans showed a 
4-cm mass in the pancreatic head, which was diagnosed as stage III (cT4N0M0) adenocarcinoma. 
Breath-hold IMRT was administered concurrently with once-weekly full-dose (1,000 mg/m 2 ) 
gemcitabine. ( b ) IMRT dose distribution: the prescribed dose was 48 Gy in 3.2-Gy daily fractions 
for the volume after subtraction of the planning OAR volume from the PTV and 36 Gy in 2.4-Gy 
daily fractions for the entire PTV. ( c ) CT scans of the tumor 2 months after treatment       
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PTV was to be at least 36 Gy in 15 fractions (Fig.  17.4b ). Dose constraints for each 
OAR are shown in Table  17.2 . 

 BH/IMRT took place concurrently with once-weekly full-dose (1,000 mg/m 2 ) 
gemcitabine. The patients fasted for at least 3 h before receiving each daily fraction. 
During the treatment, slight nausea and vomiting (<3 times a day) were observed 
during the acute phase, as was mild abdominal pain. These symptoms were con-
trolled completely with medication, and the patient was able to complete the  chemo-
radiation   therapy as planned. 

 At 3 months after IMRT, the tumor diameter had shrunk by >20 % tumor 
(Fig.  17.4c ), and tumor markers had returned to normal levels. When this chapter 
was written, the patient had had 12 months of maintenance systemic chemotherapy 
with no evidence of tumor relapse.     

17.3     Conclusion 

 Both local and systemic progressions of pancreatic cancer are very rapid. The key 
to control of such tumors via radiation therapy is to reduce toxicity. This allows 
delivery of intensive systemic therapy and optimization of radiation doses. IMRT 
can potentially deliver highly conformal doses to pancreatic tumors and facilitate 
intensifi cation of local therapy without enhancing normal tissue toxicities. Clinical 
assessment of IMRT as a treatment for pancreatic cancer is in its infancy, but several 
promising results have already emerged. Further investigations are expected.     
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18.1         Introduction 

 Historically, abdominoperineal resection (APR) was the standard of care in the 
management of anal cancer [ 1 ,  2 ]. Although this procedure resulted in cure for 
many patients, there were signifi cant drawbacks: a permanent colostomy and high 
rates of morbidity and mortality. In 1974, Nigro et al. introduced chemotherapy and 
radiation as a novel treatment approach in the management of anal cancer [ 3 ]. Since 
Nigro’s publications, phase III randomized trials have examined different strategies 
of chemotherapy and radiation administration [ 4 – 9 ] (Table  18.1 ). In 2014, radiation 
therapy with concurrent 5-fl uorouracil (5FU) and mitomycin C (MMC) is the stan-
dard treatment of patients with localized squamous cell carcinoma of the anal canal. 
While this approach offers high rates of disease control with sphincter preservation, 
treatment is associated with signifi cant acute and late toxicity. Radiation therapy is 
delivered to large target volumes including the anal canal, mesorectum, pelvic 
lymph nodes, and inguinal lymph nodes. Conventional radiation therapy using 2D 
or even 3D planning techniques treats large volumes of nontarget tissue which can 
injure the bowel, bladder, genitalia, femoral heads, and bone marrow. Acute toxic-
ity may also lead to treatment interruption resulting in poorer outcomes. In RTOG 
92-08 a scheduled 2-week rest interval permitted recovery from acute toxicity; 
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however, results from this trial showed a higher colostomy rate (30 % 2-year colos-
tomy rate) compared to historical controls [ 10 ]. Other studies have also shown det-
rimental effects on tumor control with prolonged treatment intervals [ 11 – 15 ]. By 
reducing radiation dose to normal structures, IMRT minimizes toxicities and treat-
ment interruptions. Institutional experiences and a single phase II, multi-institution 
prospective study have shown the feasibility of IMRT with improvements in acute 
toxicity compared to historical studies. Due to the high precision of IMRT, planning 
and delivery of radiation therapy requires a thorough understanding of the local and 
regional progression patterns to defi ne planning target volumes and surrounding 
normal organs. A knowledgeable treatment planning team is required to optimally 
utilize IMRT planning algorithms ensuring homogeneous dose to target areas while 
reducing dose to normal tissues. In this chapter we will highlight studies examining 
the use of IMRT in anal cancer and describe our therapeutic approach for patients 
with this malignancy.

18.2        Published Data Using IMRT 

 In 2005, Milano et al. published the fi rst institutional experience of IMRT in the 
treatment of 17 patients with anal cancer at the University of Chicago. Patients 
treated with IMRT were compared to those treated with simple AP/PA plans for 
dosimetric and clinical outcomes comparison. IMRT reduced mean and threshold 
doses to the small bowel, bladder, and genitals. In the 17 patients treated with IMRT, 
no grade 3+ acute non-hematologic toxicity was seen, and there were no treatment 
breaks secondary to dermatologic or gastrointestinal toxicity [ 16 ]. 

 Subsequently, Salama et al. published a pooled, multi-institution, retrospective 
analysis of 53 patients treated with IMRT and chemotherapy for anal cancer from 
the University of Chicago, University of Illinois, and the Mayo Clinic [ 17 ]. Median 
dose was 45 Gy to the pelvis and inguinal nodes and 51.5 Gy to the primary tumor 
and involved nodes. Fifteen percent of patients experienced grade 3 GI toxicity, and 
37 % of patients experienced grade 3 dermatologic toxicity. All grade 4 toxicity was 
hematologic. Tumor control outcomes after IMRT were comparable to historical 
controls utilizing 2D or 3D techniques with 92.5 % of patients achieving complete 
clinical response after treatment. Since these initial reports, others have published 
IMRT results showing similar tumor control and colostomy-free rates comparable 
to historical results of studies using conventional radiation and chemotherapy. This 
treatment is well tolerated with favorable rates of acute dermatologic, gastrointesti-
nal (GI), and genitourinary (GU) toxicity (Table  18.1 ) [ 18 – 24 ]. Dosimetric analyses 
also indicate that the use of IMRT allows for signifi cantly lower dose to organs at 
risk (OARs) [ 25 – 28 ]. 

 Inherently, retrospective series have limitations, especially in toxicity scoring. 
The most compelling data indicating that IMRT is an alternative to 2D or 3D con-
formal radiation therapy is from the recently published RTOG 05-29 trial. This pro-
spective, multi-institution phase II study of 63 patients evaluated dose-painted IMRT 
with 5FU and MMC [ 29 ]. The primary study hypothesis was that IMRT would reduce 
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grade 2+ GI/GU toxicity by at least 15 % compared to the 5FU/MMC arm of the 
RTOG 98-11 study utilizing conventional radiotherapy techniques with 5FU/
MMC. The study did not show any difference with respect to the primary endpoint 
with grade 2+ GI/GU toxicity rates of 77 % in both RTOG 05-29 and RTOG 98-11. 
Importantly, the study did show lower grade 3+ GI toxicity rates (21 % vs. 36 %, 
 p  = 0.0082), lower grade 3 + dermatologic toxicity rates (23 % vs. 49 %,  p  < 0.0001), 
and lower grade 2+ hematologic toxicity rates (73 % vs. 85 %,  p  = 0.032). At 2 years 
the rates of locoregional and colostomy failure, DFS, and OS of RTOG 05-19 were 
similar to disease outcomes from RTOG 98-11 [ 30 ]. 

 An additional fi nding of RTOG 05-29 is the importance of real-time quality 
assurance processes. Eighty-one percent of the cases required at least 1 planning 
revision on central, rapid pretreatment plan review with 46 % of cases requiring 
multiple resubmissions and re-reviews [ 29 ]. In 21 % of the patients, the gross tumor 
volume was inaccurately delineated. Errors in contouring of the elective nodal vol-
umes were also common especially in defi nition of the mesorectum, presacrum, 
inguinal fossa, and iliac nodes in 55 %, 43 %, 33 %, and 31 % of cases, respectively. 
Normal structures, including small bowel and large bowel, were inappropriately 
delineated in 60 % and 45 % of cases, respectively. We have outlined previously 
published phase III randomized studies using conventional radiation as well as ret-
rospective series and RTOG 05-29 using IMRT to allow comparison of tumor con-
trol rates, colostomy-free survival rates, and acute toxicity rates in Table  18.1 . 

 Toxicity with chemoradiotherapy for anal canal cancer is signifi cant. In RTOG 
98-11, rates of chronic grade 3+ toxicity were 50 % with conventional radiation and 
5FU/MMC [ 31 ]. Patients followed for a median of 66 months after conventional 
chemoradiotherapy were reported to have signifi cant long-term impairment of 
health-care-related quality of life in a Norwegian study [ 32 ]. Lower rates of acute 
toxicity and dosimetric analyses indicate that IMRT may also decrease rates of late 
toxicity; however, these data are not mature. It will be important to continue to 
follow patients treated with IMRT closely to assess these outcomes.  

18.3     Evaluation and Staging 

 We recommend that patients with newly diagnosed anal cancer be evaluated in a 
multidisciplinary setting by a surgeon, medical oncologist, and radiation oncologist 
with expertise in the treatment of anal cancer [ 33 ]. Patients who are being consid-
ered for radiation therapy and chemotherapy should undergo complete physical 
examination including thorough clinical evaluation of inguinal lymph nodes, digital 
rectal examination, and proctoscopy to determine tumor extent. In females, a pelvic 
examination to rule out vaginal extension is indicated as well as identifi cation of 
synchronous gynecological cancers (HPV related). All patients should have a 
biopsy to confi rm invasive malignancy at the primary site. In patients with suspi-
cious inguinal adenopathy, biopsy can be performed to clarify the diagnosis as it 
may alter radiation treatment volumes and doses. Axial CT imaging of the chest, 
abdomen, and pelvis is critical for appropriate staging. Anal cancer most commonly 
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spreads by local and lymphatic invasion: however, in about 13 % of cases, distant 
metastases are present at initial presentation [ 34 ]. Distant metastases are most com-
monly seen in the liver and lungs [ 35 ]. 

 An alternative to CT or MRI is PET/CT, which can be useful for assessing 
disease extent and often assists in treatment planning. Multiple, small studies have 
shown that PET/CT alters staging in about 20 % of patients compared to conven-
tional imaging due to improved sensitivity in detection of primary tumor, involved 
regional lymph nodes, and distant metastases [ 36 – 40 ]. Winton et al. reported that 
initial diagnostic PET/CT altered design of radiation treatment fi elds in 8 of 61 
(13 %) of patients with anal cancer [ 36 ]. Similarly a series of 50 patients from 
Australia reported 19 % of cases underwent treatment planning revision based on 
pelvic or nodal inguinal involvement on PET/CT [ 39 ].  

18.4     Patterns of Spread 

 An understanding of local and lymphatic patterns of invasion is critical for accurate 
radiation treatment planning. Approximately 50 % of patients with squamous cell 
carcinoma of the anal canal will invade into the rectum and/or perianal skin [ 41 ]. 
Careful physical exam and attention to axial imaging as described above should rule 
out T4 disease with local invasion into nearby structures such as the pelvic bones, 
prostate, vagina, bladder, or urethra. 

 Lymphatic involvement is common in anal cancer with a reported 31 % inci-
dence of regional lymphatic spread at presentation [ 34 ]. Tumors arising from the 
anal canal, anal verge, or perianal skin can have similar lymphatic drainage as rectal 
malignancies due to a rich lymphatic plexus between the anal canal and rectum. 
Tumors below the dentate line predominately drain to the superfi cial inguinal and 
femoral nodes [ 42 ]. For distal tumors which are deeply infi ltrating or poorly dif-
ferentiated, the reported rate of inguinal node metastases is 63 % [ 2 ]. Tumors within 
the anal canal at or above the dentate line are more likely to drain to the perirectal 
and internal iliac lymph nodes with rare extension to the external iliac or common 
iliac nodes except in advanced cases [ 42 ].  

18.5     Simulation 

 After clinical and radiological staging, CT-based simulation is performed for radiation 
treatment planning. If available, PET/CT at the time of simulation may be helpful to 
defi ne local and regional target structures. Patients can be simulated in the supine or 
prone position, and there are benefi ts to each approach in the appropriate clinical set-
ting. Prone setup with a false tabletop allows for improved small bowel avoidance and 
may be useful in individuals with a large pannus and pelvic node involvement. Supine 
setup is usually more reproducible with less setup variability, potentially allowing for 
reduced PTV margins and smaller treatment fi elds. We typically simulate patients for 
anal cancer IMRT planning in the supine position with legs slightly abducted (frog 
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legged) with semirigid immobilization in vacuum- locked bag or alpha-cradle. Patients 
are instructed to maintain a full bladder for simulation and treatment. In males, the 
external genitalia are typically positioned inferiorly such that setup is reproducible. In 
females, a vaginal dilator can be placed to help delineate the genitalia and displace the 
vulva, anterior vagina, and urethra away from the primary tumor. A radio-opaque 
marker should be placed at the anal verge, and perianal skin involvement can be out-
lined with radio-opaque catheters. It may be helpful to place a catheter with rectal 
contrast in the anal canal at the time of simulation for tumor delineation. In patients 
with adequate renal function, IV contrast facilitates identifi cation of the pelvic and 
groin vasculature (which approximates at-risk nodal regions). Oral contrast identifi es 
small bowel as an avoidance structure during treatment planning. For tumors involv-
ing the perianal skin or superfi cial inguinal nodes, bolus should be placed as necessary 
for adequate dosing of gross disease in these areas. The routine use of bolus may not 
be necessary as the tangential effect of IMRT may minimize skin sparing. In situations 
where adequate dosing of superfi cial targets is uncertain, in vivo diode dosimetry with 
the fi rst treatment fraction can ensure appropriate dose at the skin surface.  

18.6     Target Volume Definition 

 Target volume defi nition should be performed per ICRU 50 recommendations [ 43 ]. 
Gross tumor volume (GTV) should include all primary tumor and involved lymph 
nodes, utilizing information from physical examination, endoscopic fi ndings, diag-
nostic imaging, and simulation planning study for delineation. Clinical target volumes 
(CTV) should include the gross tumor volume plus areas at risk for microscopic 
spread from the primary tumor and at-risk nodal areas. If the primary tumor cannot be 
determined with available information (such as after local excision), the anal canal 
may be used as a surrogate target. Ortholan et al. [ 44 ] published a study of 181 patients 
with anal cancer without inguinal nodal involvement at presentation. Seventy-fi ve 
patients received elective inguinal irradiation compared to 106 patients who did not 
receive elective inguinal irradiation. With a median follow-up of 61 months, rates of 
inguinal recurrence were 2 % in patients receiving inguinal irradiation compared to 
16 % in patients without inguinal irradiation. Given these recurrence rates, our general 
policy is that pelvic and inguinal nodes should be routinely treated in all patients. 
When using IMRT, a separate CTV volume for each planned treatment dose tier is 
contoured. Our approach has been to defi ne three tiers: a gross disease only volume, a 
high-risk elective nodal volume (including gross disease), and low-risk elective nodal 
volume (including gross disease) [ 18 ,  19 ]. These volumes are determined by the pres-
ence or absence of tumor based on physical exam, biopsy, diagnostic and planning 
studies, and risk of nodal spread depending on tumor stage at presentation. The rationale 
for this approach is based on the shrinking fi elds technique [ 6 ,  7 ]. At other institutions 
using IMRT and in RTOG 05-29, a gross disease volume with a single elective nodal 
volume is used to deliver the prescribed course (dose painting) [ 16 ,  20 – 24 ,  29 ,  45 ]. 

 In defi ning the gross disease CTV around the primary tumor, an approximately 
2.5 cm margin around GTV should be used with manual editing to avoid muscle or 
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bone at low risk for tumor infi ltration. To defi ne the gross disease CTV around 
involved nodes, a 1 cm expansion should be made beyond the contoured involved 
lymph node with manual editing to exclude areas at low risk for tumor infi ltration. 
Additionally, in our practice, the entire mesorectum below the level of small bowel 
is included within the volume defi ned as gross disease CTV. 

 At-risk nodal regions include mesorectal, presacral, internal and external iliac, 
and inguinal nodes [ 42 ]. The mesorectal volume encompasses the rectum and sur-
rounding lymphatic tissue. The presacral nodal volume is typically defi ned as an 
approximately 1 cm strip over the anterior sacral prominence. To contour the inter-
nal and external iliac nodes, our practice is to generally contour the iliac arteries 
and veins with approximately 0.7 cm margin (1–1.5 cm anteriorly on external iliac 
vessels) to include adjacent lymph nodes. In order to include the obturator lymph 
nodes, external and internal iliac volume contours should be joined parallel to the 
pelvic sidewall. The inguinal node volume extends beyond the external iliac con-
tour along the femoral artery from approximately the upper edge of the superior 
pubic rami to approximately 2 cm caudad to saphenofemoral artery junction. The 
medial and lateral borders may be defi ned by the adductor longus and sartorius 
muscles, respectively. Several recently published atlases are helpful to review 
when defi ning elective nodal CTVs [ 46 – 48 ]. The above descriptions are general-
izations, and each plan should be individual based on the anatomy of each patient 
and tumor distribution. 

 The high-risk elective nodal volume typically includes the gross disease CTV 
plus the entire mesorectum, presacral nodes, and bilateral internal and external iliac 
lymph nodes inferior to the sacroiliac joint. In patients with gross inguinal nodal 
involvement, the bilateral or unilateral inguinal nodes may be included in the high- 
risk elective nodal volume. The low-risk elective nodal volume should include the 
gross disease CTV, high-risk elective nodal CTV, as well as presacral, bilateral 
internal and external iliac nodes above the inferior border of the sacroiliac joint to 
the bifurcation of the internal and external iliac vessels at approximately L5/S1 
vertebral body junction. If there is no obvious involvement of the bilateral inguinal 
nodes, these are included in the low-risk elective nodal volume. 

 The planning target volume (PTV) should account for effects of organ and patient 
movement and inaccuracies in beam and patient setup. PTV expansions should typi-
cally be about 0.5–1.0 cm depending on the use of image guidance and physician 
practice with treatment setup for each defi ned CTV. To account for differences in 
bladder and rectal fi lling, a more generous CTV to PTV margin is applied in these 
regions. These volumes may be manually edited to limit the borders to the skin 
surface for treatment planning purposes.  

18.7     Dose Prescription 

 With IMRT treatment planning, doses are typically prescribed to PTVs. The dose of 
radiation required to control disease is extrapolated from historical studies which 
show excellent rates of control with concurrent radiation and chemotherapy [ 7 ,  49 ]. 
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Typically, prescribed dose varies by the size of tumor and risk of microscopic spread 
in elective nodal areas. At our institution, the low-risk elective nodal PTV volume is 
typically prescribed 30.6–36 Gy in 1.8 Gy daily fractions. The high-risk elective 
nodal PTV is sequentially prescribed an additional 9–14.4 Gy in 1.8 Gy daily frac-
tions for a total prescribed dose of 45 Gy. Finally, an additional 5.4–9 Gy in 1.8 Gy 
daily fractions is again sequentially prescribed to the gross disease PTV volume 
(total dose 50.4–54 Gy). 

 In RTOG 05-29, the prescription parameters are different due to the use of only 
a single elective nodal volume and slightly different dose prescriptions depending 
on tumor stage. Furthermore, the delivery of escalating dose to different target vol-
umes was performed using a simultaneous integrated boost (SIB) dose painting 
technique with a maximum dose of 1.8 Gy per fraction to the primary tumor and 
large volume gross nodal involvement and 1.5 Gy per daily fraction to elective 
nodal areas. Table  18.2  outlines dose prescriptions by TNM stage according to the 
RTOG 05-29 protocol. The SIB approach offers the convenience of developing a 
single treatment plan with reduced planning complexity. The utilization of SIB 
dose painting is a relatively new approach in the treatment of anal cancer, and the 
implications of 1.5 Gy per fraction to the elective nodal region are not well studied 
in this disease.

18.8        Organs at Risk and IMRT Constraints 

 It is important to accurately defi ne OARs so that the dose to these structures can be 
minimized during treatment. In anal cancer, 2D and 3D treatment planning tech-
niques are limited in their ability to spare most pelvic normal tissues due to the 
location of the target. With IMRT, dose to the small bowel, bladder, pelvic/femoral 
bones, and external genitalia can be sculpted and minimized despite close proximity 
of these organs to target volumes. When contouring these structures, it is typically 
best to demarcate normal tissues on axial CT at least 2 cm above and below the 
PTV. Oral contrast is helpful to delineate small bowel. While there is signifi cant 
variability in how to contour the small bowel, one approach entails contouring the 
entire volume of peritoneal space in which the small bowel can move. As with elec-
tive nodal volume delineation, contouring atlases offer guidance on defi ning organs 
at risk [ 46 ,  47 ]. Once the OARs have been identifi ed, the chief aim of IMRT plan-
ning is to limit the dose to these structures without compromising PTV coverage. 

   Table 18.2    RTOG 05-29 dose prescriptions according to stage and target volume   

 Stage 
 # Daily 
fractions 

 Elective nodal 
volume 

 Metastatic nodal 
volume (<3 cm) 

 Metastatic nodal 
volume (≥3 cm) 

 Primary tumor 
volume 

 T2N0  28  42 Gy (1.5 Gy/
day) 

 NA  NA  50.4 Gy 
(1.8 Gy/day) 

 T3–4 N0–3  30  45 Gy (1.5 Gy/
day) 

 50.4 Gy 
(1.8 Gy/day) 

 54 Gy (1.8 Gy/
day) 

 54 Gy (1.8 Gy/
day) 
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The extent to which OARs can be avoided largely depends on the location and 
extent of tumor involvement at presentation as well as the extent to which the bowel 
extends into the lower pelvis and a given individual’s anatomy. 

 Devisetty et al. published a multi-institution, dosimetric analysis which found 
that limiting the volume of bowel receiving 30 Gy (V30 Gy) to less than 450 cm 3  
signifi cantly reduced acute GI toxicity (8 vs. 33 %) [ 50 ]. Defoe et al. have published 
retrospective data correlating lower rates of acute GI toxicity with V30 Gy less than 
310 cm 3  and V40 Gy less than 70 cm 3  [ 51 ]. To minimize late small bowel toxicity, 
the Quantitative Analysis of Normal Tissue Effects in the Clinic (QUANTEC) anal-
ysis reviewed available clinical data for small bowel dose and recommends mini-
mizing volume receiving greater than 45 Gy to less than 195 cm 3  when contouring 
the entire potential peritoneal space [ 52 ]. Emami et al. estimate a dose of 50 Gy to 
1/3 of the small bowel is associated with 5 % likelihood of obstruction or perfora-
tion at 5 years [ 53 ]. 

 In general, the risk of grade 3+ GU toxicity is low in anal cancer (Table  18.1 ). 
There are limited clinical data correlating bladder dose–volume relationships with 
increased GU toxicity in anal cancer. Extrapolating from other cancer treatment sites, 
normal tissue complication probability models suggest that the risk of serious GU 
complications with bladder doses below 65 Gy is low [ 54 ]. The risk of clinical com-
plications appears to increase with larger volumes of bladder receiving high dose. 
Marks et al. estimate that limiting 50 % of the bladder to less than 40–50 Gy will limit 
complications to less than 5–10 % (based on cervical cancer clinical literature) [ 55 ]. 
Despite limited available data for anal cancer, many patients experience acute grade 
1–2 GU toxicity during radiation therapy, and limiting dose to the bladder, without 
compromising PTV coverage, may help minimize these symptoms further. 

 Reduction in radiation dose to the proximal femoral and pelvic bones is also 
important. A retrospective cohort study using Surveillance, Epidemiology, and End 
Results (SEER) cancer registry data linked to Medicare claims reported that in 
women treated for anal cancer, the cumulative 5-year pelvic fracture rate was 14 % 
among women receiving radiation treatment versus 7.5 % among women who did 
not receive radiation therapy [ 56 ]. There is limited empirical data on dose–response 
relationships for femoral neck complications. Emami et al. reported a tolerance 
dose of 52 Gy to the entire femoral neck to limit the risk of complication to less than 
5 % [ 53 ]. Bedford et al. have recommended limiting the volume of femoral neck 
receiving 52 Gy to less than 10 % [ 57 ]. 

 Studies also indicate that sexual dysfunction is a late effect of radiation therapy 
for anal cancer with signifi cant impact on quality of life [ 32 ,  58 ]. Pelvic radiother-
apy has been associated with high rates of impotence, sterility in young men, as well 
as dyspareunia, vaginal bleeding, and vaginal dryness in women. Limited data on 
dose–response relationships between late sexual toxicity and genitalia dose are 
available. As with other pelvic OARs where data are limited, it is advisable to mini-
mize genitalia dose without compromising PTV coverage. 

 Given patient variation with respect to OAR position and areas of tumor involve-
ment, practical dose constraint guidelines are challenging. In tumors without gross 
nodal involvement, it is often possible to limit OAR doses even further. Alternatively, 
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in tumors with gross nodal involvement within the pelvis, compromise of PTV 
coverage may be necessary to limit doses to the small bowel. Example normal tissue 
dose constraints from RTOG 05-29 are shown in Table  18.3 .

18.9        Quality Assurance and Image-Guided Treatment 
Delivery 

 Due to the sophistication and complexity of IMRT planning for anal cancer, com-
prehensive quality assurance measures must be implemented to ensure minimal 
variability between the designed and delivered treatment plans. Each institution 
should have a quality assurance program in place for the treatment of anal cancer 
patients. Quality assurance measures should include the ability to generate verifi ca-
tion plans for each fi eld to replicate the number of monitor units and multi-leaf 
collimator sequence on an acrylic phantom containing a measurement device (ion 
chamber, diodes, fi lm, etc.) to calculate absolute dose and dose distribution. At our 
institution, after the approval of each treatment plan by the prescribing physician, 
2D measurements are collected using portal dosimetry to ensure less than 3 % vari-
ability between the designed and delivered plans prior to the delivery of the fi rst 
treatment fraction. 

 The use of image guidance for radiation treatment delivery has signifi cantly 
improved confi dence in daily treatment setup. This has allowed for shrinking CTV 
to PTV expansions during the treatment planning process, which in turn further 
minimizes dose to OARs. In prostate cancer, the use of image guidance has been 
shown to improve toxicity associated with radiation therapy [ 59 ]. We often perform 
cone beam computed tomography (CBCT) for the fi rst few days of radiation treat-
ment, and then weekly as needed thereafter to ensure treatment setup positioning of 
bony anatomy and soft tissue structures anatomy is similar to images obtained at the 
time of simulation. The CBCT can then be imported into the radiation planning 
software where overlay of treatment isodose lines can be performed to ensure 
appropriate dose delivery. In addition to CBCT, onboard kilovoltage imaging is 
used to ensure alignment of bony anatomy. Our practice is to typically use daily 
image guidance to assist with treatment delivery.  

   Table 18.3    RTOG 05-29 dose-painted intensity-modulated radiation therapy dose constraints for 
normal tissues   

 Organ 
 Dose (Gy) at <5 % 
volume 

 Dose (Gy) at <35 % 
volume 

 Dose (Gy) at 
<50% volume 

 Small bowel  45 (<20 cm 3 )  35 (<150 cm 3 )  30 (<200 cm 3 ) 
 Femoral heads  44  40  30 
 Illiac crest  50  40  30 
 External genitalia  40  30  20 
 Bladder  50  40  35 
 Large bowel  45 (<20 cm 3 )  35 (<150 cm 3 )  30 (<200 cm 3 ) 
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18.10     Case Studies 

 In order to assist with IMRT treatment planning, we have included two case 
studies. 

18.10.1     Case Study 1 

 A 50-year-old female patient with T3N2 squamous cell carcinoma of the anal canal was 
evaluated in our multidisciplinary clinic. A diagnostic PET-CT was performed and indi-
cated FDG avidity concerning for tumor involvement in an external iliac lymph node 
and the anal canal (Fig.  18.1 ). A recommendation for combined radiation and chemo-
therapy with infusional 5FU and MMC was made. The patient was treated with IMRT 
to a primary volume including the low- and high-risk elective nodes as well as the pri-
mary tumor and involved metastatic left external iliac node using an 11-fi eld IMRT plan 
to a dose of 30.6 Gy. An additional 14.4 Gy was delivered sequentially to the fi rst boost 
volume including high-risk elective and involved nodes at the level and below the sacro-
iliac joints and the primary tumor also using an 11-fi eld IMRT plan. The second and 
fi nal boost volume was sequentially delivered with an additional 9 Gy to the primary 
tumor and involved left external iliac node using an 8-fi eld IMRT plan. Representative 
axial CT images from the composite plan summary including the composite isodose 
lines are outlined in Fig.   18.2 .   

     

 Fig. 18.1    PET-CT indicates FDG avidity involving left external iliac lymph node ( a ,  b ) and anal 
canal ( c ,  d ).  Red circles  indicate areas of disease involvement  
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  Fig. 18.2    IMRT plan delivered to a patient with squamous cell carcinoma of the anal canal involv-
ing a left pelvic lymph node. ( a – h ) Serial axial CT slices including gross tumor volume ( Red ) and 
summary plan isodose lines (30.6 Gy,  cyan ; 45.0 Gy,  magenta ; 54.0 Gy,  green )       
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18.10.2     Case Study 2 

 A 60-year-old male patient with T2N2 squamous cell carcinoma of the anal canal 
was evaluated in our multidisciplinary clinic. Diagnostic PET-CT indicated FDG 
avidity concerning for malignancy in the anal canal and in a single left inguinal 
lymph node which was also palpable on clinical exam (Fig.  18.3 ). A recommenda-
tion for combined radiation and chemotherapy with infusional 5FU and MMC was 
made. The patient was treated with IMRT to a primary volume including the low- 
and high-risk elective nodes as well as the primary tumor and the involved left 
inguinal metastatic lymph node using a 13-fi eld IMRT plan to a dose of 36 Gy in 
1.8 Gy daily fractions. An additional 9 Gy was delivered sequentially to the fi rst 
boost volume including the high-risk elective nodes inferior to the sacroiliac joint, 
primary tumor, and involved left inguinal node using a 13-fi eld IMRT plan. The 
second and fi nal boost volume was sequentially delivered with an additional 9 Gy to 
the primary tumor and involved left inguinal node using a 12-fi eld IMRT plan. 
Representative axial CT images from the composite plan summary including the 
primary treatment course as well as the two boost courses with composite isodose 
lines are outlined in Fig.   18.4 .    

18.11     Conclusions 

 The primary treatment of anal cancer with combined modality radiation and chemo-
therapy allows for sphincter preservation in most patients. Compared to conven-
tional 2D or 3D conformal radiotherapy, IMRT reduces toxicity rates without 
compromising disease-related outcomes. Published series indicate acute toxicity is 

  Fig. 18.3    PET-CT indicates indicates FDG avidity involving left inguinal lymph node ( a ,  b ) and 
anal canal ( a – d ).  Red circles  indicate areas of disease involvement       
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  Fig. 18.4    IMRT plan delivered to a patient with squamous cell carcinoma of the anal canal involv-
ing a left inguinal lymph node. ( a – h ) Serial axial CT slices including gross tumor volume ( Red ) 
and summary plan isodose lines (36.0 Gy,  cyan ; 45.0 Gy,  magenta ; 54.0 Gy,  green )       
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reduced with IMRT compared to historical data. Long-term analysis of late effects 
is necessary and forthcoming. Dosimetrically, IMRT allows for lower dose to OARs 
which should improve rates of both acute and late toxicity and, as a consequence, 
minimize treatment interruptions and potentially improve outcomes.     

      References 

    1.    Klotz R, Pamukcoglu T, Souilliard D (1967) Transitional cloacogenic carcinoma of the anal 
canal. Clinicopathologic study of three hundred seventy-three cases. Cancer 
20(10):1727–1745  

     2.    Frost D et al (1984) Epidermoid cancer of the anorectum. Cancer 53(6):1285–1293  
    3.    Nigro N, Vaitkevicius V, Considine B (1974) Combined therapy for cancer of the anal canal: a 

preliminary report. Dis Colon Rectum 17(3):354–356  
    4.    UKCCCR Anal Cancer Trial Working Party. UK Co-ordinating Committee on Cancer Research 

(1996) Epidermoid anal cancer: results from the UKCCCR randomised trial of radiotherapy 
alone versus radiotherapy, 5-fl uorouracil, and mitomycin. Lancet 348(9034):1049–1054  

   5.    Bartelink H et al (1997) Concomitant radiotherapy and chemotherapy is superior to radio-
therapy alone in the treatment of locally advanced anal cancer: results of a phase III random-
ized trial of the European Organization for Research and Treatment of Cancer Radiotherapy 
and Gastrointestinal Cooperative Groups. J Clin Oncol Off J Am Soc Clin Oncol 
15(5):2040–2049  

    6.    Flam M et al (1996) Role of mitomycin in combination with fl uorouracil and radiotherapy, and 
of salvage chemoradiation in the defi nitive nonsurgical treatment of epidermoid carcinoma of 
the anal canal: results of a phase III randomized intergroup study. J Clin Oncol Off J Am Soc 
Clin Oncol 14(9):2527–2539  

     7.    Ajani J et al (2008) Fluorouracil, mitomycin, and radiotherapy vs fl uorouracil, cisplatin, and 
radiotherapy for carcinoma of the anal canal: a randomized controlled trial. J Am Med Assoc 
299(16):1914–1921  

   8.    James R et al (2013) Mitomycin or cisplatin chemoradiation with or without maintenance 
chemotherapy for treatment of squamous-cell carcinoma of the anus (ACT II): a randomised, 
phase 3, open-label, 2 × 2 factorial trial. Lancet Oncol 14(6):516–524  

    9.    Peiffert D et al (2012) Induction chemotherapy and dose intensifi cation of the radiation boost 
in locally advanced anal canal carcinoma: fi nal analysis of the randomized UNICANCER 
ACCORD 03 trial. J Clin Oncol Off J Am Soc Clin Oncol 30(16):1941–1948  

    10.    Konski A et al (2008) Evaluation of planned treatment breaks during radiation therapy for anal 
cancer: update of RTOG 92–08. Int J Radiat Oncol Biol Phys 72(1):114–118  

    11.    Constantinou E et al (1997) Time-dose considerations in the treatment of anal cancer. Int J 
Radiat Oncol Biol Phys 39(3):651–657  

   12.    Ben-Josef E et al (2010) Impact of overall treatment time on survival and local control in 
patients with anal cancer: a pooled data analysis of Radiation Therapy Oncology Group trials 
87–04 and 98–11. J Clin Oncol Off J Am Soc Clin Oncol 28(34):5061–5066  

   13.    Graf R et al (2003) Impact of overall treatment time on local control of anal cancer treated with 
radiochemotherapy. Oncology 65(1):14–22  

   14.    Huang K et al (2007) Higher radiation dose with a shorter treatment duration improves 
 outcome for locally advanced carcinoma of anal canal. World J Gastroenterol 13(6):895–900  

    15.    Roohipour R et al (2008) Squamous-cell carcinoma of the anal canal: predictors of treatment 
outcome. Dis Colon Rectum 51(2):147–153  

     16.    Milano M et al (2005) Intensity-modulated radiation therapy (IMRT) in the treatment of anal 
cancer: toxicity and clinical outcome. Int J Radiat Oncol Biol Phys 63(2):354–361  

    17.    Salama J et al (2007) Concurrent chemotherapy and intensity-modulated radiation therapy for 
anal canal cancer patients: a multicenter experience. J Clin Oncol Off J Am Soc Clin Oncol 
25(29):4581–4586  

B.A. Perez et al.



353

     18.    Pepek J et al (2010) Intensity-modulated radiation therapy for anal malignancies: a prelimi-
nary toxicity and disease outcomes analysis. Int J Radiat Oncol Biol Phys 78(5):1413–1419  

    19.    Bazan J et al (2011) Intensity-modulated radiation therapy versus conventional radiation ther-
apy for squamous cell carcinoma of the anal canal. Cancer 117(15):3342–3351  

    20.    Vieillot S et al (2012) IMRT for locally advanced anal cancer: clinical experience of the 
Montpellier Cancer Center. Radiat Oncol (Lond) 7:45  

   21.   DeFoe S et al (2012) Concurrent chemotherapy and intensity-modulated radiation therapy for 
anal carcinom--linical outcomes in a large National Cancer Institute-designated integrated 
cancer centre network. Clin Oncol (R Coll Radiol (G B)) 24(6):424–431  

   22.    Kachnic L et al (2012) Dose-painted intensity-modulated radiation therapy for anal cancer: a 
multi-institutional report of acute toxicity and response to therapy. Int J Radiat Oncol Biol 
Phys 82(1):153–158  

   23.    Dasgupta T et al (2013) Intensity-modulated radiotherapy vs. conventional radiotherapy in the 
treatment of anal squamous cell carcinoma: a propensity score analysis. Radiother Oncol J Eur 
Soc Ther Radiol Oncol 107(2):189–194  

     24.    Mitchell M et al (2014) Intensity-modulated radiation therapy with concurrent chemotherapy 
for anal cancer: outcomes and toxicity. Am J Clin Oncol 37(5):461–466  

    25.    Chen Y-J et al (2005) Organ sparing by conformal avoidance intensity-modulated radiation 
therapy for anal cancer: dosimetric evaluation of coverage of pelvis and inguinal/femoral 
nodes. Int J Radiat Oncol Biol Phys 63(1):274–281  

   26.    Lin A, Ben-Josef E (2007) Intensity-modulated radiation therapy for the treatment of anal 
cancer. Clin Colorectal Cancer 6(10):716–719  

   27.    Menkarios C et al (2007) Optimal organ-sparing intensity-modulated radiation therapy (IMRT) 
regimen for the treatment of locally advanced anal canal carcinoma: a comparison of conven-
tional and IMRT plans. Radiat Oncol (Lond) 2:41  

    28.    Wright J et al (2010) Squamous cell carcinoma of the anal canal: patterns and predictors of 
failure and implications for intensity-modulated radiation treatment planning. Int J Radiat 
Oncol Biol Phys 78(4):1064–1072  

      29.    Kachnic L et al (2013) RTOG 0529: a phase 2 evaluation of dose-painted intensity modulated 
radiation therapy in combination with 5-fl uorouracil and mitomycin-C for the reduction of 
acute morbidity in carcinoma of the anal canal. Int J Radiat Oncol Biol Phys 86(1):27–33  

    30.    Kachnic LA, Winter KA, Myerson RJ, Goodyear MD, Willins J, Esthappan J, Haddock MG, 
Rotman M, Parikh PJ, Willett CG (2011) Two-year outcomes of RTOG 0529: a phase II evalu-
ation of dose-painted IMRT in combination with 5-fl uorouracil and mitomycin-C for the 
reduction of acute morbidity in carcinoma of the anal canal. J Clin Oncol 29(4):368  

    31.    Gunderson L et al (2012) Long-term update of US GI intergroup RTOG 98–11 phase III trial 
for anal carcinoma: survival, relapse, and colostomy failure with concurrent chemoradiation 
involving fl uorouracil/mitomycin versus fl uorouracil/cisplatin. J Clin Oncol Off J Am Soc Clin 
Oncol 30(35):4344–4351  

     32.    Bentzen A et al (2013) Impaired health-related quality of life after chemoradiotherapy for anal 
cancer: late effects in a national cohort of 128 survivors. Acta oncologica (Stockh Swed) 
52(4):736–744  

    33.    Benson A et al (2012) Anal Carcinoma, Version 2.2012: featured updates to the NCCN guide-
lines. J Natl Compr Cancer Netw 10(4):449–454  

     34.   Howlader N, Noone AM, Krapcho M, Garshell J, Neyman N, Altekruse SF, Kosary CL, Yu M, 
Ruhl J, Tatalovich Z, Cho H, Mariotto A, Lewis DR, Chen HS, Feuer EJ, Cronin KA (eds) 
(2013) SEER cancer statistics review, 1975–2010. National Cancer Institute, Bethesda.   http://
seer.cancer.gov/csr/1975_2010/    . Based on November 2012 SEER data submission, posted to 
the SEER web site, April 2013  

    35.    Hoppe R, Phillips TL, Roach M (2010) Leibel and Phillips textbook of radiation oncology: 
expert consult. Elsevier Health Sciences, London  

     36.    Winton E et al (2009) The impact of 18-fl uorodeoxyglucose positron emission tomography on 
the staging, management and outcome of anal cancer. Br J Cancer 100(5):693–700  

   37.    Cotter S et al (2006) FDG-PET/CT in the evaluation of anal carcinoma. Int J Radiat Oncol Biol 
Phys 65(3):720–725  

18 Anal Canal Cancer

http://seer.cancer.gov/csr/1975_2010/
http://seer.cancer.gov/csr/1975_2010/


354

   38.    Trautmann T, Zuger J (2005) Positron emission tomography for pretreatment staging and post-
treatment evaluation in cancer of the anal canal. Mol Imag Biol Off Publ Acad Mol Imag 
7(4):309–313  

    39.    Nguyen B et al (2008) Assessing the impact of FDG-PET in the management of anal cancer. 
Radiother Oncol J Eur Soc Ther Radiol Oncol 87(3):376–382  

    40.    Krengli M et al (2010) FDG-PET/CT imaging for staging and target volume delineation in 
conformal radiotherapy of anal carcinoma. Radiat Oncol (Lond) 5:10  

    41.    Boman B et al (1984) Carcinoma of the anal canal. A clinical and pathologic study of 188 
cases. Cancer 54(1):114–125  

      42.    Godlewski G, Prudhomme M (2000) Embryology and anatomy of the anorectum. Basis of 
surgery. Surg Clin N Am 80(1):319–343  

    43.    Jones D (1994) ICRU report 50 – prescribing, recording and reporting photon beam therapy. 
Med Phys 21(6):833–834  

    44.    Ortholan C et al (2012) Anal canal cancer: management of inguinal nodes and benefi t of pro-
phylactic inguinal irradiation (CORS-03 Study). Int J Radiat Oncol Biol Phys 
82(5):1988–1995  

    45.    Brooks C et al (2013) Organ-sparing Intensity-modulated radiotherapy for anal cancer using 
the ACTII schedule: a comparison of conventional and intensity-modulated radiotherapy 
plans. Clin Oncol (R Coll Radiol (G B)) 25(3):155–161  

     46.    Ng M et al (2012) Australasian Gastrointestinal Trials Group (AGITG) contouring atlas and 
planning guidelines for intensity-modulated radiotherapy in anal cancer. Int J Radiat Oncol 
Biol Phys 83(5):1455–1462  

    47.    Gay H et al (2012) Pelvic normal tissue contouring guidelines for radiation therapy: a Radiation 
Therapy Oncology Group consensus panel atlas. Int J Radiat Oncol Biol Phys 83(3):62  

    48.    Myerson R et al (2009) Elective clinical target volumes for conformal therapy in anorectal 
cancer: a radiation therapy oncology group consensus panel contouring atlas. Int J Radiat 
Oncol Biol Phys 74(3):824–830  

    49.    Aggarwal A et al (2012) Clinical target volumes in anal cancer: calculating what dose was 
likely to have been delivered in the UK ACT II trial protocol. Radiother Oncol 
103(3):341–346  

    50.    Devisetty K et al (2009) A multi-institutional acute gastrointestinal toxicity analysis of anal 
cancer patients treated with concurrent intensity-modulated radiation therapy (IMRT) and che-
motherapy. Radiother Oncol J Eur Soc Ther Radiol Oncol 93(2):298–301  

    51.    DeFoe S et al (2013) Dosimetric parameters predictive of acute gastrointestinal toxicity in 
patients with anal carcinoma treated with concurrent chemotherapy and intensity-modulated 
radiation therapy. Oncology 85(1):1–7  

    52.    Kavanagh BD et al (2010) Radiation dose-volume effects in the stomach and small bowel. Int 
J Radiat Oncol Biol Phys 76(3 Suppl):S101–S107  

     53.    Emami B et al (1991) Tolerance of normal tissue to therapeutic irradiation. Int J Radiat Oncol 
Biol Phys 21(1):109–122  

    54.    Viswanathan AN et al (2010) Radiation dose-volume effects of the urinary bladder. Int J Radiat 
Oncol Biol Phys 76(3 Suppl):S116–S122  

    55.    Marks LB et al (1995) The response of the urinary bladder, urethra, and ureter to radiation and 
chemotherapy. Int J Radiat Oncol Biol Phys 31(5):1257–1280  

    56.    Baxter NN et al (2005) Risk of pelvic fractures in older women following pelvic irradiation. J 
Am Med Assoc 294(20):2587–2593  

    57.    Bedford JL et al (2000) Optimization of coplanar six-fi eld techniques for conformal 
 radiotherapy of the prostate. Int J Radiat Oncol Biol Phys 46(1):231–238  

    58.    Das P et al (2010) Long-term quality of life after radiotherapy for the treatment of anal cancer. 
Cancer 116(4):822–829  

    59.    Zelefsky MJ et al (2012) Improved clinical outcomes with high-dose image guided radiother-
apy compared with non-IGRT for the treatment of clinically localized prostate cancer. Int J 
Radiat Oncol Biol Phys 84(1):125–129    

B.A. Perez et al.



355© Springer Japan 2015
Y. Nishimura, R. Komaki (eds.), Intensity-Modulated Radiation Therapy, 
DOI 10.1007/978-4-431-55486-8_19

        M.   Scott    •    A.   Orman    •    A.   Pollack      (*) 
  Department of Radiation Oncology ,  Sylvester Comprehensive Cancer Center, 
University of Miami Miller School of Medicine , 
  1475 NW 12th Ave, Suite 1500 ,  Miami ,  FL   33136 ,  USA   
 e-mail: APollack@med.miami.edu  

 19      Early Prostate Cancer (T1–2N0M0) 

             Michael     Scott    ,     Amber     Orman    , and     Alan     Pollack    

     Keywords  
  Risk classifi cations   •   Androgen deprivation therapy   •   Interfraction motion   • 
  Intrafraction motion   •   Image-guided treatment delivery  

19.1         Introduction 

 The defi nitive treatment of early stage prostate cancer with radiation therapy has 
progressed dramatically over the past two decades primarily due to the develop-
ment and implementation of intensity-modulated radiation therapy (IMRT) tech-
niques and better defi nition of the role of androgen deprivation therapy (ADT). 
IMRT has permitted the escalation of radiotherapy dose to the target tissues, 
namely, the prostate and proximal seminal vesicles, in an effort to improve tumor 
cell killing and local tumor control, while also reducing dose to nearby organs at 
risk (OARs) including the bladder, rectum, bowel, femoral heads, and penile bulb. 
Advances in image-guided radiotherapy (IGRT) have improved the accuracy of the 
delivery of IMRT, reduced PTV margins, and consequently decreased acute and 
long-term side effects. This chapter will review the clinical evidence for the use of 
IMRT for early stage, clinically localized (T1–2N0M0) prostate cancer and will 
outline the processes involved in designing and implementing a safe and effective 
IMRT treatment plan.  

mailto:APollack@med.miami.edu


356

19.2     Staging/Risk Classifications 

 Prostate cancer is the leading cause of non-skin cancer in the US adult male popula-
tion [ 1 ] and is the second most common cause of cancer mortality in American men 
according to the Centers for Disease Control and Prevention. The American Joint 
Committee on Cancer (AJCC) anatomic staging system for prostate cancer is out-
lined in Table  19.1  and the prognostic grouping based on TNM stage, PSA, and 
Gleason score in Table  19.2 . Men with early stage, localized prostate cancer who 
are candidates for primary therapy most commonly fall into the low-risk (group I: 
cT1–2a, Gleason 6, PSA <10) and intermediate-risk (group IIa: cT2b and/or Gleason 
7 and/or PSA 10–20) categories, which are similar to the NCCN risk groups, the 
main difference being that cT2c is considered high risk in the AJCC grouping (IIb) 
and intermediate risk in the NCCN grouping.

   Table 19.1    American Joint Committee on Cancer 2010   

 TNM staging system for prostate cancer 

 Primary tumor(T) 
 TX  Primary tumor cannot be assessed 
 T0  No evidence of primary tumor 
 T1  Clinically inapparent tumor neither palpable nor visible by imaging 
 T1a  Tumor incidental histologic fi nding in ≤5 % of tissue resected 
 T1b  Tumor incidental histologic fi nding in >5 % of tissue resected 
 T1c  Tumor identifi ed by needle biopsy (e.g., because of elevated PSA) 
 T2  Tumor confi ned within prostate 
 T2a  Tumor involves one lobe 
 T2b  Tumor involves more than one half of a lobe but not both lobes 
 T2c  Tumor involves both lobes 
 T3  Tumor extends through the prostate capsule 
 T3a  Extracapsular extension 
 T3b  Tumor invades seminal vesicle(s) 
 T4  Tumor is fi xed or invades adjacent structures other than seminal vesicles 
 T4a  Tumor invades bladder neck, external sphincter, or rectum 
 T4b  Tumor invades levator muscles or is fi xed to pelvic wall, or both 
 Regional lymph nodes (N) 
 NX  Regional lymph nodes cannot be assessed 
 N0  No regional node metastasis 
 N1  Metastasis in single lymph node, ≤2 cm 
 N2  Metastasis in a single node, >2 cm but not >5 cm 
 N3  Metastasis in a node >5 cm 
 Distant metastasis (M) 
 MX  Presence of metastasis cannot be assessed 
 M0  No distant metastasis 
 M1  Distant metastasis 
 M1a  Nonregional lymph node(s) 
 M1b  Metastasis in bone(s) 
 M1c  Metastasis in other sites 

  Used with permission of the American Joint Committee on Cancer (AJCC), Chicago, Illinois. 
The original and primary source for this information is the AJCC Cancer Staging Manual, 
Seventh Edition (2010) published by Springer Science + Business Media  
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19.3         Treatment Options 

 The most established treatment options for favorable to intermediate-risk prostate 
cancer include radical prostatectomy, external beam radiotherapy, or brachytherapy. 
There are no published contemporary phase III randomized trials that have directly 
compared these treatment options to determine which therapy, if any, is superior 
with regard to outcome and toxicity, and such comparisons may not be feasible [ 2 ].  

19.4     Historical Review of RT Treatment Options 
and Outcomes 

 Conventional 2D RT was initially used to treat early stage prostate cancer, but 
effi cacy at ≤70 Gy was found to be less than previously thought when PSA became 
available for assessing duration of response [ 3 ]. When using 2D techniques to 
achieve doses >70 Gy, the genitourinary and gastrointestinal side effects increase 
considerably [ 4 ]. However, several retrospective analyses indicated that the deliv-
ery of doses higher than 70 Gy improved local control of the tumor [ 5 – 7 ]. Further 
technological innovations introduced CT-based 3D conformal radiotherapy (3D 
CRT) delivery systems. These 3D systems enabled radiation oncologists to more 
safely escalate radiotherapy to doses >70 Gy before reaching the upper limit of 
acceptable bladder and rectal toxicities [ 8 ]. An early study utilizing 3D CRT for the 
prostate boost portion of treatment demonstrated on DVH analysis that the volume 
of bladder and rectum receiving the prescribed dose could be reduced to nearly one 
half of the volume treated with 2D RT delivery [ 9 ]. Eade et al. described the dose 

   Table 19.2    American Joint Committee on Cancer 2010   

 Anatomic stage prognostic groups 

 Group  T stage  N stage  M stage  PSA  Gleason 
 I  T1c  N0  M0  <10  ≤6 

 T2a  N0  M0  <10  ≤6 
 T1–2a  N0  M0  X  X 

 IIA  T1a–c  N0  M0  <20  7 
 T1a–c  N0  M0  ≥10, <20  ≤6 
 T2a  N0  M0  ≥10, <20  ≤6 
 T2b  N0  M0  <20  ≤7 
 T2b  N0  M0  X  X 

 IIB  T2c  N0  M0  Any  Any 
 T1–2  N0  M0  ≥20  Any 
 T1–2  N0  M0  Any  ≥8 

 III  T3a–b  N0  M0  Any  Any 
 IV  T4  N0  M0  Any  Any 

 Any T  N1  M0  Any  Any 
 Any T  Any N  M1  Any  Any 

  Used with permission of the American Joint Committee on Cancer (AJCC), Chicago, Illinois. 
The original and primary source for this information is the AJCC Cancer Staging Manual, 
Seventh Edition (2010) published by Springer Science + Business Media  
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response for over 1,500 men treated with 3D conformal or IMRT at Fox Chase 
Cancer Center from 1998 to 2002, demonstrating that there are continued gains of 
approximately 2.2 % freedom from biochemical failure (FFBF) for every 1 Gy 
increase, even beyond 80 Gy using either the nadir + 2 or ASTRO defi nitions of 
biochemical failure [ 10 ]. 

 Several randomized, controlled trials also compared higher dose radiotherapy 
(>70 Gy) to conventionally dosed radiotherapy (70 Gy) with respect to outcomes in 
men with prostate cancer [ 11 – 15 ]. In a randomized dose escalation trial of 301 
patients, Kuban et al. found an improvement in freedom from biochemical or clini-
cal failure at a median follow-up of 8.7 years of 78 % in the group receiving 78 Gy 
compared to 59 % in patients receiving 70 Gy [ 11 ]. However, gastrointestinal toxic-
ity of grade 2 or greater occurred in 26 % of patients in the high-dose 78 Gy arm 
compared to 13 % in the conventional 70 Gy arm in treatment delivered by 3D 
CRT. A meta-analysis that included 7 trials found a signifi cant FFBF benefi t for 
dose escalation when all of the trials ( p  < 0.0001) were considered [ 16 ]. This benefi t 
was signifi cant for NCCN low-risk ( p  = 0.007), intermediate-risk ( p  < 0.0001), and 
high-risk ( p  < 0.0001) groups, although no difference was found for overall survival 
( p  = 0.69) or disease-specifi c survival ( p  = 0.41). All of the trials had less than 
10 years of follow-up, which is not suffi cient for survival endpoints.  

19.5     Clinical Evidence for IMRT 

 While the 3D CRT prostate cancer dose escalation trials were accruing, intensity- 
modulated radiotherapy (IMRT) was introduced, revolutionizing the radiation treat-
ment of numerous tumor types, including prostate cancer. In 1996, Ling et al. 
published one of the fi rst descriptions of prostate cancer inversely planned intensity- 
modulated photon beams using dynamic multi-leaf collimation [ 17 ]. The ability to 
collimate the treatment fi elds in a dynamic way during the delivery of radiation 
resulted in more conformal dose distributions with the potential to reduce toxicity. 

 When compared directly to 3D CRT plans in dosimetric studies, IMRT proved 
superior in target volume coverage at the prescribed dose and at reducing the vol-
ume of normal tissues treated to specifi ed constraint doses [ 18 – 22 ]. Ailleres reported 
that 95 % of the PTV1 received 5 Gy more with IMRT when compared to 3D CRT 
planning without compromising dose limits on the bladder and rectal walls [ 23 ]. 
Using an endorectal balloon for prostate immobilization, Ashman compared sequen-
tial IMRT plans to 3D CRT in delivering whole pelvic radiotherapy and found that 
IMRT reduced the volume of bowel receiving 45 Gy by 60 % when compared to 3D 
CRT delivery [ 21 ]. Without placing intentional constraints on the penile bulb dose, 
Kao designed IMRT and 3D CRT plans to deliver 74 Gy to the target for ten patients 
with clinically organ-confi ned prostate cancer; IMRT reduced the mean penile bulb 
dose, the percentage of bulb receiving >40 Gy, and the dose received by >95 % of 
the penile bulb; however, the maximum penile bulb dose was higher to a very small 
volume [ 22 ]. Subsequent studies have confi rmed the reduction in dose to critical 
structures including the penile bulb with IMRT while achieving improved coverage 
to target structures including the pelvic lymph nodes [ 24 ,  25 ]. 
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 Investigators at Memorial Sloan Kettering Cancer Center were leaders in the 
application of IMRT to prostate cancer. Zelefsky et al. [ 26 ] described the early 
experience where 61 men with localized disease were treated with 3D CRT and 171 
with IMRT to a prescribed dose of 81 Gy. When comparing the plans of 20 ran-
domly selected patients, IMRT showed a signifi cant improvement in the coverage of 
the clinical target volume (CTV) to the prescribed dose while lowering the volume 
of the bladder and rectal walls that received this dose. The analysis also demon-
strated a reduction in the 2-year risk of rectal bleeding from 10 % with 3D CRT to 
2 % for IMRT [ 26 ]. In a larger analysis, Zelefsky analyzed 1,100 patients with 
cT1c–T3N0 prostate cancer treated with 3D CRT or IMRT and reported statistically 
signifi cant improvements in the 5-year PSA relapse-free survival in the favorable, 
intermediate, and unfavorable risk groups. For the patients who received a prescrip-
tion dose of 81 Gy, IMRT resulted in signifi cantly less late grade 2 rectal toxicity 
(14 % vs. 2 %) with no impact on GU toxicity [ 27 ]. In the Dutch randomized dose 
escalation trial CKVO 96-10, a subset analysis comparing the toxicities for patients 
who received 78 Gy via sequential 3D CRT or via simultaneous integrated boost, 
with IMRT, IMRT resulted in signifi cantly lower acute grade 2+ GI toxicity (61 % 
vs. 20 %), while the rates of 5-year FFBF were comparable in both groups (61 % vs. 
70 %). Acute GU and late GI and GU toxicities were similar in both groups [ 28 ]. 
Several other reports confi rmed that IMRT is a safer delivery method for high-dose 
RT to the prostate [ 18 ,  23 ,  29 ], which eventually resulted in the adoption of IMRT 
as the standard of care. 

 IMRT is associated with an increased volume of low-dose radiation to normal 
tissues as a result of the multiple gantry angles by which IMRT is delivered to create 
the highly conformal dose distribution to target structures. Kry reported that IMRT 
required 3.5–4.9 times more monitor units (MU) when compared to more conven-
tional treatments. According to the analysis, the calculated conservative maximal 
lifetime risk of fatal radiation-induced malignancy was 1.7 % for conventional RT, 
2.1 % for IMRT with 10-MV X-rays, and 5.1 % for IMRT using 18-MV X-rays 
[ 30 ]. There are confl icting data on the observed risk of second malignancies after 
prostate cancer radiotherapy [ 31 – 35 ], and the overwhelming majority of clinical 
and dosimetric evidence support IMRT as the standard of care over 3D CRT.  

19.6     IMRT Technique 

 Close collaboration between physicians, nurses, radiation therapists, dosimetrists, 
and medical physicists facilitates coordination that can reduce uncertainties in 
IMRT treatment delivery. In our institution, prior to diagnostic/planning MRI and 
CT simulation, the patient receives instructions on bowel and bladder preparation. 
Table  19.3  outlines the simulation technique and sequence that is utilized at the 
University of Miami.

   All patients who are candidates for an MRI with contrast undergo diagnostic 
3.0 T MRI of the prostate and pelvis using a body coil. Multiparametric MRI 
that includes T2w, T1 non-contrast, T1 dynamic contrast-enhanced (DCE)-MRI, 
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and diffusion-weighted imaging (DWI) sequences (our standard sequences), as 
well as MR proton spectroscopy (MRS), has been shown to improve the sensi-
tivity and specifi city of tumor localization [ 36 – 39 ]. T2w-MRI provides an 
excellent depiction of prostate and pelvic anatomy with regions of healthy 
peripheral zone prostate tissue demonstrating higher signal intensity than pros-
tate cancer. The observed reduction in MRI image signal intensity is due to a 
loss of the normal glandular (ductal) morphology in regions of prostate cancer. 
However, other benign pathologies such as infl ammation, benign prostatic 
hyperplasia (BPH), blood, and prior radiation treatment also cause a loss of 
ductal morphology and low signal intensity on T2w- MRI. Additionally, infi ltrat-
ing prostate cancer does not always cause a reduction in normal glandular mor-
phology and therefore may not be hypointense on T2w- MRI. Due to these 
confounding factors, T2w-MRI alone can localize cancer larger than 0.5 cm 3  in 
volume with only a 65–74 % sensitivity and low specifi city [ 40 ]. Other studies 
also report quite variable sensitivity (50–83 %) and specifi city (21–88 %). 
Utilizing an endorectal coil improves MRI’s sensitivity to 78 %, but the speci-
fi city still remains poor (55 %). 

 MRS, DWI, and DCE-MRI have been used to improve the sensitivity and speci-
fi city of MRI and to determine tumor location and extent. Localization accuracies 
of above 80 % may be achieved by combining these methods [ 41 ]. Each has shown 
promise when combined with T2w-MRI. DWI is sensitive to random thermal move-
ment of water molecules and provides a determination of stiffness. DWI is used to 
calculate apparent diffusion coeffi cient (ADC) values, which are signifi cantly lower 
in tumor than in normal prostate due to the restriction of water displacement. Lower 
ADC values are associated with Gleason 7 or above disease [ 42 ]. 

   Table 19.3    Simulation technique and sequence   

 1.  Diagnostic MRI. A 3.0 T MRI using a pelvic body coil is acquired when possible with the 
following sequences: T2, T1 plain, and T1 with dynamic contrast enhancement (DCE) and 
diffusion-weighted imaging (DWI) in 2–2.5 mm slices throughout the pelvis. This is a 
diagnostic staging exam that is fused to the planning CT. The same bowel preparation is 
recommended for the MRI and CT simulation. 

   (a) Bowel prep: the patient is encouraged to abstain from drinking carbonated beverages and 
gas-producing foods starting the day before imaging. The evening before, magnesium 
citrate is consumed to empty the bowel. An enema or two are administered within 2 h of 
imaging. 

 2.  Placement of four gold fi ducial markers (tracking beacons or gold seed fi ducials) 
transrectally. 

 3. Wait a minimum of 7 days for fi ducial marker position to stabilize. 
 4.  On our clinical trials, we have also performed a second limited 2–2.5 mm slice thickness 

MRI simulation using T2w, T2*, and DWI sequences. An MRI after fi ducial marker 
placement aids in aligning the MRI and CT simulation images. This is not usually 
reimbursed when attempted outside of a clinical trial, but is very helpful in image fusion. 

 5.  CT simulation at 2.0–2.5 mm slices throughout the pelvis in supine position with legs in an 
immobilization device. 

 6. CT-MR fusion. 
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 DCE-MRI also discriminates between normal and cancerous tissues [ 43 ,  44 ]. 
Greater and earlier enhancement with washout over time is seen in tumor tissue vs. 
delayed enhancement    in normal tissue. DCE-MRI is a measure of tissue vascularity 
and angiogenesis. Specifi city has been notably high at close to or over 90 % in a 
number of studies [ 45 ,  46 ], while sensitivity has been 65 to >80 %. At the University 
of Miami, we routinely use DCE-MRI combined with DWI (and ADC maps) and 
T2w-MRI in our assessments and planning of radiotherapy. These sequences aid in 
the determination of tumor location and extraprostatic extension, thereby informing 
the CTV. In addition, there is an emerging literature on delivering higher daily doses 
using dose painting to the dominant prostatic lesion(s) based on MRI criteria [ 47 –
 54 ], and we are testing this approach in clinical trials (Fig.  19.1 ). In some high- risk 
patients with well-defi ned MRI lesions, we have boosted the dominant intrapros-
tatic lesion(s) slightly (2.15 Gy per fraction to 86 Gy) if not a candidate for a clinical 
trial.  

 Patients are given bowel preparation and bladder fi lling instructions for the 
diagnostic MRI to mimic treatment bladder and rectal fi lling. If possible, the MRI 
is performed on a fl at tabletop to most accurately reproduce the patient’s treatment 
position. After the MRI, 3–4 gold fi ducial markers are implanted transrectally in 
the prostate at a distance of 1 cm apart [ 55 ], to reduce interfraction setup error 
[ 56 – 59 ]. Seed migration is not a major issue [ 57 ,  58 ,  60 ,  61 ]. We typically wait a 
week after fi ducial marker placement before simulation to allow for the stabiliza-
tion of fi ducial position. 

 Gold seed fi ducials are currently the most commonly employed method to cor-
rect for interfraction motion. Although patients do require an extra outpatient proce-
dure, they tolerate the insertion well [ 62 ]. The most frequent reported side effects 
are hematuria (15 %) and rectal bleeding (4 %) [ 63 ]. Patients report their pain is less 
than that of diagnostic biopsy, even without local anesthesia. Daily fi ducial marker 
alignment prior to each treatment via orthogonal portal imaging, cone beam CT, or 

  Fig. 19.1    Dose distribution on a single axial slice for a dose-painting IMRT plan prescribing a 
boost to dominant intraprostatic lesion(s) on multiparametric MRI for patient on an inhouse (UM) 
clinical trial       
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in-room CT reduces uncertainties from interfraction motion [ 56 ], allowing for 
reduced margins [ 58 ,  59 ,  64 ,  65 ]. 

 Daily alignment to gold seed fi ducials reduces the subjectivity of the alignment 
process over cone beam CT (CBCT) alone. With fi ducial correction for interfraction 
motion and arc-based therapy that typically takes <5 min (2–3 arcs), we use a PTV 
expansion of 5 mm everywhere, except posteriorly where the margin is 3–4 mm. 
Langen et al. have shown that the chance for prostate displacement increases over 
time during patient setup [ 66 ]; arc-based therapy reduces the chance of a portion of 
the CTV falling outside the PTV. 

 Real-time tracking of fi ducials using fl uoroscopy, electromagnetic transponders, 
or transperineal ultrasound [ 67 ] limits effects from intrafraction motion, which 
takes on considerable importance. When using transponders, three are placed in the 
prostate to defi ne prostate position [ 68 ]. The system continuously monitors and 
compares the triangulated center of mass of the transponders to the planned isocen-
ter. This information is used to stop the treatment if a predetermined threshold is 
exceeded [ 69 ]. The threshold that has been used in our institution is 3 mm. Of note, 
transponders result in signifi cant artifacts on MRI that preclude assessments of 
tumor location or recurrence in the prostate. 

 After waiting 7 days to allow for fi ducial marker position to stabilize, CT 
simulation with 2 mm slices is performed throughout the pelvis in supine 
position with arms on chest and legs supported or in an immobilization device 
such as a Vac-LokTM. On the same day, a limited 2.5 mm slice thickness MRI 
simulation using T1, DWI, T2*, and T2w sequences has been used for patients 
on protocols in which a GTV boost is administered in order to facilitate more 
accurate MRI-CT fusion based on the position of the implanted markers. While 
the simulation MRI is of value in fusing the diagnostic MRI to the planning CT, 
it is not usually reimbursed. 

 Bladder and rectal volumes should be thoroughly analyzed prior to approval of 
the CT simulation for IMRT planning. At our institution, we have a low threshold 
for repeating the CT simulation after the patient has adjusted the bladder fi lling or 
rectal emptying if these normal organs do not conform to our preferred volume and 
anatomic orientation. The smaller the rectal volume at simulation, the more the plan 
will refl ect a worst case dosimetric assessment during planning.  

19.7     Contouring of Target and Normal Anatomy 

 The IMRT planning process begins with the fusion of the CT and MRI images 
followed by delineation of the target structures and normal tissue volumes by the 
treating radiation oncologist. As background, the prostate is an exocrine gland 
that surrounds the prostatic urethra. The normal adult gland measures approxi-
mately 4×3×3 cm (transverse, AP, craniocaudal) and weighs 15–20 g [ 70 ]. The 
size of the prostate generally increases with age, and according to Zackrisson 
et al., up to 85 % of healthy males older than 40 years have prostate volumes 
higher than 20 cm 3  [ 71 ]. Five anatomical prostatic zones are recognized: (1) 
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anterior fi bromuscular stroma, (2) periurethral glandular tissue, (3) transition 
zone, (4) central zone, and (5) peripheral zone [ 70 ]. 

 Inconsistencies in CT contouring are the result of poor defi nition of the prostate 
relative to adjacent structures and wide variation in anatomic position relative to the 
pelvic bones [ 72 ]. The prostate tends to blend in with muscle, making it unclear 
where the prostate borders are located relative to the levator ani muscle, the rectum 
(particularly inferiorly near the prostatic apex), and the bladder wall superiorly. The 
inferior aspect of the prostatic apex is not recognizable on CT. The rectum blends 
into the apex posteriorly, and the urogenital diaphragm blends into the apex inferi-
orly. These structures are more clearly visualized on T2w-MRI [ 73 ]. Using CT 
alone, the apex location may be estimated to be about 1.0–1.5 cm superior to the 
bulb of the penis. It is best to overestimate the inferior location of the apex in the 
absence of MRI. MRI considerably resolves these boundaries and makes accurate 
contouring of the prostate more consistent [ 74 ,  75 ]. MRI prostate volumes are more 
aligned with ultrasound volumes [ 76 ]; CT prostate volumes are about 30–40 % 
larger than MRI volumes [ 77 ,  78 ]. However, current planning algorithms are based 
on CT, making CT-MR fusion the best approach to defi ne the prostate, seminal 
vesicles, and pelvic lymph node regions. 

 CT-MR fusion is fraught with potential problems that could lead to signifi cant 
errors if not performed appropriately. The CT should be used primarily and the 
MRI only used as a reference because of the inherent problems with the accuracy 
of CT-MR fusion. The position of the prostate on MRI may be substantially differ-
ent from the CT because of bladder and rectal fi lling. These differences are accen-
tuated when the MRI is being performed at a different time (not in sequence with 
the CT) and on a concave tabletop (instead of a fl at table on the CT simulator). 
Patients should be given instructions on diet to minimize gas and should perform 
an enema before going for both the MRI and CT. Ideally, a radiation simulation 
therapist will be present at the MRI to confi rm optimal bladder and bowel fi lling at 
the time of MRI. An MRI equipped with lasers to ensure accuracy of patient posi-
tioning will also help to optimize the subsequent CT-MR fusion. If there are con-
siderable differences in bladder and rectal fi lling, the fusion will be inaccurate. The 
random error for CT-MR registration along the three spatial directions was esti-
mated to be on the order of 0.5 mm and around 0.4° in rotation (standard deviation) 
for each axis [ 79 ]. Fusion error is minimized when a second limited MRI simula-
tion (T1, DWI, T2, and T2* MRI sequences) with fi ducials in place on the same 
day of CT simulation is performed and the fi ducial markers are considered in the 
fusion process [ 54 ]. 

 The seminal vesicles (SV) are paired organs located in the connective tissue 
lodged between the urinary bladder and the rectum lateral to the ampulla of the vas 
deferens. Seminal vesicles can vary in size, and differences in dimension between 
the right and left seminal vesicle have been reported [ 80 ,  81 ]. According to surgical 
specimen reports, the length is about 31 ± 10.3 mm [ 80 ], which is concordant with 
reported results on ultrasound [ 71 ]. The angle between the seminal vesicles and the 
horizontal plane (normally 50 to 60°) changes with bladder and rectal fi lling [ 82 ]. 
Seminal vesicle contouring, similar to that of prostate contouring, is better 
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delineated on MRI because of enhanced anatomic detail [ 83 ]. We include the proxi-
mal SVs in the CTV with the prostate. 

 The bulb of the penis is formed by the elongation of the corpus spongiosum after 
the separation of the corpora cavernosa to form the crura of the penis. The bulb of 
the penis is attached superiorly to the inferior surface of the urogenital diaphragm 
[ 84 ]. The penile bulb is best visualized on T2w-MRI as an oval-shaped, hyperin-
tense midline structure [ 25 ,  84 ]. Although the penile bulb can also be identifi ed on 
CT imaging and transverse transrectal ultrasound, MRI is best for the superior and 
inferior aspects. Contouring should stop inferiorly when the bulb loses the lateral 
bulging aspects of the corpus spongiosum. As summarized by Van der Wielen et al. 
[ 85 ], the sparing of the penile bulb, corporal bodies, and neurovascular structures 
has sometimes been associated with increased preservation of erectile function, but 
results have been mixed [ 25 ,  86 ]. IMRT reduces the dose received by the penile 
bulb, as shown by some authors and reported above [ 22 ,  87 ]. Regarding the relation-
ship between the penile bulb dose and the development of erectile dysfunction, 
some studies have not shown any signifi cant association [ 88 ], whereas Merrick 
et al. have [ 89 ]. Roach et al. advocate keeping the penile bulb dose to <52.5 Gy [ 90 ].  

19.8     IMRT Planning and Dosimetry 

 Table  19.4  outlines common dose constraints utilized in IMRT planning for pros-
tate cancer. Figure  19.2  demonstrates a typical IMRT treatment plan with corre-
sponding dose-volume histograms when prescribing 80 Gy in 40 fractions to the 
PTV, the standard dose used at the University of Miami. At the University of 
Miami, particular attention is paid to the 30 Gy isodose line, and optimization 
structures are created to ensure that this line is anterior to the posterior rectal wall, 
as well as excluding the lateral rectal wall as much as possible (Fig.  19.3 ). The 
bladder volume at 30 Gy is also reduced by designing a plan that pulls in dose 
tightly in the anterior. The resultant optimization of dose across the rectal and blad-
der is accomplished using optimization structures that result in an increase in doses 
to the lateral soft tissues and femoral heads while still maintaining constraints to 
the femoral heads (Fig.  19.4 ).

19.9           IMRT Delivery Methods 

 Two common treatment delivery techniques include standard fi xed gantry IMRT, 
otherwise known as step-and-shoot, and volumetric modulated arc therapy (VMAT). 
The step-and-shoot technique results in increased treatment time compared to 
VMAT as the gantry must be repositioned between the deliveries of each small, 
irregularly shaped fi eld. The VMAT technique typically requires 2–3 arcs for the 
delivery of one standard daily fraction. VMAT reduces the overall treatment time on 
average by 1.5–3 min for each 2 Gy fraction by delivering the dose during a con-
tinuous gantry rotation and also reduces the calculated monitor units by 
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approximately 50 % [ 91 ]. Treatment time is reduced more signifi cantly when the 
pelvic lymph nodes are treated for high-risk disease. Additionally, VMAT may offer 
dosimetric advantages over IMRT in some cases, especially in high-dose regions 
[ 92 ]. Another variant of continuous rotational treatment is TomoTherapy®, which 
offers at least equivalent, if not slightly improved, dose distributions [ 93 ].  

19.10     Image-Guided Treatment Delivery (IGRT): Interfraction 
Motion 

 Interfraction motion occurs during the daily setup of patients and can result in 
decreased dose to the PTV and increased toxicity due to increased dose to normal 
tissues. Uncertainties in prostate position are related to both setup error and prostate 
motion between daily fractions. Setup error could be systematic or random. 
Systematic errors do not change, are reproducible, and always occur in the same 
direction and magnitude. Random errors vary daily and are not reproducible [ 94 ]. 

 The prostate is not a fi xed organ, and its location can vary signifi cantly from day 
to day [ 95 – 99 ]. The mean prostate shift was found to be 1.0 + 1.5 mm in the lateral 
direction, 0.9 + 2.1 mm in the AP, and 1.9 + 2.1 mm in the craniocaudal direction in 
an Italian study. After DVH recalculation, CTV coverage was maintained despite 
organ motion, whereas rectal DVHs were often dramatically different [ 95 ]. The 

   Table 19.4    Common dose constraints for prostate IMRT   

 Dose (Gy) or dose-volume parameters 

 Organ  UM: 80 Gy/40 fx  RTOG 0126 arm 2: 
79.2 Gy/44 fx 

 MSKCC: 
86.4 Gy/48 fx 

 PTV  V80 Gy ≥95 %  V79.2 ≥ 98 %  V86.4 ≥ 95 % 
 V92 Gy(115 %) = 0 %  V84.7 ≤ 2 %  V95.04 = 0 % 

 Bladder  V65 Gy < 25 %  V80 ≤ 15 %  Bladder wall 
 V40 Gy <50 %  V75 ≤ 25 %  V47 < 53 % 

 V70 ≤ 35 %  V75.6 < 30 % 
 V65 ≤ 50 % 

 Bowel  V40 Gy < 150 cm 3   V60 = 0 % 
 Femoral heads  V50 Gy = 0 %  V50 = 0 % 
 Penile bulb  Mean ≤ 52.5 
 Rectum/anus  V65 Gy <17 %  V75 ≤ 15 %  Rectal wall 

 V40 Gy <35 %  V70 ≤ 25 %  V47 < 53 % 
 V65 ≤ 35 %  V75.6 < 30 % 
 V60 ≤ 50 %  V85.5 = 0 % 

   PTV(UM)  prostate + proximal seminal vesicles (extending 10 mm from the origin) with a 3 mm 
margin posteriorly and a 5 mm margin in all other directions; bowel is contoured as a bowel bag 
and includes both small and large bowel proximal to rectum; rectum/anus includes the anus at 
the level of the ischial tuberosities to the rectosigmoid fl exure; femoral heads include femoral 
neck to midway between the greater and lesser trochanter;  MSKCC  Memorial Sloan Kettering 
Cancer Center  
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amount of prostate motion varies from patient to patient, and the reproducibility of 
daily prostate positioning has become increasingly important with decreased PTV 
margins and dose escalation permitted by IMRT. 

 The impact of rectal distension on prostate target volume variability, treatment 
dose, and patient outcomes has been well studied [ 100 – 104 ]. The effects of rectal 
distension at simulation described by de Crevoisier et al. [ 103 ] can be mitigated by 
the use of daily image guidance [ 105 ]. There are many methods to correct the 
observed interfraction motion. These methods are daily CT bony pelvis alignment, 
daily cone beam CT or ultrasound soft tissue alignment, defi nitive isocenter calcula-
tion, and daily online fi ducial correction. If gold seed markers are not placed within 
the prostate, daily CT localization using bony anatomy could be used with reason-
able results [ 98 ]. The increase in PTV margin would consist of the uncertainty of the 
location of the prostate with respect to the bone in addition to intrafractional motion. 

  Fig. 19.2    Dose distribution and DVH for a typical IMRT plan prescribing 80 Gy in 40 fractions 
to the PTV         
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Hanna et al. also described how centrally located intraprostatic calcifi cations (IPC) 
can be used as natural fi ducials with similar pattern of displacement compared to 
implanted fi ducials [ 106 ]. The use of IPC in IGRT for prostate cancer can eliminate 
an invasive procedure to implant fi ducials which comes with both fi nancial cost and 
unnecessary morbidity when IPCs are identifi ed. 

 Cone beam CT (CBCT) 3D volume reconstruction images have improved over 
the years and are often used for correction of prostate interfraction motion. The 
measures obtained by the use of CBCT are highly accurate, with the greatest dis-
placement usually observable in the AP axis [ 107 ,  108 ]. 

Fig. 19.2 (continued)
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 CBCT appears to be associated with less variability than ultrasound [ 109 ]. 
However, therapists must still make subjective decisions concerning prostate anat-
omy. We combine daily fi ducial marker assessment with CBCT to reduce the sub-
jectiveness of the alignment and assess bladder and rectal fi lling. A broad comparison 
of MV CBCT with other imaging modalities was performed by Bylund et al. [ 108 ], 
who found a similar measurement of interfraction motion when comparing their 
results with other published studies that used electromagnetic transponders, ultra-
sound, fi ducial seed marker implants, and CT on rails as image guidance methods 
[ 110 ,  111 ]. A study performed by Moseley et al. retrospectively compared the 
patient adjustments based on kV CBCT compared to two orthogonal MV portal 
images and confi rmed that there was a high correlation for the measured isocenter 
shifts between these systems [ 98 ]. 

 Advances in ultrasound technology have resulted in noninvasive and non-
ionizing methods of daily prostate localization that do not require the implanta-
tion of fi ducial markers. Boda-Heggemann et al. demonstrated that 
transabdominal ultrasound improved the daily repositioning accuracy compared 
to the use of skin marks or bony anatomy [ 112 ]. The development of 3D ultra-
sound imaging modalities has improved IGRT via ultrasound by providing phy-
sicians with data regarding the daily changes in the target dimensions and 
location, while automatically calculating geometric beam coverage to ensure 
the accuracy of the treatment delivery.  

  Fig. 19.3    Example of optimization structure ( shaded blue ) utilized to pull dose in anteriorly to 
spare the rectum and posteriorly to better spare the bladder while pushing out lower dose regions 
into lateral soft tissues. The optimized plan is on the  left        
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     Fig. 19.4    Dose distribution and DVH comparison at multiple axial slices for a typical optimized 
IMRT plan ( left ) compared to an initial IMRT plan ( right ). Attention is given to the 30 Gy isodose 
line, which is pushed well within the rectum       
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19.11     Image-Guided Treatment Delivery (IGRT): Intrafraction 
Motion 

 Real-time tracking of the prostate via fi ducials using fl uoroscopy, electromagnetic 
transponders, or transperineal ultrasound [ 67 ] limits effects from intrafraction 
motion, which takes on considerable importance for hypofractionation. Alonso- 
Arrizabalaga et al. [ 64 ] found that the margins can be reduced with correction for 
interfraction and intrafraction prostate motion. Compared to daily online correction, 
there was a PTV increase of 40 % for defi nitive isocenter and 80 % for bony anat-
omy image guidance. The overlap of PTV with the rectum approximately doubles 
for each of these increases. 

 Kupelian et al. [ 110 ] reported the use of a 4D localization system for continuous, 
intrafraction three-dimensional isocenter tracking via electromagnetic detection of 
three implanted beacon transponders. In    this study, 41 patients with clinical stage 
I–III prostate cancer treated per institutional preference had transponder setup com-
pared to traditional laser and skin markings performed pretreatment and between 
beams for all patients, and during delivery for 35 of 41 patients (6 patients had large 
anteroposterior torso dimensions precluding tracking due to geometric constraints). 
Transponder stability after implantation was demonstrated with a mean standard 
deviation of the intertransponder distance of 0.8 mm. The study identifi ed a seem-
ingly random continuous motion ≥3 mm and ≥5 mm for durations exceeding 30 s 
in 41 % and 15 % of fractions, respectively. This intrafraction motion could have 
signifi cant effects with respect to coverage, especially when treatment margins of as 
small as 5 mm are not uncommon.  

19.12     Dose Escalation: Beyond 80 Gy 

 As previously discussed, IMRT has allowed the safe delivery of higher doses in the 
74–80 Gy range, which has resulted in improved outcomes. Under investigation 
now is even further dose escalation beyond 80 Gy. Eade et al. [ 10 ] described a dose 
response beyond 80 Gy, the data of which were used as a rationale for the Fox Chase 
dose escalation hypofractionation trial described by Pollack et al. [ 113 ]. A phase II 
study from Memorial Sloan Kettering Cancer Center described the treatment of 
1,002 patients treated to 86.4 Gy in 48 fractions from 1997 to 2008 with a median 
follow-up of 5.5 years; 86 % of patients were clinical stage T1–T2N0. The PTV 
consisted of the prostate, entire seminal vesicles, and a 10 mm circumferential mar-
gin, except posteriorly, where it was reduced to 6 mm. Weekly port fi lms were used 
to verify patient positioning. Fifty-nine percent of patients received ADT. Seven- 
year biochemical recurrence-free survival rates based on the nadir plus 2 ng/mL 
defi nition were 98.8 %, 85.6 %, and 67.9 % ( p  < 0.001) for low-, intermediate-, and 
high-risk patients, respectively. Seven-year actuarial distant metastasis-free survival 
rates were 99.4 %, 94.1 %, and 82.0 % ( p  < 0.001) for low-, intermediate-, and high- 
risk patients, respectively. Seven-year prostate cancer-specifi c mortality rates using 
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competing risk analysis were 0 %, 3.3 %, and 8.1 % ( p  = 0.008), for low-, intermedi-
ate-, and high-risk patients, respectively. Late grade 3 gastrointestinal and genitouri-
nary toxicities at 7 years were experienced by 0.7 % and 2.2 % of patients, 
respectively [ 114 ]. Although this was a retrospective study with modest follow-up 
of a median of 5.5 years, further dose escalation beyond 80 Gy demonstrated excel-
lent tumor control and relatively low rates of toxicity. More recently, Spratt et al. 
[ 115 ] described that the combination of brachytherapy plus external beam RT was 
superior to 86.4 Gy of external beam RT alone, illustrating the potential benefi t of 
further dose escalation. These fi ndings are complicated by changes in (better IGRT) 
methods over the period of the study and patient selection bias. Nonetheless, such 
data lend support for further dose escalation using IMRT to dominant tumor regions 
defi ned on MRI [ 54 ,  116 ], since these seem to be at the greatest risk of persistent 
disease [ 117 ].  

19.13     Androgen Deprivation Therapy 

 A group of patients with early stage prostate cancer fall into the intermediate-risk 
prognostic group as a result of their specifi c PSA and/or Gleason score. In studies 
of primarily intermediate-risk patients, two main randomized trials support the 
addition of short-term ADT to RT when standard doses of RT were used (about 
70 Gy). D’Amico et al. compared 6 months of ADT with RT versus RT alone in 206 
men with AJCC clinical stage T1b–T2bN0M0 adenocarcinoma of the prostate with 
at least 1 unfavorable prognostic factor (PSA > 10 ng/mL, GS 7–10, radiographic 
evidence of extracapsular extension, and/or seminal vesicle invasion on MRI) who 
were treated between 1995 and 2001. All patients in the combined treatment arm 
received 3D conformal RT and ADT (consisting of a luteinizing hormone-releasing 
hormone (LHRH) agonist and the antiandrogen fl utamide beginning 2 months prior 
to RT). With a median follow-up of 7.6 years, the 8-year overall survival was 74 % 
in the combined RT-ADT arm and 61 % in the RT alone arm ( p  = 0.01). In addition, 
RT alone resulted in an increased risk of prostate cancer-specifi c mortality (HR 4.1; 
95 % CI, 1.4–12.1;  p  = 0.01), as well as all-cause mortality (HR 1.8; 95 % CI, 1.1–
2.9;  p  = 0.01) compared to RT-ADT. An unplanned post-randomization subgroup 
analysis revealed that the increased risk in all-cause mortality in men randomized to 
RT alone was only found in those with no or minimal comorbidity (31 vs. 11 deaths; 
HR 4.2; 95 % CI, 2.1–8.5;  p  < 0.001) [ 118 ]. 

 RTOG 94-08 compared 4 months of ADT with RT versus RT alone in 1979 men 
with AJCC stage T1b–T2bN0M0 adenocarcinoma of the prostate with a PSA level 
≤20 ng/ml who were treated between 1994 and 2001. ADT consisted of an LHRH 
agonist and an antiandrogen beginning 2 months prior to RT and continued during 
RT. With a median follow-up of 9.1 years, the 10-year overall survival was 62 % in 
the combined arm and 57 % in the RT alone arm (HR 1.17; 95 % CI, 1.01–1.35; 
 p  = 0.03). The 10-year disease-specifi c mortality was 4 % in the combined arm and 
8 % in the RT alone arm (HR 1.87; 95 % CI, 1.27–2.74;  p  = 0.001). The 10-year 
cumulative incidence of distant metastasis was 6 % in the combined arm and 8 % in 
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the RT alone arm (HR 1.45; 95 % CI, 1.03–2.06;  p  = 0.04). Of note, multivariate 
analysis revealed Gleason score of 7 or higher to be a negative prognostic factor for 
overall survival, disease-specifi c survival, distant metastasis, and biochemical fail-
ure. Further subgroup analysis revealed that the overall survival and disease-specifi c 
mortality benefi ts were greatest in the intermediate-risk category patients and were 
not signifi cant in the low-risk patient group [ 119 ]. 

 Both trials used standard RT doses of about 70 Gy and were conducted in the 
pre-IGRT/IMRT era. RTOG 08-15 is currently examining the role of 6 months of 
ADT in addition to dose-escalated RT for patients with intermediate-risk prostate 
cancer. Lastly, practical factors such as patient age, comorbidities including a his-
tory of congestive heart failure or prior myocardial infarction, MRI stage, and extent 
of tumor on diagnostic biopsies help inform whether ADT should be added to defi n-
itive RT in intermediate-risk, early stage (T1a–2bN0M0) prostate cancer patients.     
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20.1         Introduction 

 Prostate cancer is the most common cancer in males in the United States and Europe 
[ 1 ,  2 ]. The incidence of prostate cancer has also increased recently in many Asian 
countries [ 3 ], and it is now the fourth most common site of male cancers in Japan 
after the stomach, colon/rectum, and lungs [ 4 ]. Furthermore, its rate of increase is 
the fastest of all male cancers among Japanese males. In addition, there are a signifi -
cant number of patients with locally advanced prostate cancer in Japan [ 5 – 7 ], 
whereas the number of patients with advanced disease has declined signifi cantly in 
the United States [ 6 ]. Therefore, the effective management of locally advanced 
prostate cancer is particularly important in Japan. 

 There are many therapeutic options for prostate cancer such as active  surveillance, 
radical prostatectomy, external beam radiation therapy (EBRT), brachytherapy, and 
hormone therapy (HT). Of these, EBRT is well established as a major option for the 
defi nitive treatment of prostate cancer and is the most common therapy used for 
locally advanced disease [ 8 – 10 ]. With the development of sophisticated EBRT 
 techniques, such as three-dimensional conformal radiotherapy (3D-CRT) and 
intensity- modulated radiation therapy (IMRT), signifi cant dose escalation can be 
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achieved safely and has been applied to many cases [ 10 ]. IMRT can also reduce the 
risk of late rectal bleeding signifi cantly compared with conventional irradiation 
techniques and 3D-CRT [ 11 – 13 ]. 

 However, there are only a small number of reports describing the long-term 
 clinical outcomes of patients treated with IMRT for locally advanced or TanyN1M0 
cases because IMRT has been mainly applied to localized prostate cancer in the 
United States.  

20.2     Locally Advanced Prostate Cancer 

20.2.1      Dose Escalation 

 It is well established that local dose escalation to the prostate improves progression-
free survival [ 14 ,  15 ]. A meta-analysis of seven randomized controlled dose escala-
tion studies of EBRT for prostate cancer revealed signifi cant improvements in the 
number of failure-free cases using high-dose radiotherapy (HDRT) compared with 
conventional-dose radiotherapy ( p  < 0.001) [ 15 ]. Subgroup analysis also demon-
strated that HDRT was benefi cial in patients classifi ed as being at low ( p  = 0.007), 
intermediate ( p  < 0.0001), and high risk ( p  < 0.0001) of biochemical failure. 

 However, these reports included mainly cases of localized (T1-T2N0M0) 
 prostate cancer, and few studies have targeted only locally advanced diseases 
(T3-T4N0M0). The currently available randomized dose escalation studies for pros-
tate cancer are summarized in Table  20.1 . Shipley et al. compared the outcome of 
75.6 and 67.2 Gy in 202 patients with T3-4N0M0 cases and reported a signifi cant 
improvement in the local control rate with high-dose irradiation [ 16 ]. Although this 
study used a conventional radiation technique, the data suggested that local dose 
escalation is benefi cial not only for localized disease but also for locally advanced 
cases. Six additional, more recent, trials [ 17 – 22 ] also demonstrated signifi cantly 
improved biochemical control using dose escalation with modern conformal radia-
tion delivery techniques. However, the number of T3-4N0M0 cases among the 
patients enrolled in these studies was 0–45 %. Therefore, the true impact of dose 
escalation with modern, sophisticated radiation techniques in patients with locally 
advanced disease remains unclear and should be studied further.

   Studies assessing dose escalation using IMRT in patients with locally advanced 
prostate cancer are even rarer. Most dose escalation studies treating prostate cancer 
with IMRT [ 23 – 28 ] are summarized in Table  20.2 . The incidence of T3-4N0M0 
disease was very low (3.6–12 %), except for two reports with rates of 35 and 48 %. 
Although a study by Takeda et al. included 48 % of patients with T3N0M0 disease, 
45 of these 141 patients (36 %) received pelvic lymph node dissection to confi rm 
metastatic disease [ 28 ]. Therefore, there is likely to be a strong selection bias in this 
patient cohort. In addition, they did not report the number of patients who were 
diagnosed with T3N0M0 disease, but then excluded from the study after re- diagnosis 
with N1 disease following pelvic lymph node dissection.
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   Zelefsky et al. reported the long-term outcome of 296 patients with T3 N0M0 
prostate cancer treated with 3D-CRT or IMRT using delivered doses ranging from 
66 to 86.4 Gy [ 29 ]. They reported comparable tumor control and survival out-
comes with the surgical series and concluded that the potential of conformal 
radiotherapy as a standard management option for locally advanced prostate can-
cer had been  confi rmed. However, this study included patients treated with subop-
timal doses (<70 Gy), and the number of patients treated using IMRT among the 
296 cases was not reported. In addition, 36 % of patients were treated with EBRT 
alone, which is not consistent with the current standard approach of EBRT com-
bined with HT for patients with locally advanced prostate cancer [ 30 ]. There are 
also currently no reports describing the long-term clinical outcomes of patients 
with locally advanced prostate cancer treated using high-dose IMRT combined 
with HT.  

20.2.2     Prophylactic Pelvic Lymph Node Irradiation 

 A recent study performed extended pelvic lymph node dissection and reported that 
>10 % of patients with clinically localized prostate cancer harbor pelvic lymph 
node metastases [ 31 ]. Furthermore, pelvic lymph node metastases were found in 
30–40 % of high-risk patients who received extended pelvic lymph node dissection 
[ 32 ]. Therefore, an increased incidence of occult pelvic lymph node metastases is 
expected in patients with locally advanced prostate cancer, and it is reasonable to 
expect an improved outcome in patients at high risk of pelvic lymph node metasta-
ses by applying prophylactic radiation therapy to the pelvic lymph nodes. 

 However, the three prospective randomized trials performed to date have failed 
to demonstrate progression-free and survival benefi ts of prophylactic irradiation to 
the pelvic lymph nodes [ 33 – 35 ]. In those studies, the total dose delivered to the 
prostate was suboptimal (65–70 Gy) in relation to the current standard of care. This 
is because if 45–50 Gy had already been delivered to the pelvic lymph node regions 
using conventional techniques, including 3D-CRT, the prostate dose has to be lim-
ited to 70 Gy to avoid a higher risk of late radiation injury to the rectum. Only a 
subset analysis in the RTOG 94–13 trial, which compared both prostate-only radiation 
(PORT) with whole pelvic radiation (WPRT) and short-term neoadjuvant hormonal 
therapy (NA-HT) with adjuvant hormonal therapy (A-HT), suggested a slight 
progression-free benefi t in patients treated with WPRT combined with NAHT com-
pared with the other three arms [ 33 ]. In contrast, the benefi cial effects of dose esca-
lation to the prostate on biochemical recurrence-free outcomes are more consistent 
and clear, as described in Sect.  20.2.1  [ 15 ,  14 ]. Therefore, based on the available 
data, it would be reasonable to recommend selecting local dose escalation over 
 prophylactic pelvic node irradiation using 3D-CRT. 

 On the other hand, IMRT can realize local dose escalation to both the prostate 
and pelvic lymph node areas concurrently using the simultaneous integrated boost 
(SIB) IMRT technique [ 36 ]. In this approach, the effect of pelvic irradiation can be 
superimposed on improved local control using high-dose local irradiation; 
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therefore, the effect of pelvic irradiation might be signifi cant. To date, SIB-IMRT 
has been applied mainly to high-risk patients and appears to be acceptable and 
promising in terms of both short- to intermediate-term clinical outcomes and toxic-
ity [ 37 – 39 ]. However, its true clinical benefi ts need be validated in future prospec-
tive randomized trials.  

20.2.3     Combined Hormonal Therapy 

 A meta-analysis of randomized controlled trials demonstrated that combined HT 
with EBRT improves survival outcomes signifi cantly compared with EBRT alone in 
patients with intermediate- and high-risk diseases [ 30 ]. However, there are several 
limitations to the studies included in this meta-analysis. First, for the most part, 
conventional radiation techniques were used. In addition, the total dose delivered to 
the prostate ranged from 65 to 70 Gy, which is considerably lower than the modern 
standard of care using more sophisticated radiation techniques such as 3D-CRT and 
IMRT. In addition, the optimal duration and timing of HT remain controversial. The 
clear survival advantages reported in a study  comparing EBRT followed by long-
term HT with EBRT alone [ 40 ] were small or insignifi cant when compared with 
short-term HT plus EBRT [ 41 ,  42 ]. 

 Another important unsolved issue regarding HT is the optimal timing for 
 initiating salvage hormonal therapy (S-HT) in patients who develop recurrence after 
EBRT. It would be expected that if the initiation of S-HT is delayed, a poor progno-
sis is likely compared with patients who are treated at an earlier date. Consistent 
with this, it was reported that the early initiation of S-HT improved the prognoses of 
patients with recurrent disease after defi nitive EBRT for prostate cancer [ 43 ,  44 ]. 
However, the timing of the initiation of S-HT has not been defi ned in any previous 
studies assessing the impact of HT on EBRT. In addition, in the RTOG 86–10 trial, 
which explored the effect of short-term NA-HT in patients with bulky localized 
tumors, S-HT was not initiated in ~30 % of recurrent cases until distant metastases 
had become obvious, and S-HT was not started in >70 % of patients until their PSA 
values exceeded 20 ng/ml [ 44 ]. This suggests that S-HT was delayed in the radio-
therapy alone or short-term HT arms in previous randomized trials, although the 
exact data were not reported. 

 Intermittent hormonal therapy (I-HT) has become a popular treatment modality 
to delay the development of castration resistance and reduce the side effects and 
cost of HT by replacing continuous HT (C-HT). Recently published meta-analyses 
and systematic reviews have reported that I-HT is comparable with C-HT in terms 
of overall survival in patients with recurrent, locally advanced, or metastatic pros-
tate cancer [ 45 – 47 ]. This suggests that treating locally advanced prostate cancer 
with EBRT plus short-term HT, with an early salvage policy, which is similar to 
performing I-HT after completing short-term NA-HT plus EBRT, could achieve 
comparable survival outcomes to those patients who had received long-term A-HT 
after EBRT. This is consistent with data reported from Kyoto University using 
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IMRT combined with short-term NA-HT under an early salvage policy that we 
describe below. 

 Therefore, the optimal duration of HT in combination with high-dose EBRT 
using modern radiation techniques should be confi rmed in a prospective study in 
which S-HT is initiated during the early phase of recurrence.  

20.2.4     Hypofractional Approaches 

 Because the α/β value of prostate cancer has been reported to be lower than those of 
normal structures adjacent to the prostate, the fractionation sensitivity differential 
(tumor/normal tissue) theoretically favors the use of hypofractionated radiotherapy 
schedules. However, α/β and the application of a hypofractioned radiation regimen 
to prostate cancer remain controversial [ 48 ]. Recently, two studies based on large- 
scale data confi rmed that the α/β for prostate cancer is low [ 49 ,  50 ]. An assembled 
study assessing seven datasets including ~6,000 cases confi rmed that the value of 
α/β for the pooled data was 1.4 (95 % confi dence interval [CI] = 0.9–2.2) Gy [ 49 ]. 
There was no signifi cant difference between the α/β value for the three risk groups 
(low, intermediate, and high risk), and androgen deprivation did not affect the value 
of α/β. Another study analyzed the PSA data of 5,093 patients from six institutions 
treated for localized prostate cancer using EBRT without planned androgen depriva-
tion and estimated that the α/β ratio was 1.55 Gy (95 % confi dence band, 0.46–
4.52 Gy) [ 50 ]. 

 Therefore, a hypofractional approach is theoretically more favorable for both 
biochemical control and late toxicity. This approach is also favorable in terms of 
patient convenience and cost-effectiveness. However, recent randomized studies 
with relatively long-term follow-up periods, in which high-dose deliveries in 
 conventional fraction sizes (76/80 Gy at 2 Gy per fraction) were compared with a 
hypofractional approach (70.2 Gy at 2.7-/63 Gy at 3.1 per fraction), failed to show 
improved biochemical control using hypofractional regimens [ 51 ,  52 ]. In both stud-
ies, the biochemical outcomes and late radiation toxicities were comparable between 
fractionation schedules. Although more data and longer follow-up periods are 
 necessary to draw a defi nitive conclusion, a hypofractional approach might be ben-
efi cial to patients in terms of a shorter treatment time and lower cost if the outcomes 
were at least comparable with conventional fractionations.  

20.2.5     High-Dose IMRT for Locally Advanced Cases 
at Kyoto University 

 At Kyoto University, we currently perform image-guided (IG) IMRT with prostate- 
based positional correction based on cone-beam CT using Vero4DRT (MHI-TM2000) 
(Mitsubishi Heavy Industries, Ltd., Tokyo, Japan, and BrainLAB, Feldkirchen, 
Germany) [ 53 ,  54 ] for localized (T1-T2N0M0) prostate cancer. However, we have 
used bony structure-based IG-IMRT using Novalis (BrainLAB, Feldkirchen, 
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Germany) for locally advanced cases. This is because the theoretically reasonable 
margin reduction associated with switching from bony structure-based IGRT to 
prostate position-based IGRT (5 mm reduction in the anterior-posterior and cranial-
caudal directions, 3 mm in the left-right directions) [ 55 ] resulted in a signifi cant 
degradation in the biochemical control rate [ 56 ]. We are particularly concerned with 
the possible higher risk of margin reduction in locally advanced (T3-T4N0M0) 
cases. 

 We reported the IMRT outcomes of T3-4N0M0 prostate cancer combined with 
NA-HT previously [ 57 ]. Between January 2003 and May 2006, 103 Japanese 
patients with T3-4N0M0 adenocarcinoma of the prostate were defi nitively treated 
with IMRT. The median age of the patients was 71 years (range 51–80). Initial PSA 
(iPSA) values were 5–179 ng/ml (mean, 37; median, 26 ng/ml). Gleason score (GS) 
was distributed as follows: 6 in eight patients, 7 in 49, and ≥8 in 46. NA-HT (range, 
4–15 months; median, 6) was performed in all cases. Seventy-eight Gy in 39 frac-
tions was administered to the prostate and seminal vesicles in 94 patients, whereas 
the doses were reduced to 70 or 74 Gy in nine patients due to factors such as antico-
agulant therapy. A detailed description of the IMRT treatment planning was reported 
previously [ 58 ,  59 ]. No patients received A-HT, and a uniform S-HT policy was 
generally applied. S-HT was initiated once the PSA value exceeded 4 ng/ml in a 
monotone increasing manner or when any clinical failure was detected. 

 The median follow-up period was 68 months (range 21–89). The estimated 
 biochemical relapse-free survival (bRFS) rate based on the Phoenix defi nition using 
the Kaplan-Meyer method was 69 % (95 %CI = 59–78) at 5 years (Fig.  20.1 ). 
Among age, NA-HT duration, GS, iPSA, and T-factor, only iPSA and T-factor were 
signifi cant independent factors for predicting bRFS outcome in both univariate and 
multivariate analyses. The 5-year bRFS rates for T3a and T3b-T4 cases were 78 
(95 %CI = 68–88) and 50 % (95 %CI = 32–68), respectively ( p  = 0.0089; Fig.  20.2 ). 
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  Fig. 20.1    Kaplan-Meier curve estimating PSA failure-free survival rate based on the Phoenix 
defi nition. The 5-year survival rate was 69 % (95 %CI = 59–78)       
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The 5-year salvage HT-free rate was 75 % (95 %CI = 68–83; Fig.  20.3 ), and the 
prostate cancer-specifi c and overall survival rates were 98 (95 %CI = 95–100) and 
95 % (95 %CI = 91–99), respectively (Figs.  20.4  and  20.5 ).      

 Therefore, high-dose localized IMRT in patients with locally advanced prostate 
cancer combined with NA-HT using an early salvage policy (PSA >4 ng/ml) 
resulted in both a high salvage-free rate (75 % at 5 years) and excellent survival 
outcomes in an intermediate follow-up period. This approach might be an alterna-
tive to uniformly administering long-term A-HT, although longer follow-up and 
prospective studies are needed to confi rm this hypothesis. Typical PSA transitions 
in patients who maintained a long-term HT-free status are presented below in 
Sects.  20.4.1  and  20.4.2 . 
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  Fig. 20.2    Kaplan-Meier curve estimating PSA failure-free survival rate by T-stage based on the 
Phoenix defi nition. The 5-year survival rate was signifi cantly better in T3a cases (78 %, 
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 We also applied whole pelvic (WP) SIB-IMRT to locally advanced tumors with 
very high-risk features such as PSA >30 ng/ml or T3b [ 60 ]. We maintained the same 
total dose and fraction size as to the prostate (78 Gy in 2 Gy per fraction) so that the 
impact of adding WP irradiation could be assessed by comparing the data with his-
torical controls who received the same dose of localized irradiation alone. Therefore, 
the pelvic lymph node area was simultaneously irradiated using the SIB technique 
at 1.5 Gy per fraction up to 58.5 Gy. The interim outcomes of this approach are 
reported below. The policies for combined NA-HT and S-HT were the same as for 
localized IMRT. Therefore, A-HT was not administered to this cohort of 46 patients 
with T3-T4N0M0 disease. With a median follow-up period of 44 months (range, 

0

.2

.4

.6

.8

1

0 10 20 30 40 50 60 70 80 90
Months

S
ur

vi
va

l p
ro

ba
bi

lit
y

Kaplan-Meier method

  Fig. 20.4    Kaplan-Meier curve estimating the disease-specifi c survival (DSS) rate. The 5-year 
DSS rate was 98 % (95 %CI, 95–100 %)       
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18–72), the bRFS rate according to the Phoenix defi nition and salvage-free rates at 
42 months were 78 (95 %CI = 65–91 %) and 80 % (95 %CI = 68–93 %), respec-
tively. Despite the very high-risk nature of these tumors (median iPSA, 59.4 ng/ml), 
these interim outcomes are encouraging. A typical case is presented below in 
Section 21.4.3.   

20.3     Node-Positive (N1) Prostate Cancer 

20.3.1     EBRT for Node-Positive (N1) Prostate Cancer 

 Node-positive, but distant metastasis-negative (TanyN1M0), prostate cancer is 
 relatively rare in patients diagnosed with prostate cancer at their fi rst visit [ 5 ,  61 ]. 
The prognosis of patients with TanyN1M0 disease is generally poor [ 62 ]. Because 
TanyN1M0 is relatively rare, there are few prospective studies available. In addi-
tion, the number of cases included in retrospective studies was not always suffi cient 
to draw defi nitive conclusions. Nevertheless, it is known that EBRT plus long-term 
hormonal therapy resulted in better survival outcomes compared with EBRT alone, 
radical prostatectomy alone, or immediate HT alone [ 62 ]. Pollack et al. reported 
that the disease-free and overall survival rates at 5–10 years were ~20 and 50 %, 
respectively, in patients treated with EBRT, radical prostatectomy, or hormone ther-
apy alone [ 62 ]. In contrast, the respective survival rates in patients treated with 
combined hormonal therapy plus EBRT were ~50 and 70 %. 

 A recent report clearly demonstrated that the survival outcomes of patients with 
N1M0 disease were improved signifi cantly compared with those with M1 disease 
based on 14,000 cases registered in the Surveillance, Epidemiology, and End Results 
(SEER) database [ 63 ]. Based on the 14,697 stage IV cases in 17 SEER registries, 
the 5-year overall survival rates for T4N0M0, TxN1M0, and TxN0M1 cases were 
59, 79, and 22 % ( p  < 0.001), and the 5-year prostate cancer-specifi c survival 
rates were 71, 84, and 35 % ( p  < 0.001), respectively. Because the survival rates 
were signifi cantly better in patients with TxN1M0 compared with TxN0M1 disease, 
local therapy to the prostate and pelvic lymph nodes is considered to be an essential 
part of the optimal treatment of patients with lymph node-positive tumors. 
Nevertheless, this intensive treatment regimen is unnecessary in the substantial 
number of patients with a slow natural history or high competing death risk due to 
a coexisting illness [ 64 ].  

20.3.2     Whole Pelvic IMRT for Node-Positive (N1) Prostate Cancer 

 It is not possible to safely realize both high-dose local irradiation to the prostate and 
pelvic lymph nodes using conventional EBRT techniques. However, IMRT 
 overcomes this challenge via SIB-IMRT [ 65 ]. It was reported that SIB-IMRT could 
be applied safely to prostate cancer, although its long-term oncological effi cacy 
should be validated with longer follow-up [ 37 – 39 ,  66 ]. 
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 At Kyoto University, WP SIB-IMRT has also been used to treat patients with 
cTanyN1M0 disease. Similar to WP SIB-IMRT for T3-T4N0M0 cases, 78, 66.3, 
and 58.5 Gy were administered simultaneously to the prostate and seminal vesicles, 
metastatic lymph nodes, and prophylactic pelvic lymph node area in 39 fractions, 
respectively (case 4, Sect.  20.4.4 ).   

20.4     Case Presentations 

20.4.1      Case 1: cT3aN0M0, iPSA 55.4 ng/ml, Gleason Score 3 + 4 = 7 

 A 73-year-old male was diagnosed with T3aN0M0 prostate cancer. His initial PSA 
(iPSA) was 55.4 ng/ml, and Gleason score was 3 + 4. The prescribed NA-HT con-
sisted of goserelin plus bicalutamide for 6 months, followed by localized irradiation 
with 78 Gy that was delivered using the 5-fi eld dynamic multileaf collimator 
(DMLC) IMRT technique with a 15-MV X-ray. 

 The clinical target volume (CTV) was defi ned as the prostate plus the proximal 
2/3 of the seminal vesicles (CTV_PSV). A 9-mm margin was added to the CTV_
PSV to create the planning target volume (PTV, defi ned as PTV_PSV; Fig.  20.6 ). 
Seventy-eight Gy in 39 fractions was administered to the PTV_PSV. The dose 
 distribution and dose-volume histogram (DVH) data are shown in Figs.  20.7  and 
 20.8 , respectively. No A-HT was given after the completion of IMRT. His changing 

  Fig. 20.6    The targets and organs at risk for case 1       
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PSA values are shown in Fig.  20.9 . His PSA levels remained <0.2 ng/ml during a 
10-year follow-up period after IMRT, despite no additional treatment (Fig.  20.9 ).      

20.4.2      Case 2: cT4N0M0, iPSA 104 ng/ml, Gleason Score 4 + 5 = 9 

 A 60-year-old male presented with T4N0M0 prostate cancer. Bladder neck invasion 
was confi rmed based on cystoscopic examination. His iPSA was 104 ng/ml, and 
Gleason score was 4 + 5. The administered NA-HT consisted of luteinizing hormone- 
releasing hormone (LH-RH) agonists for 6 months. 

 The CTV_PSV was defi ned as the prostate, the proximal 2/3 of the seminal 
 vesicles, and the bladder neck. The PTV_PSV was the same as those used in case 1. 
The IMRT plan using the DMLC technique consisted of 5 fi elds of 15-MV X-ray. A 
total of 78 Gy in 39 fractions was administered to the PTV_PSV. No A-HT was 
given after the completion of IMRT. The dose distribution is shown in Fig.  20.10 . 
The transition in his PSA values is shown in Fig.  20.11 . After completing IMRT, his 
PSA increased gradually and reached 2.24 ng/ml 6.3 years after IMRT, which was 
judged as a PSA failure based on the Phoenix defi nition. However, the PSA levels 
did not rise continually, but stabilized at ~3.5 ng/ml 9 years after IMRT. This patient 
has remained in good health with no symptoms and HT-free status.    

  Fig. 20.7    Dose distributions of the IMRT plan for case 1       
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  Fig. 20.10    Dose distributions of the IMRT plan for case 2       
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20.4.3     Case 3: cT3aN0M0, iPSA 153.8 ng/ml, Gleason 
Score 4 + 5 = 9 

 A 61-year-old male presented with T3aN0M0 prostate cancer. His iPSA was 
153.8 ng/ml, and Gleason score was 4 + 5. Estramustine phosphate sodium hydrate 
was administered for two months by his previous physician, which was switched to 
LH-RH agonists and continued for 9 months as NA-HT. WP SIB-IMRT was per-
formed, and CTV_PSV and PTV_PSV were created as described for case 1 and 
case 2. The pelvic lymph node region (CTV_LN) was created by adding a 7-mm 
margin to the major pelvic arteries and veins (Fig.  20.12 ). The median sacral lymph 
nodes were not included in the CTV_LN because the recommendations of clinical 
and pathological studies on prostate cancer 2010 (4th edition) [ 67 ] did not include 
the median sacral lymph nodes in the regional lymph nodes of prostate cancer. 
PTV_LN was created by adding a 5-mm margin to the CTV_LN. The WP SIB- 
IMRT plan using the DMLC technique consisted of 7 fi elds of 15-MV X-ray. A total 
of 78 and 58.5 Gy in 39 fractions were administered to the PTV_PSV and PTV_LN, 
respectively (Fig.  20.13 ). Although no A-HT was administered after WP SIB-IMRT, 
his PSA remained low (<0.4 ng/ml) throughout the 6.5-year follow-up period after 
IMRT (Fig.  20.14 ).     

  Fig. 20.12    The targets and organs at risk for case 3       
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  Fig. 20.13    Dose distributions of the whole pelvic simultaneous integrated boost IMRT plan for 
case 3       
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20.4.4      Case 4: cT4N1M0, iPSA 21.1 ng/ml, Gleason Score 4 + 5 = 9 

 A 73-year-old male presented with T4N1M0 prostate cancer. His iPSA was 21.1 ng/
ml, and Gleason score was 4 + 5. Pretreatment magnetic resonance imaging (MRI) 
indicated not only tumor invasion to the right seminal vesicle and bladder wall but 
also right obturator lymph node swelling (Fig.  20.15 ). Before radiotherapy, com-
plete androgen blockade (CAB) consisted of leuprorelin acetate and bicalutamide 
was given for 6 months as NA-HT. After NA-HT, the swollen lymph node was no 
longer detected on a follow-up MRI.  

 WP SIB-IMRT consisted of seven DMLC fi elds with 15-MV X-rays. The CTV_
PSV, PTV_PSV, CTV_LN, and the PTV_LN were created in the same manner as 
described for case 3. The swollen lymph node was contoured as CTV_MET by 
referencing the pretreatment MRI and computed tomography images. A 5-mm mar-
gin was added to the CTV_MET to create the PTV_MET. A total of 78, 66.3 and 
58.5 Gy were administered simultaneously in 39 fractions to the PTV_PSV, PTV_
MET, and PTV_LN, respectively (Fig.  20.16 ). CAB was continued during WP SIB- 
IMRT, and A-HT consisting of leuprorelin acetate alone was continued for 2 years 
after WP SIB-IMRT. His PSA levels were maintained ~0.3 ng/ml 5.4 years even 
after stopping A-HT (Fig.  20.17 ).        

  Fig. 20.15    Pretreatment MRI images for case 4.  Left , invasion to the base of the seminal vesicles 
( white arrow ) and a swollen right obturator lymph node ( white arrowhead ) were detected.  Right , 
bladder invasion ( black arrow ) was apparent       
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  Fig. 20.16    Dose distributions of the whole pelvic simultaneous integrated boost IMRT plan for 
case 4       
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21.1         Introduction 

 Just over a decade ago, intensity-modulated radiation therapy (IMRT) was 
rarely used in the treatment of patients with gynecologic cancers. Since that 
time, however, IMRT adoption has proceeded at a tremendous pace. Today, 
IMRT is frequently used to treat gynecologic cancer patients at many centers 
[ 1 – 4 ]. In the United States, in particular, IMRT is becoming increasingly com-
monplace, notably in the treatment of cervical and endometrial cancers. In a 
2002 survey of American Radiation Oncologists, 15 % of respondents reported 
having treated a gynecologic cancer patient with IMRT [ 5 ]. In a follow-up sur-
vey conducted 2 years later, this percentage had increased to 35 %, with gyne-
cologic tumors representing the fastest growing disease site undergoing IMRT 
in the country [ 6 ]. The increasing utilization of IMRT in gynecologic cancers in 
the United States was also seen in a recent Surveillance, Epidemiology, and End 
Results (SEER)-Medicare analysis in which the percentage of endometrial can-
cer patients undergoing adjuvant irradiation who received IMRT was found to 
have increased from 3.3 % in 2002 to 23.2 % in 2007 [ 7 ]. 

 Paralleling its rapid clinical adoption is the growing academic interest in gyneco-
logic IMRT. Since the initial dosimetric study in 2000 suggesting a benefi t to IMRT, 
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a large number of dosimetric and, more recently, clinical outcome studies have been 
published in a wide variety of gynecologic tumors using a range of IMRT techniques 
at centers throughout the world. Gynecologic IMRT has also been the subject of 
multiple prospective clinical trials including a multicenter phase II trial conducted 
by the Radiation Therapy Oncology Group (RTOG) [ 8 ]. Today, IMRT is included in 
a wide number of cooperative group trials and is the focus of multiple trials [ 8 – 11 ] 
including a large multicenter, multinational clinical trial [ 9 ]. 

 The purpose of this chapter is to provide the reader with a general overview of the 
role of IMRT in gynecologic malignancies as well as a summary of the published 
dosimetric and clinical data supporting its use, including the growing number of pro-
spective clinical trials. Technical issues and considerations regarding its optimal use 
are presented. Novel and future uses of IMRT in these patients are also discussed.  

21.2     Rationale for IMRT 

 A strong rationale exists for IMRT in gynecologic cancers. While effective, conven-
tional radiation therapy (RT) has a number of limitations in the treatment of gyne-
cologic cancers. First of all, traditional RT fi elds encompass large volumes of 
normal tissues, exposing patients to a wide variety of treatment-related toxicities, 
primarily related to the gastrointestinal (GI) tract, including diarrhea and malab-
sorption of vitamins, lactose, and bile acids [ 12 ,  13 ]. Acute and chronic genitouri-
nary (GU) problems may also develop [ 12 ,  14 ]. Moreover, given that much of the 
total body bone marrow (BM) reserve is located within the pelvic bones [ 15 ] (and 
thus in the pelvic fi elds), hematologic toxicity may also occur, particularly in women 
receiving chemotherapy during or following pelvic irradiation [ 16 ,  17 ]. 
Unsurprisingly, RT-related toxicities are even more prevalent when more compre-
hensive treatment fi elds are used, owing to the inclusion of even greater volumes of 
normal tissues [ 18 ,  19 ]. Highly conformal IMRT plans offer the potential to reduce 
the risk of toxicity in these patients by improving the sparing of the surrounding 
small bowel, bladder, rectum, and other organs and may potentially translate to 
improved patient quality of life. 

 Conventional treatment techniques also limit the ability to deliver higher and 
potentially more effi cacious doses to select patients at increased risk of recurrence, 
for example, those with involved lymph nodes and gross unresectable disease [ 20 ]. 
Highly conformal IMRT planning may allow dose escalation to these sites, poten-
tially improving tumor control and patient outcomes. The ability to dose escalate 
using IMRT also provides a potential alternative to brachytherapy in select patients. 
Brachytherapy occupies an important role in the treatment of many gynecologic 
cancers, notably cervical cancer; however, it is not always possible or even feasible, 
particularly in the elderly or in patients with unfavorable anatomy. In such cases, 
only modest additional doses are possible with conventional techniques resulting in 
poor outcomes [ 21 ,  22 ]. Even when brachytherapy is feasible, coverage of bulky 
disease may be inadequate and patient outcomes poor. IMRT may represent a poten-
tial means of “repairing” unacceptable brachytherapy implants.  
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21.3     Dosimetric Studies 

 A large number of preclinical studies of IMRT in gynecologic cancer patients have 
been reported. These studies provide valuable support for the potential benefi ts and 
optimal use of IMRT in these patients as well as help guide the design of future 
clinical trials. Preclinical studies fall into three main groups: conventional dose 
analyses, dose escalation reports, and studies of IMRT as a replacement/alternative 
to brachytherapy. 

21.3.1     Conventional Dose Delivery 

 Multiple investigators have compared conventional versus IMRT planning in 
gynecologic patients undergoing conventional dose RT. To date, the majority 
have focused on patients undergoing pelvic irradiation. An initial study by 
Roeske et al. at the University of Chicago included 10 women with cervical and 
endometrial cancer undergoing pelvic RT and found that IMRT reduced the 
volume of bladder, rectum, and small bowel receiving the prescription dose by 
23, 23, and 50 %, respectively, compared to conventional planning (Fig.  21.1 ) 
[ 23 ]. Heron and coworkers noted that IMRT reduced the volume of the bladder, 
rectum, and small bowel receiving > 30 Gy by 36, 66, and 56 %, respectively, 
compared to conventional techniques [ 24 ]. Others have reported similar results 
[ 25 ,  26 ].  

 While initially proposed to spare the bowel, bladder, and rectum, increasing 
interest has been focused more recently on the ability of IMRT to spare the pelvic 
BM. Brixey et al. was the fi rst to report that IMRT planning could spare the pelvic 
BM, noting signifi cant reductions in the volume of pelvic BM irradiated, particu-
larly the BM in the iliac crests [ 27 ]. Interestingly, this reduction was achieved even 
though the pelvic BM was  not  intentionally avoided in the optimization process. 
Unsurprisingly, even greater BM sparing was seen by these same investigators when 
the iliac crests were included as an avoidance structure [ 28 ]. Mell and colleagues 
subsequently demonstrated that IMRT planning could reduce the dose to other 
 pelvic BM sites, including the lumbosacral spine (Fig.  21.2 ) [ 29 ].  

 Comparable to studies focused on pelvic RT, several series have reported sig-
nifi cant dosimetric benefi ts to IMRT planning in women treated with pelvic and 
para- aortic fi elds [ 30 – 34 ]. Portelance and colleagues    at Washington University 
compared IMRT plans with traditional two- and four-fi eld extended-fi eld radia-
tion therapy (EFRT) plans in 10 locally advanced cervical cancer patients [ 30 ]. 
Although comparable target coverage was seen, IMRT planning resulted in better 
sparing of the surrounding normal tissues. Compared to two-fi eld EFRT plans, 
IMRT planning reduced the volume of the bowel, bladder, and rectum receiving 
the prescription dose by 61, 96, and 71 %, respectively. Compared to four-fi eld 
EFRT plans, corresponding reductions were 60, 93, and 56 %, respectively. Lian 
and coworkers compared conventional EFRT plans in 10 endometrial cancer 
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patients to various IMRT planning approaches [ 32 ]. Overall, IMRT planning 
resulted in superior target coverage and signifi cant reductions in normal tissue 
doses. BM-sparing intensity- modulated EFRT (IM-EFRT) approaches have also 
been proposed [ 33 ,  34 ]. 

 Data comparing conventional and IMRT planning in patients undergoing pelvic- 
inguinal irradiation and whole abdominal RT (WART) are more limited. Beriwal 
and coworkers at the University of Pittsburgh compared conventional and IMRT 
planning in 15 vulvar cancer patients undergoing pelvic-inguinal irradiation [ 35 ]. 
While target coverage was comparable, IMRT reduced the volume of the small 
bowel, bladder, and rectum receiving ≥ 30 Gy by 27 %, 26 %, and 41 %, respec-
tively. Unfortunately, no signifi cant difference was seen in the sparing of the femo-
ral heads (an important organ at risk in these patients), perhaps due to the small 
patient numbers studied. Investigators at Memorial Sloan Kettering Cancer Center 
compared IMRT planning to conventional large fi eld techniques in 10 endometrial 
cancer patients treated with WART [ 36 ]. IMRT planning resulted in better coverage 
of the peritoneal cavity, and a 60 % reduction in the volume of pelvic bones (a sur-
rogate for pelvic BM) irradiated. Others have reported similar dosimetric benefi ts to 
IMRT planning in women undergoing WART [ 37 ]. 

  Fig. 21.1    Axial computed tomography images showing isodose distributions for conventional 
( top left ) and intensity-modulated radiation therapy ( top right ) plans for a patient with a gyneco-
logic malignancy. The graph ( bottom ) demonstrates a comparison of the absolute volume of small 
bowel irradiated with the two plans [ 23 ]       
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 Yang and coworkers performed a systematic literature review and meta-analysis 
of 13 published studies comparing conventional and IMRT planning in cervical or 
endometrial cancer patients treated using standard (non-escalated) doses [ 38 ]. Ten 
studies reported on the irradiated volume of small bowel, nine on rectum, eight on 
bladder, and six on BM. These series included 222 patients treated with IMRT and 
233 undergoing conventional RT. The authors calculated the pooled average percent 
of irradiated volumes for various normal tissues and found statistically signifi cant 
sparing of the rectum at doses of ≥ 30 Gy and the small bowel at doses ≥ 40 Gy. 
Overall, the pooled average irradiated volumes of the bladder and pelvic BM were 
consistently lower using IMRT than conventional planning, with the greatest differ-
ences seen at higher doses. None of these differences reached statistical signifi -
cance. However, the small number of studies which included BM as an organ at risk 
limited the statistical power of this analysis.  

21.3.2     Dose Escalation 

 The use of IMRT to deliver higher than conventional doses in gynecologic cancer 
patients has been the subject of multiple reports. Most attention to date has focused on 
patients with involved para-aortic lymph nodes, given the diffi culty of safely delivering 

  Fig. 21.2    Axial computed tomography images showing a comparison of isodose distributions for 
intensity-modulated ( left ), anteroposterior-posteroanterior ( middle ), and four-fi eld conformal 
( right ) radiotherapy plans in a patient with cervical cancer. The intensity-modulated plan provides 
superior conformity with lower dose to the bone marrow and normal tissue compared to the other 
two plans [ 29 ]       
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high doses to these sites using conventional techniques. Investigators at Washington 
University evaluated dose escalation to enlarged para-aortic lymph nodes using a 
simultaneous integrated boost (SIB) approach, whereby the doses to the involved and 
uninvolved nodes were 59.4 Gy (in 1.8 Gy fractions) and 50.4 Gy (in 1.53 Gy frac-
tions), respectively [ 39 ]. On average, 97.6 % of the involved nodes received 100 % of 
the prescription dose, while the dose to surrounding normal tissues was maintained to 
acceptable levels. Ahmed and colleagues presented an alternative SIB approach 
whereby 60 Gy (in 2.4 Gy fractions) was delivered to involved para-aortic nodes, while 
the uninvolved nodal sites were simultaneously treated to 45 Gy (in 1.8 Gy fractions) 
(Fig.  21.3 ) [ 34 ]. Compared to both two- and four-fi eld conventional approaches, IMRT 
resulted in reduced doses to the bilateral kidneys, spinal cord, and, at dose levels ≥ 
40 Gy, BM. While IMRT planning reduced the volume of small bowel irradiated to 
high doses, the difference did not reach statistical signifi cance.  

 IMRT may also allow the delivery of higher than conventional pelvic doses in cervi-
cal cancer patients following hysterectomy. Patients with high-risk features (positive 
lymph nodes, positive margins, parametrial involvement), in particular, remain at risk 
of increased recurrence following surgery despite the delivery of conventional dose 
pelvic RT [ 40 ], suggesting a potential role for and benefi t to dose escalation. D’Souza 
and colleagues compared conventional and IMRT treatment plans in 10 high-risk 
patients undergoing adjuvant pelvic RT and noted that IMRT planning maintained 
acceptable dose levels to the bowel, bladder, and rectum despite escalating the total 
pelvic dose from 45 to 54 Gy [ 41 ]. Du et al. explored the use of dose-escalated pelvic 

  Fig. 21.3    A coronal computed tomography image demonstrating the dose distribution for an 
extended- fi eld intensity-modulated radiotherapy plan with a simultaneous integrated boost tech-
nique in a patient with cervical cancer with para-aortic nodal involvement. The involved para- 
aortic nodes were treated to 60 Gy (in 2.4 Gy fractions), while the uninvolved nodal sites were 
simultaneously treated to 45 Gy (in 1.8 Gy fractions) [ 34 ]       
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IMRT using the so-called reduced fi eld IMRT approach, whereby 30 Gy was initially 
delivered to the uterus, cervix, upper vagina, paracervical and parametrial tissues, 
uterosacral region, and pelvic lymph nodes followed by a 30 Gy boost to the regional 
nodes and paracervical and parametrial tissues [ 42 ]. The IMRT plans were compared 
with conventional RT approaches covering the same target volumes; however, the total 
dose was intentionally limited to 45–55 Gy in the conventional RT group. Overall, the 
mean target volume dose was signifi cantly higher in the IMRT patients (61.5 Gy vs 
50.8 Gy,  p  = 0.046). Moreover, IMRT planning resulted in better dose conformity to the 
target and improved sparing of the rectum, bladder, and small intestine.  

21.3.3     Brachytherapy Alternative/Replacement 

 The use of IMRT as a possible alternative to (or replacement for) brachytherapy is 
arguably one of the most controversial topics in all of gynecologic IMRT and has 
been the subject of multiple debates [ 43 ,  44 ]. While several authors have demon-
strated that IMRT planning is capable of producing a pear-shaped dose distribution 
mimicking the dose distribution achieved with brachytherapy, integral normal tissue 
doses with brachytherapy are lower due to the steep dose falloff [ 45 ,  46 ]. Investigators 
at the Princess Margaret Hospital compared an IMRT boost with both a 3D confor-
mal and a four-fi eld box boost plan in 12 patients with cervical (8), endometrial (2), 
or vaginal (2) cancer who were not candidates for brachytherapy [ 47 ]. The authors 
found improved conformity with IMRT planning with a reduction of 22 and 19 % 
in the volume of rectum and bladder receiving the highest doses, respectively. 
Aydogan and colleagues compared IMRT and high-dose rate (HDR) brachytherapy 
planning in 10 endometrial cancer patients and noted better dose uniformity and 
improved bladder and rectal sparing with IMRT (Fig.  21.4 ) [ 48 ]. In select unfavor-
able anatomy cases, IMRT planning may even result in  better  target coverage [ 49 ]. 
In contrast, Sharma and colleagues compared IMRT and interstitial brachytherapy 
plans in 12 locally advanced cervical cancer patients and found that brachytherapy 
resulted in better target coverage and an improved conformity index [ 50 ].  

 As opposed to the above approaches in which an IMRT boost is delivered  after  the 
completion of external beam RT, Guerrero and coworkers proposed a novel SIB tech-
nique whereby the boost is incorporated into the initial treatment [ 51 ]. As envisioned, 
the regional pelvic nodes receive 45 Gy in 1.8 fractions, while the cervical tumor is 
treated to 70–77.5 Gy in 2.8–3.1 Gy fractions, which is felt to be radiobiologically 
equivalent to 45 Gy whole pelvic RT followed by 30 Gy HDR brachytherapy. The 
SIB approach achieved better bowel and bladder sparing than a sequential IMRT 
boost, with signifi cant shortening of the overall treatment course. While appealing, a 
concern with this approach is that the decision not to use brachytherapy must be 
made at diagnosis. There may be some patients in whom brachytherapy would never 
be feasible, but in most, it is preferable to assess the clinical response to pelvic RT 
prior to deciding on whether or not to perform brachytherapy. 

 IMRT has also been proposed as a possible  adjunct  to brachytherapy. Assenholt 
et al. evaluated an applicator-guided IMRT boost combined with brachytherapy to 
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improve coverage of large or topographically unfavorable tumors [ 52 ]. IMRT plan-
ning was able to improve but did not replace the dose given by intracavitary brachy-
therapy. Duan and coworkers compared conventional brachytherapy, optimized 
brachytherapy, and optimized brachytherapy with an IMRT boost and found that 
HDR brachytherapy plus IMRT achieved better target coverage where conventional 
brachytherapy dose was suboptimal [ 53 ]. Others have proposed using an SIB-IMRT 
approach in bulky cervical cancers prior to brachytherapy [ 54 ].   

21.4     Clinical Outcome Studies 

 A large (and growing) number of clinical studies have been published in recent 
years evaluating the outcome of gynecologic cancer patients treated with IMRT. By 
far, the lion’s share has been single institution reports focusing on cervical and/or 

  Fig. 21.4    Axial computed tomography images with dose distributions for a high-dose rate vaginal 
cylinder brachytherapy ( top ) and intensity-modulated radiotherapy ( bottom ) plan in a patient with 
endometrial cancer. The intensity-modulated plan provides superior dose conformity and improved 
bladder and rectal sparing at higher isodose levels [ 48 ]       
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endometrial cancer patients treated with conventional dose pelvic IMRT. However, 
an increasing number of reports have included patients treated with more compre-
hensive fi elds, with dose-escalated techniques or with IMRT in lieu of brachyther-
apy. Moreover, outcome studies have also begun to appear using IMRT in other 
tumor sites, including vaginal and ovarian cancers. 

21.4.1     Pelvis 

 In a series of reports [ 55 ,  56 ], Mundt and colleagues at the University of Chicago 
were the fi rst to report on the outcome of gynecologic cancer patients treated with 
pelvic IMRT using conventional doses. Their initial study focused on a mixed 
cohort of 40 cervical and endometrial cancer patients undergoing pelvic IMRT 
(median dose, 45 Gy) either following surgery or as defi nitive treatment. Compared 
to 40 patients treated with conventional techniques, IMRT patients experienced less 
grade ≥ 2 acute GI toxicity (60 % vs. 91 %,  p  = 0.002). Although less grade ≥ 2 GU 
toxicity was seen in the IMRT group (10 % vs. 20 %), this difference did not reach 
statistical signifi cance ( p  = 0.22). In a follow-up report [ 57 ], these investigators 
compared rates of chronic GI toxicity in 36 IMRT and 30 conventional RT patients. 
The groups were well balanced in terms of age, site, stage, chemotherapy, radiation 
dose, and brachytherapy, except for a higher frequency of surgery in the IMRT 
group. Overall, IMRT patients had a lower rate of chronic GI toxicity (11 % vs. 
50 %,  p  = 0.001) (Fig.  21.5 ). On multivariate analysis, this reduction remained sta-
tistically signifi cant ( p  = 0.01).  
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  Fig. 21.5    A comparison of chronic gastrointestinal toxicity in gynecologic cancer patients treated 
with intensity-modulated ( gray bars ) and conventional radiotherapy ( black bars ). Overall, the 
patients treated with intensity-modulated radiation therapy had a lower rate of chronic gastrointes-
tinal toxicity (11 % vs. 50 %,  p  = 0.001) [ 57 ]       
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 Hasselle and coworkers recently presented the combined experience of the 
University of Chicago and the University of California San Diego (UCSD) using 
pelvic IMRT in cervical cancer patients [ 58 ]. Overall, 111 patients underwent 
pelvic IMRT between 2000 and 2007 either following surgery (22) or combined 
with chemotherapy and intracavitary brachytherapy (89). Overall, 95 patients 
(86 %) received concomitant chemotherapy and 71 (80 %) of the defi nitive 
patients underwent brachytherapy. At a median follow-up of 27 months, the 
three-year actuarial overall survival (OS) and disease-free survival (DFS) rates 
of the entire group were 78 % and 69 %, respectively. The three-year pelvic con-
trol rates for stage IB–IIA and stage IIB–IVA patients undergoing defi nitive 
treatment were 94.7 % and 70.8 %, respectively. Moreover, the actuarial three-
year pelvic control in the postoperative patients was 100 %. Overall treatment 
was well tolerated; estimates of acute and late grade ≥ 3 GI or GU toxicities were 
2 % and 7 %, respectively. 

 Investigators at Washington University have also reported on their experience 
using IMRT in cervical cancer patients, comparing the outcomes of 135 patients 
undergoing IMRT (primarily pelvic IMRT) with those seen in 317 treated with con-
ventional RT [ 59 ]. Controlling for a variety of clinical and treatment factors, the 
IMRT patients were found to have a better cause-specifi c survival (CSS) ( p  < 0.0001) 
and OS ( p  < 0.0001) than the conventional RT patients. A nonsignifi cant trend favor-
ing IMRT was also seen between the two groups in terms of recurrence-free survival 
( p  = 0.07). Patients treated with IMRT developed fewer grade ≥ 3 late GI or GU 
sequelae (6 % vs. 17 %,  p  = 0.002). It should be noted that the differences in OS and 
CSS were unexpected and potentially biased by other differences between the 
groups. Furthermore, it is diffi cult to attribute these differences in survival to treat-
ment technique alone given the similar pelvic recurrence rates. The initial 
Washington University experience using adjuvant pelvic IMRT in endometrial can-
cer was published earlier [ 60 ]. Overall, 19 women with stages IB–IVB endometrial 
cancer received pelvic IMRT following surgery. None developed acute grade ≥ 3 
acute GI or GU toxicity. 

 More recently, investigators at the Memorial Sloan Kettering Cancer Center have 
published their experience using adjuvant pelvic IMRT in patients with cervical and 
endometrial cancer. Folkert et al. treated 34 high-risk cervical cancer patients fol-
lowing surgery with a median total dose of 50.4 Gy [ 61 ]. All patients received 
concomitant cisplatin. At a median follow-up of 44 months, the fi ve-year actuarial 
OS and DFS rates of the entire group were 91.1 % and 91.2 %, respectively. Grade 
≥3 acute GI and GU sequelae occurred in only 2.9 % and 0 %, respectively. No 
patients developed grade ≥3 chronic toxicity. In a separate report, Shih and col-
leagues treated 46 stages I–III endometrial cancer patients with adjuvant pelvic 
IMRT (median dose, 50.4 Gy) and in 30 patients (66 %) with adjuvant chemother-
apy [ 62 ]. At a median follow-up of 52 months, the fi ve-year actuarial DFS and OS 
rates were 88 % and 97 %, respectively. Only two patients developed grade 3 or 
higher GI toxicity (one acute and one chronic). No signifi cant GU acute or chronic 
toxicity was seen. Others have reported favorable outcomes using adjuvant pelvic 
IMRT in cervical and endometrial cancer patients [ 63 – 65 ]. 
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 Considerable experience using pelvic IMRT in gynecologic cancer patients has 
been reported from centers in Asia [ 66 – 70 ]. Chen et al. at the Taichung Veterans 
General Hospital in Taiwan treated 109 stage IB–IVA cervical cancer patients with 
IMRT (88 % pelvic IMRT) combined with weekly chemotherapy [ 66 ]. At a median 
follow-up of 32.5 months, the three-year DFS and OS rates were 67.6 % and 78.2 %, 
respectively. Three patients (2.7 %) developed grade ≥3 acute GI toxicity. Late 
grade 3 or higher GI and GU sequelae developed in 4.6 % and 6.4 % of patients, 
respectively. In a subsequent report, the risk of late complications in 83 IMRT and 
237 non-IMRT intact cervical cancer patients was compared [ 67 ]. Overall, IMRT 
patients had lower rates of grade ≥2 (23 % vs. 30 %) and grade ≥3 (8 % vs. 12 %) 
GI or GU late sequelae; however, neither difference reached statistical signifi cance 
( p  = 0.24 and  p  = 0.33). Other investigators in Asia have reported improved toxicity 
profi les using adjuvant pelvic IMRT in cervical cancer patients undergoing pelvic 
irradiation following surgery [ 69 ]. 

 Chen and colleagues have also published an analysis of 101 stage IA–IIIC2 
endometrial cancer patients treated with either IMRT (65) or conventional (36) RT 
at their institution and noted signifi cant reductions in GI and GU toxicity using 
IMRT [ 68 ]. Rates of grades 2 and 3 acute GI and GU toxicity in the conventional 
group were 55.6 % and 11.1 % and 19.4 % and 8.3 %, respectively. Corresponding 
rates in the IMRT group were 27.7 % and 6.2 % and 16.9 % and 0 %, respectively. 
Grade ≥3 late GI and GU toxicities were seen in 2.8 % and 2.8 % of the conven-
tional RT group. No grade ≥3 late toxicities developed in the IMRT patients. No 
differences were seen in terms of DFS, OS, or local control between the two groups. 
In contrast, a recent SEER study from the United States found a comparable rate of 
GI and GU sequelae between endometrial cancer patients receiving adjuvant pelvic 
IMRT and those treated with conventional techniques, except for a  higher  rate of 
bowel obstruction in the IMRT group [ 7 ]. However, details about the quality of the 
IMRT plans or extent of nodal surgery in the two groups were not known, both of 
which may have infl uenced the results. 

 While most published reports to date of pelvic IMRT have been in patients with 
cervical and endometrial cancers, emerging data have appeared in other disease 
sites [ 70 – 72 ]. Investigators at Stanford University treated 10 vaginal cancer patients 
with IMRT (predominantly pelvic IMRT) combined in most patients with concomi-
tant chemotherapy and intracavitary brachytherapy [ 72 ]. None of these patients 
developed a locoregional recurrence or experienced grade 3 or higher toxicity. The 
experience at MD Anderson Cancer Center treating vaginal cancers unable to 
undergo brachytherapy with IMRT alone is discussed later in this chapter [ 73 ]. 

 Despite the observation that patients undergoing pelvic IMRT and chemotherapy 
often experience less hematologic toxicity even when the BM is not included in the 
optimization process [ 27 ], hematologic toxicity rates remain high in most series 
which do not intentionally spare the BM [ 61 ,  64 ,  65 ,  68 ] or, at best, only modestly 
reduce the BM dose [ 60 ]. For example, Chen and colleagues treated 68 high-risk 
cervical cancer patients with chemotherapy and pelvic RT planned using either con-
ventional (35) or IMRT (33) techniques [ 66 ]. The pelvic BM was not included in the 
IMRT planning. Grade 2 and 3 hematologic sequelae occurred in 31 % and 9 %, 
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respectively, of the conventional RT patients. Corresponding rates in the IMRT 
patients were 27 % and 6 %, respectively ( p  = 0.72). In contrast, Du and coworkers 
included BM as a constraint in the planning process and found less grade 2 or higher 
leukopenia (4 % vs. 10 %,  p  = 0.026) compared to that seen in patients treated with 
conventional techniques [ 42 ]. Efforts to optimize BM-sparing approaches in patients 
undergoing pelvic IMRT or more comprehensive fi elds are discussed further in the 
subsequent section. 

 Limited published data are available on the use of dose-escalated pelvic IMRT 
approaches. The report from Du et al. described earlier is the largest experience to 
date [ 42 ]. They found that patients treated with dose-escalated IMRT had lower 
rates of proctitis ( p  = 0.001), enteritis ( p  = 0.03), cystitis ( p  = 0.001), and dermatitis 
( p  = 0.04) compared to a control group of 60 conventional pelvic RT patients (treated 
without dose escalation). The utility of dose-escalated pelvic IMRT is the subject of 
an ongoing phase II clinical trial in India [ 74 ]. Others have explored the use of SIB 
techniques to escalate dose to either the cervix [ 49 ] or involved lymph nodes [ 75 ]. 

 Schwarz and colleagues performed a feasibility study of IMRT (92 % pelvic 
IMRT) in 24 postoperative high-risk cervical cancer patients [ 76 ]. Eighteen (75 %) 
received concomitant chemotherapy; all underwent vaginal brachytherapy. Patients 
received higher than conventional pelvic doses (median dose, 51.2 Gy); two patients 
with gross disease underwent local boosts (10–15 Gy). Organs at risk included in 
the optimization process included bladder, bowel, and pelvic bones (surrogate for BM). 
IMRT and brachytherapy were completed as planned in all patients. Acute grade 3 
GI toxicity occurred in 50 % of patients (fi ve anorexia, four diarrhea, three nausea), 
predominantly in patients receiving concomitant chemotherapy. Only one patient 
developed a grade 3 acute GU toxicity. Grade 3 and 4 hematologic sequelae occurred 
in 63 % and 21 % of concurrent chemoradiotherapy patients, respectively. 

 Investigators from Chiang Mai Hospital in Thailand enrolled 15 locally advanced 
cervical cancer patients on a prospective feasibility study of pelvic IMRT and 
image-guided brachytherapy [ 77 ]. All patients received 45 Gy in 1.8 Gy daily frac-
tions with concurrent cisplatin followed by image-guided brachytherapy (7 Gy × 4 
prescribed to the high-risk CTV). All patients completed treatment as planned. Most 
acute toxicities were mild with no patients developing grade ≥3 acute sequelae. At 
a median follow-up of 14 months, only one patient has developed a local recurrence. 
No signifi cant late sequelae were noted. 

 Investigators at UCSD enrolled 31 patients (19 gynecologic cancers) on a pro-
spective trial evaluating the ability of IMRT to reduce dose to  functional  BM, as 
opposed to constraining dose to the total pelvic BM [ 78 ]. Functional BM was iden-
tifi ed using both  18 F-fl uorodeoxyglucose (FDG) positron emission tomography 
(PET)/computed tomography (CT) and an investigational magnetic resonance 
imaging (MRI) protocol, IDEAL IQ, which identifi es regions of high BM cellular-
ity. The intersection of BM subregions with SUV values above the mean and those 
with the fat fraction below the mean was used to identify functional BM sites 
(Fig.  21.6 ). Two types of IMRT plans were compared: standard BM-sparing plans 
in which the total BM (using the pelvic bones as a surrogate) was included in the 
optimization process and functional BM-sparing plans in which only the functional 
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BM subregions were included. In the 19 gynecology patients, the mean functional 
BM V 10  and V 20  were 85 % vs. 94 % ( p  < 0.0001) and 70 % vs. 82 % ( p  < 0.0001), 
respectively, for functional BM-sparing IMRT versus standard BM-sparing 
IMRT. Of 10 subjects treated with functional BM-sparing techniques with concomi-
tant chemotherapy, three (30 %) experienced acute grade ≥3 hematologic toxicity.  

 Mabuchi and colleagues presented a phase I trial in high-risk cervical cancer 
patients treated with adjuvant pelvic IMRT (50.4 Gy) and concurrent weekly car-
boplatin and escalating doses of paclitaxel (initially 35 mg/m 2  and increasing by 
5 mg/m 2  intervals) [ 79 ]. Nine women were enrolled with dose-limiting toxicity 
(DLTs) occurring at the second dose level (40 mg/m 2 /week). No patients treated 
with 35 mg/m 2 /week developed dose-limiting toxicity. Two of the three DLTs 
were hematologic. 

 In 2006, the RTOG launched a prospective phase II trial (RTOG 0418) evaluating 
adjuvant pelvic IMRT in endometrial and cervical cancer patients. The prescribed 
dose in all patients was 50.4 Gy in 1.8 Gy daily fractions; however, while the endo-
metrial cancer patients received IMRT alone, the cervical cancer patients received 
concomitant weekly cisplatin. The results of the cervical [ 80 ] and endometrial [ 8 , 
 81 ] cancer patients have been reported separately. Overall, 53 endometrial cancer 
patients were eligible for analysis. While the primary endpoint of reproducibility of 
the IMRT approach was achieved, considerable treatment planning deviations were 
noted. The proportion of cases in which doses to critical normal tissues exceeded 
protocol criteria were bladder (67 %), rectum (76 %), bowel (17 %), and femoral 
heads (33 %). Seven cases (17 %) had a dose to the small bowel that exceeded the 

  Fig. 21.6    Axial, coronal, and sagittal views of fat fraction maps ( a ) of pelvic bone marrow (BM) 
in a cervical cancer patient before treatment. Segmented functional BM regions are superimposed 
onto the simulation computed tomography images ( b ) [ 78 ]       
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prescribed dose constraints by >10 %. Overall, a nonsignifi cant absolute reduction 
of 12 % was seen in acute GI toxicity compared to historical controls. However, the 
trial was not powered to detect such a difference. It thus remains unclear whether a 
signifi cant difference could have been detected in a larger cohort. In a separate 
abstract, these investigators reported excellent tumor control rates in these patients, 
with a three-year OS and DFS of 91 % and 91 %, respectively [ 8 ]. 

 The outcome of the cervical cancer patients on RTOG 0418 has only been pre-
sented to date in abstract form [ 80 ]. Forty patients were eligible for analysis, all of 
whom received pelvic IMRT plus concomitant chemotherapy. With a median fol-
low- up of 2.7 years, the two-year actuarial DFS and OS rates were 86.9 % and 
94.6 %, respectively. Two-year actuarial local recurrence and distant-metastasis 
rates were 10.6 % and 10.3 %, respectively. In an earlier abstract [ 82 ], the authors 
noted that grade ≥2 bowel toxicity occurred in 22.5 % of patients which was statisti-
cally signifi cantly lower than the hypothesized rate of 40 % ( p  = 0.04). 

 Barillot and coworkers presented the results of a prospective phase II trial evalu-
ating adjuvant pelvic IMRT in patients with stage IB (grade 3), IC, or II endometrial 
cancer [ 10 ]. A total of 46 patients were eligible for analysis. All patients received 
adjuvant pelvic IMRT to a dose of 45 Gy in 25 fractions. Thirty-six patients (75 %) 
received an additional vaginal vault HDR brachytherapy boost. The primary end-
point was the incidence of acute grade ≥2 GI toxicity. Thirteen patients (27 %) 
developed at least one acute grade 2 GI toxicity. There were no ≥ 3 GI toxicities 
observed. Nine patients (19 %) developed grade 2 GU toxicity. The authors noted 
that the incidence and timing of the GI toxicity were similar to those reported in 
RTOG 0418 [ 81 ]. 

 Two prospective randomized trials both from India have been published evaluating 
pelvic IMRT in gynecologic patients (Table  21.1 ) [ 74 ,  83 ]. Gandhi and colleagues 
performed a phase III randomized trial in 44 stage IIB–IIIB squamous cell cervical 
cancer patients radiotherapy [ 83 ]. Patients received 50.4 Gy    in 28 Gy fractions 
delivered with either conventional or IMRT with concomitant chemotherapy. All 
patients subsequently underwent brachytherapy (7 Gy × 3, Point A). While no 
 difference was seen in the median treatment duration (9.1 weeks in both arms), the 
only patients who had treatment breaks and/or delays due to diarrhea or low blood 
counts were in the conventional group. IMRT patients had less grade ≥2 acute GI 
toxicity (32 % vs. 64 %.  p  0.03) and less grade ≥2 emesis (9 % vs. 36 %,  p  = 0.03). 
No difference was seen in the frequency of either acute GU or hematologic toxicity. 
At a median follow-up of 21.6 months, the incidence of grade ≥2 chronic GI  toxicity 
was also lower in the IMRT group (5 % vs. 23 %,  p  = 0.011). No differences were 
seen in DFS or OS rates between the two groups.

   Shrivastava and colleagues presented the preliminary results of a phase IIB 
 randomized trial comparing conventional pelvic (40 Gy in 20 fractions) with dose- 
escalated pelvic IMRT (50 Gy) [ 74 ]. All 86 patients received concomitant chemo-
therapy and planned HDR brachytherapy. No differences were seen in terms of 
compliance or response between the two treatment arms. 

 However, despite the escalation of the pelvic dose, the IMRT patients experienced 
fewer high grade GI and hematologic toxicities. Two IMRT patients developed grade 
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3 GU toxicity. At a median follow-up of 17 months, six conventional and three IMRT 
patients have developed recurrent disease. Patients are continuing to be observed for 
late toxicities and disease recurrence. 

 Currently, several multicenter prospective clinical trials include and/or are 
assessing IMRT in gynecologic cancer patients. While earlier cooperative groups 
trials conducted by the GOG and RTOG previously did not allow IMRT, it is now 
permitted in several ongoing studies including GOG 0249, GOG 0258, GOG 0263, 
and RTOG 0724. Based on the favorable results of RTOG 0418, the RTOG has initi-
ated the RTOG 1203 trial, which randomizes postoperative endometrial and cervi-
cal cancer patients to conventional or pelvic IMRT. Mell and colleagues have 
recently launched the International Evaluation of Radiotherapy Technology 
Effectiveness in Cervical Cancer (INTERTECC) trial [ 9 ], a phase II/III trial designed 
to test the effi cacy of IMRT in the treatment of cervical cancer patients, for both 
defi nitive and adjuvant approaches.  

21.4.2     Pelvis and Para-aortic Nodes 

 Multiple investigators have reported on the outcome of gynecologic cancer patients 
treated with IM-EFRT. Liang and colleagues presented their experience using 
 prophylactic IM-EFRT in 32 stage IB2–IIIB cervical cancer patients with positive 
pelvic and negative para-aortic lymph nodes [ 84 ]. The prescribed dose to the para-
aortic region was 40 Gy in 25 fractions. All patients received concurrent cisplatin 
chemotherapy and brachytherapy. Acute grade ≥ 3 GI and GU toxicities were seen 
in 6.2 % and 3.1 % of patients, respectively. Two grade 3 late sequelae were noted 
(one GI and one GU). Compared to historical controls, the IMRT patients demon-
strated improved three-year actuarial OS (87 % vs. 62 %,  p  = 0.02), DFS (82 % vs. 
54 %,  p  = 0.02), and distant-metastasis free survivals (79 % vs. 57 %,  p  = 0.01). 
Others have reported similarly favorable outcomes in patients treated with prophy-
lactic IM-EFRT [ 33 ]. 

   Table 21.1    Randomized trials comparing pelvic intensity-modulated radiation therapy to confor-
mal radiation therapy in patients with cervix cancer   

 Author 
 Number 
of patients  Phase 

 Median 
follow-up 
(mos.)  Results 

 Gandhi et al. [ 83 ]  44  III  21  No difference in OS or DFS; less grade 
≥2 acute and late GI toxicity in IMRT 
arm; no difference in GU or 
hematologic toxicity 

 Shrivastava et al. 
[ 74 ] 

 86  IIB  17  Less acute high grade GI and 
hematologic toxicity with IMRT despite 
dose escalation 

   IMRT  intensity-modulated radiation therapy,  OS  overall survival,  DFS  disease-free survival,  CRT  
conventional radiation therapy,  GI  gastrointestinal,  GU  genitourinary  
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 Several investigators have explored dose-escalated IM-EFRT approaches, using 
either sequential [ 85 – 88 ] or integrated [ 33 ,  88 ,  89 ] boost techniques. Salama et al. 
treated 13 endometrial or cervical cancer patients with IM-EFRT [ 85 ]. All initially 
received 45 Gy to the pelvis/para-aortic regions with concomitant chemotherapy 
followed by a boost of 9 Gy to the involved para-aortic nodes. No patients experi-
enced grade ≥3 acute GI or GU toxicity. At a median follow-up of 11 months, the 
one-year actuarial in-fi eld control rate was 90 %. Jensen et al. updated this experi-
ence with a total of 21 patients and reported an 18-month rate of locoregional con-
trol of 90 % [ 86 ]. Acute grade ≥3 GI and GU toxicity occurred in four and zero 
patients, respectively. The two-year incidence of late grade ≥3 GU toxicity was 
4.8 %. No patients experienced grade ≥3 late GI toxicity. Beriwal et al. treated 36 
stage IB2–IVA cervical cancer patients with IM-EFRT (45 Gy) using an SIB boost 
approach to boost involved para-aortic nodes to 55–60 Gy in 2.2–2.4 Gy daily frac-
tions [ 88 ]. At a median follow-up of 18 months, the two-year actuarial locoregional 
control, DFS, OS, and grade ≥3 toxicity rates for the entire group were 80 %, 51 %, 
65 %, and 10 %, respectively. Acute grade ≥3 GI and GU toxicities occurred in 
2.8 % and 2.8 % of patients, respectively. 

 Investigators at the Brigham and Women’s Hospital reported on the outcomes of 
32 gynecologic cancer patients (22 endometrial, 10 cervical cancer) who underwent 
sequential IMRT boosts to involved lymph node regions and concurrent chemo-
therapy [ 89 ]. Twelve patients had pelvic nodal boosts, 13 para-aortic nodal boosts, 
and 7 both. The median nodal size was 2.5 cm (range, 1.4–4.2 cm), and the median 
total dose was 63 Gy (range, 54–68.4 Gy). At a median follow-up of 21.8 months, 
the two-year nodal control was 85 %. Treatment was well tolerated, with a two-year 
actuarial late grade ≥3 toxicity rate of 14 %. 

 Marnitz and colleagues evaluated the feasibility of a SIB-IMRT approach in cer-
vical cancer patients with positive pelvic and/or para-aortic lymph nodes undergo-
ing RT and chemotherapy [ 75 ]. Of 40 patients, 29 (72.5 %) had documented 
enlarged lymph nodes and underwent pre-RT lymph node dissections. IMRT plans 
were generated to treat the pelvis and/or para-aortic region to 50.4 Gy (in 1.8 Gy 
fractions) and involved lymph nodes to 59.36 (in 2.12 Gy fractions). All patients 
received concurrent chemotherapy, predominantly weekly cisplatin. Overall, treat-
ment was well tolerated with only two grade 3 acute GI toxicities (one diarrhea, one 
nausea) and no grade 3 GU toxicity. Tumor control rates were not reported. Others 
have reported favorable results using dose-escalated IMRT as salvage therapy in 
women with recurrent disease in the para-aortic region [ 90 ]. 

 Prospective trials have also been performed in para-aortic node-positive cervical 
cancer patients [ 91 ] and in endometrial cancer patients undergoing IMRT in lieu of 
brachytherapy [ 92 ]. Investigators at the Shandong Tumor Hospital and Institute 
completed a novel trial in 60 para-aortic positive cervical cancer patients who were 
serially assigned to either conventional dose (45–50 Gy) conformal para-aortic irra-
diation or high-dose (58–68 Gy) IMRT. Overall, IMRT patients experienced less 
acute grade ≥3 myelosuppression (4 % vs. 19 %,  p  = 0.005), dermatitis (0 % vs. 
6 %,  p  = 0.04), and GI toxicity (4 % vs. 19 %,  p  = 0.005) and a higher complete 
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response rate (57 % vs. 28 %,  p  = 0.02) than the conventional RT patients. At a 
median follow-up of 28 months, the three-year OS rate was superior in the IMRT 
group (36 % vs. 16 %,  p  = 0.016). Chronic enterocolitis was lower in the IMRT 
group (0 % vs. 19 %,  p  = 0.001).  

21.4.3     Pelvis and Inguinal Nodes 

 The sole published experience using pelvic-inguinal IMRT in gynecologic cancer 
patients is from the University of Pittsburgh. In a series of reports [ 35 ,  93 ], Beriwal 
et al. presented the outcomes of locally advanced vulvar cancer patients undergo-
ing preoperative pelvic-inguinal IMRT combined with chemotherapy followed by 
planned surgery (Fig.  21.7 ). In their most recent report [ 93 ], 42 stage I–IVA 
patients, all of whom required preoperative treatment, were treated with a modi-
fi ed Gynecologic Oncology Group (GOG) regimen of 5-fl uorouracil and cisplatin 
with twice-daily IMRT (36) or weekly cisplatin with daily IMRT (6). The twice-
daily IMRT regimen consisted of 1.6 Gy twice daily for 10 fractions, followed by 
1.8 Gy daily for 7 or 8 days, followed by a planned break of 10 days, and then 
resumption of radiation with 1.6 Gy twice daily for 10 more fractions. The patients 
who underwent daily IMRT received 50.4 Gy in 1.8 Gy fractions. Surgery was 
performed 6–10 weeks following treatment. Overall, treatment was well tolerated 
with all patients completing IMRT and chemotherapy as planned. No acute grade 
3 or higher GI or GU toxicities occurred. One patient developed grade 3 cutane-
ous toxicity. Of 41 evaluable patients, a complete clinical response was noted in 
21 (51.2 %). Thirty- three patients underwent surgery of which 16 (48.5 %) had a 
pathologic complete response in the vulva. Of these, 15 (93.8 %) remained with-
out disease recurrence. Of the 17 who had a pathologic partial response, 8 (47.1 %) 
developed a local recurrence. No patient in the series developed a grade 3 or 
higher late GI or GU complication.   

  Fig. 21.7    Axial computed tomography images showing isodose distributions for an intensity- 
modulated radiation therapy plan covering the inguinal ( left ) and pelvic ( right ) lymph nodes in a 
patient with locally advanced vulvar cancer undergoing preoperative radiotherapy [ 35 ]       
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21.4.4     Whole Abdomen 

 Given the decreasing use of WART in the United States and other countries, it is not 
surprising that clinical studies in gynecologic cancer patients undergoing intensity- 
modulated WART (IM-WART) are limited [ 91 – 93 ]. Mahantshetty et al. at Tata 
Memorial Center presented the outcomes of 8 relapsed ovarian cancer patients with 
disease confi ned to the abdomen and/or pelvis treated with salvage intensity- 
modulated WART [ 92 ]. Using an SIB approach, 25 Gy in 1 Gy fractions was deliv-
ered to the whole abdomen, while the pelvis received 45 Gy in 1.8 Gy fractions 
(Fig.  21.8 ). Treatment was well tolerated with no patient requiring signifi cant 
unplanned treatment breaks. Overall, three patients developed grade 2 GI and two 
developed grade 2 transient liver toxicities. While all patients had been heavily pre-
treated with chemotherapy, only three (37.5 %) developed grade ≥3 hematologic 
toxicity. No grade ≥3 GI or renal toxicity was noted. At a median follow-up of 15 
months, three patients progressed in the abdomen and/or pelvis. The other 5 
remained free of disease.  

 Rochet and coworkers presented a feasibility trial evaluating chemotherapy fol-
lowed by IM-WART in newly diagnosed ovarian cancer patients [ 94 ]. Ten opti-
mally debulked stage IIIC ovarian cancer patients were enrolled and received six 
cycles of carboplatin/paclitaxel chemotherapy followed by IM-WART (30 Gy in 
1.5 Gy daily fractions). Overall, treatment was well tolerated with only one patient 
developing an acute grade 3 GI toxicity. Three patients experienced grade 3 leuko-
penia. While no patient developed chronic enteritis, three patients required surgery 

  Fig. 21.8    Axial ( a ), coronal ( b ), and sagittal ( c ) computed tomography images showing dose 
distributions from a helical tomotherapy plan used for a patient with relapsed ovarian cancer [ 94 ]       
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due to small-bowel obstruction (one of which was noted to have an abdominal 
recurrence). At a median follow-up of 23 months, the two-year actuarial DFS, OS, 
and local progression free survival rates were 63, 68, and 78 %. These results 
compared favorably to earlier studies of carboplatin/paclitaxel followed by con-
ventional WART [ 95 ].  

21.4.5     Brachytherapy Alternative/Replacement 

 Several investigators have reported on the outcome of gynecologic cancer patients 
treated with IMRT in lieu of brachytherapy [ 96 – 101 ]. The largest series to date was 
presented by Huang and coworkers at the Princess Margaret Hospital and consisted 
of 70 locally advanced/recurrent gynecologic cancer patients (77 % cervical cancer) 
who were deemed ineligible for brachytherapy, primarily due to unfavorable anat-
omy or tumor bulk [ 96 ]. Treatment consisted of 12–30 Gy delivered in 1.4–2 Gy/
fraction. Acute grade ≥3 non-hematologic toxicities were infrequent. Late grade ≥3 
sequelae included cystitis (2.8 %), enteritis (1.4 %), and fi stula (1.4 %). At a median 
follow-up of 1.33 years, the three-year actuarial OS and DFS rates were 84.4 % and 
49 %, respectively. Overall, pelvic, retroperitoneal, and distant recurrences occurred 
in 39, 27, and 27 % of patients. Olson and coworkers reported on 32 endometrial 
cancer patients treated with pelvic RT followed by either brachytherapy (24) or an 
IMRT/conformal (8) boost [ 99 ]. At a median follow-up of 18.6 months, no differ-
ence was seen between the OS and CSS of the brachytherapy and non- brachytherapy 
groups. Moreover, no difference was seen in terms of acute toxicity. 

 Hypofractionated IMRT boost techniques in brachytherapy ineligible patients 
have also been reported [ 97 ,  98 ,  100 ,  101 ]. Hsieh and colleagues treated nine 
stage IIB–IVA cervical cancer patients in whom brachytherapy was felt not to be 
feasible with an IMRT boost of 16–27 Gy in 5–9 fractions [ 101 ]. Treatment was 
well tolerated with no grade ≥3 acute toxicities. Only one patient developed a late 
grade ≥2 toxicity. The three-year actuarial OS, DFS, and local recurrence-free 
survivals were 46.9, 25.9, and 77.8 %. Molla et al. reported on 16 patients treated 
with a hypofractionated boost (94 % IMRT) for defi nitive (4 Gy × 5 fractions) or 
adjuvant therapy (7 Gy × 2 fractions) (Fig.  21.9 ) [ 97 ]. At a median follow-up of 
12.6 months, only one patient (6.2 %) failed locally. Treatment was well tolerated 
with no grade ≥3 acute sequelae and only one late GI toxicity. In a follow-up 
report, these investigators updated their experience in 26 postoperative patients 
[ 98 ]. At a median follow- up of 47 months, the three-year local control and OS 
rates were 96 % and 95 %, respectively. No grade ≥3 acute or chronic sequelae 
were seen. Kemmerer et al. treated 11 endometrial cancer patients with a 6 Gy × 5 
twice weekly boost (82 % IMRT). At 18 months, the OS and DFS rates were 57 % 
and 68 %, respectively [ 100 ].  

 The sole series using IMRT in place of brachytherapy in patients with vaginal 
cancer was presented by investigators from the MD Anderson Cancer Center [ 73 ]. 
Twenty-three patients (eight stages I–II, 15 stages III–IVB) ineligible for brachy-
therapy received treatment with IMRT alone. The total dose including pelvic RT 
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(when given) was 65.1 Gy (range, 61–70 Gy). At a median follow-up of 35 months, 
the fi ve-year OS rates for stage I–II, III, IVA, and IVB patients were 100 %, 82 %, 
28 %, and 0 %, respectively. Five-year pelvic control rates for stages I, II, III, IVA, 
and IVB patients were 100 %, 66 %, 86 %, 50 %, and 0 %, respectively. 

 Macchia et al. performed a prospective phase I trial in 12 stage IB–IC endome-
trial cancer patients undergoing IMRT in place of vaginal brachytherapy [ 92 ]. Two 
dose levels were evaluated: 5 Gy × 5 and 6 Gy × 5. No patients at either dose level 
experienced a DLT. No grade 2 or higher late toxicity was noted. The authors are 
now evaluating the effi cacy of the higher dose level in a phase II trial.   

21.5     Technical Issues and Considerations 

21.5.1     Patient Selection 

 When IMRT was fi rst introduced, only a subset of gynecologic cancer patients was 
considered eligible at many centers. By far, the most commonly treated patients 
were cervical and endometrial cancer patients undergoing adjuvant pelvic 

  Fig. 21.9    Computed tomography images showing dose distributions for dynamic-arc ( left ) and 
fi xed-fi eld intensity-modulated radiation therapy ( right ) hypofractionated boost plans used for 
gynecologic cancer patients unable to undergo brachytherapy [ 97 ]       
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RT. However, even among this group, exceptions existed, notably markedly obese 
patients due to the inability to obtain full external contours and concerns over setup 
accuracy [ 56 ]. Over time, however, indications for gynecologic IMRT have grown 
considerably, and nearly all patients are now considered candidates, even those 
treated with comprehensive treatment volumes as well as women with gross resid-
ual disease requiring higher than conventional doses. 

 Considerable controversy has long existed regarding the use of IMRT in  intact  
cervical cancer patients [ 4 ,  102 ]. In fact, at many prestigious centers, IMRT is com-
monly used in postoperative patients but not in women with intact disease. Multiple 
concerns are often cited; however, the major issue is clearly internal organ motion. 
Nevertheless, such concerns can be addressed with the use of proper treatment mar-
gins and daily in-room imaging. Moreover, the favorable published outcome results 
from experienced investigators clearly support the use of IMRT in these patients 
[ 58 ,  59 ,  66 ]. 

 Another controversial issue is the use of IMRT as a replacement/alternative for 
brachytherapy. Despite promising dosimetric [ 47 ,  49 ] and clinical [ 96 ,  98 ,  101 ] 
results, particularly in early-stage patients treated with hypofractionated techniques, 
IMRT should not be considered equivalent to nor used in lieu of brachytherapy in 
women eligible for brachytherapy. Concerns have been raised that technologies 
such as IMRT have contributed to an overall decline in brachytherapy use in patients 
with cervical cancer treated in the United States [ 103 ,  104 ]. Care should be taken to 
strictly limit its use to women in whom brachytherapy truly cannot be performed.  

21.5.2     Simulation 

 Gynecologic cancer patients undergoing IMRT are typically immobilized in the 
supine position and undergo CT simulation with thin (3–5 mm) slices. Custom 
immobilization devices are recommended and can reduce setup error to <5 mm 
[ 105 ]. Several reports have suggested that prone positioning alone [ 106 ,  107 ] or 
combined with a small-bowel displacement system [ 108 ] may improve small-bowel 
sparing in patients undergoing IMRT. However, Beriwal and colleagues compared 
supine and prone positioning in patients undergoing pelvic IMRT and did not note 
any signifi cant differences in either bowel dose or in rates of GI toxicity [ 109 ]. 

 While most investigators perform CT simulation, more sophisticated simulation 
approaches, notably PET/CT simulation, are used at select centers and are particu-
larly useful in patients with involved lymph nodes. Patient legs should be placed 
together in a neutral position except in women undergoing pelvic-inguinal IMRT 
where a frog-leg position may be used; arms are placed overhead in women treated 
with IM-EFRT and IM-WART. Contrast may be administered to aid in the delinea-
tion of the target and normal tissues, including, at some centers, vaginal and rectal 
contrast [ 61 ]. Intravenous contrast is particularly useful since the vasculature is used 
as a surrogate for the lymph nodes in the planning process. If oral contrast is used, 
it should be corrected for in the treatment planning process [ 110 ]. Some investiga-
tors place fi ducial markers within the cervix and/or vaginal cuff [ 88 ]; others utilize 
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removable vaginal markers [ 63 ,  76 ]. Wires can be used to outline enlarged inguinal 
nodes and/or gross disease, and bolus is placed over the vulva in vulvar cancer 
patients undergoing preoperative IMRT [ 35 ,  111 ]. Most centers simulate patients 
with a comfortably full bladder; others perform two scans (full and empty bladder) 
in order to generate an integrated target volume (ITV) with planning performed 
using the full bladder scan [ 8 ,  81 ,  82 ].  

21.5.3     Target and Normal Tissue Delineation 

 Following simulation, a gross tumor volume (GTV) and clinical target volume 
(CTV) are contoured on the planning scan. The GTV should include all demon-
strable disease, including involved enlarged lymph nodes. A variety of imaging 
modalities can be used to aid in target delineation, with growing attention on PET 
[ 59 ,  91 ] and MRI [ 99 ]. Investigators at Washington University base their target vol-
ume defi nition on PET and contour a metabolically active tumor volume (MTV), 
specifi ed at the 40 % threshold level (Fig.  21.10 ) [ 59 ].  

 In general, the CTV in gynecologic cancer patients undergoing pelvic IMRT 
consists of the uterus/cervix (if present), upper vagina, paracervical and parametrial 
tissues, and pelvic lymph nodes. The most superior extent of the CTV is typically 
placed 1–1.5 cm inferior to the L4–L5 interspace to account for planning target 
volume (PTV) expansions. Detailed descriptions of CTVs in various gynecologic 
malignancies are summarized in Table  21.2 . At some centers, a single CTV is 
drawn, whereas at others several CTVs are delineated. As noted above, at some 
centers, an integrated target volume (ITV) is generated by fusing empty and full 
bladder planning CT scans, encompassing contours of the cervix (or vaginal cuff in 
postoperative patients) on both scans, with patients treated with a full bladder or, at 
other centers, an empty bladder as maintaining a full bladder has not been shown to 
be reproducible.

   Unsurprisingly, considerable variability has been seen in CTV delineation even 
among experienced radiation oncologists [ 121 ,  122 ]. Fortunately, consensus guide-
lines and atlases for CTV delineation in cervical and endometrial cancer patients 
undergoing postoperative pelvic IMRT have been published by the RTOG [ 117 ] 
(Fig.  21.11 ) and utilized in the RTOG 0418 trial. More recently, the RTOG has 
developed guidelines for CTV delineation in women with intact cervical cancer 
(Fig.  21.12 ) [ 118 ]. The Japan Clinical Oncology Group (JCOG) has similarly pub-
lished contouring guidelines in cervical patients undergoing adjuvant [ 123 ] and 
defi nitive [ 119 ] IMRT. Instructional contouring videos are available online for the 
multinational INTERTECC clinical trial [ 124 ]. Careful analyses of patterns of fail-
ure in patients treated using these guidelines will help optimize target design in 
these patients.   

 No guidelines for CTV delineation have been published in other gynecologic 
sites or in patients treated with more comprehensive fi elds. However, multiple 
investigators have described their approaches in patients undergoing pelvic-ingui-
nal IMRT [ 35 ,  111 ], IM-EFRT [ 85 ,  88 ], and IM-WART [ 94 ,  125 ]. Several 
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investigators utilizing IMRT in lieu of brachytherapy also include descriptions of 
the target design [ 100 ,  101 ]. An international survey has also been performed in 
vulvar cancer patients treated with pelvic-inguinal IMRT describing target delinea-
tion approaches [ 126 ]. 

 No consensus exists regarding the optimal PTV margin in gynecologic cancer 
patients undergoing IMRT, accounting for setup uncertainty and organ motion. In 
general, most investigators utilize tight margins (0.5–1 cm) around regional lymph 
nodes and larger margins (1–2 cm or greater) around structures (uterus, cervix) 
subject to internal organ motion. Multiple studies have been performed evaluating 
internal organ motion in gynecologic cancer patients and have noted a high degree 
of interfraction organ motion with recommended planning margins up to 4 cm to 
fully encompass the CTV for all fractions [ 120 ,  127 – 131 ]. Collen et al. evaluated 
ten patients with three times weekly megavoltage CT imaging and found the largest 
motion to occur in the anteroposterior and superior-inferior directions [ 129 ]. They 
recommended anterior, posterior, right, left, superior, and inferior margins around 
the uterus and cervix of 19, 19, 13, 13, 29, and 19 mm and 17, 12, 8,9,15, and 9 mm, 
respectively, to achieve 95 % coverage. Jhingran and colleagues observed motion of 
seeds placed in the vaginal apex of 24 postoperative patients and found median 

  Fig. 21.10    Fused computed 
tomography and F-18 
fl uorodeoxyglucose (FDG) 
positron emission tomogra-
phy (PET) images with dose 
distributions ( top ) and 
clinical target volumes (CTV) 
( bottom ) from an intensity- 
modulated radiotherapy plan 
for a patient with cervical 
cancer. The metabolically 
active tumor volume (MTV) 
is contoured based on the 
fused PET image [ 59 ]       
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maximal displacements of 0.59, 1.46, and 1.2 cm in the left-right, anteroposterior, 
and superior-inferior directions [ 131 ]. In contrast, intra-fraction motion has been 
shown to be more limited [ 127 ]. 

 Khan and coworkers modeled interfraction CTV variations in 50 intact cervical 
cancer patients undergoing pelvic IMRT with daily CBCT imaging utilizing over 

   Table 21.2    Suggested target volumes for gynecologic malignancies   

 Site 
 Target 
volumes  Defi nition 

 Planning 
volumes  Defi nition a  

 Cervix  CTV1  GTV, cervix, and uterus or vaginal cuff  PTV1  CTV1 + 15 mm 
 CTV2  Parametrial/paravaginal tissues. Include 

parauterine fat, ovaries, and proximal vagina 
for defi nitive cases. For extensive vaginal 
involvement, the entire vagina should be 
included 

 PTV2  CTV2 + 10 mm 

 CTV3  Common iliac and external and internal iliac 
nodal regions and presacral regions 

 PTV3  CTV3 + 7 mm 

 Uterine 
Fundus 

 CTV1  Vaginal cuff  PTV1  CTV1 + 15 mm 
 CTV2  Paravaginal/parametrial tissues, proximal 

vagina 
 PTV2  CTV2 + 10 mm 

 CTV3  Common iliac and external and internal iliac 
nodal regions. If there is cervical stromal 
involvement, the presacral region is also 
included 

 PTV3  CTV3 + 7 mm 

 Vulva  CTV1  GTV plus remaining uninvolved vulva and 
adjacent soft tissues 

 PTV1  CTV1 + 10 mm 

 CTV2  Common iliac and external and internal iliac 
nodal regions and bilateral inguinofemoral 
lymph nodes. If there is vaginal involvement, 
the presacral lymph nodes should be included. 
If there is anal/rectal involvement, the 
perirectal lymph nodes should be included 

 PTV2  CTV2 + 7 mm 

 Vagina  CTV1  GTV plus a minimum of 3 cm of vagina 
superiorly and inferiorly 

 PTV1  CTV1 + 15 mm 

 CTV2  Paravaginal/parametrial tissues adjacent to 
CTV 1 as well as the common iliac, external, 
and internal iliac nodal regions and presacral 
regions. For lower one-third vaginal 
involvement the bilateral inguinofemoral 
lymph nodes should also be included 

 PTV2  CTV2 + 7 mm 

 Ovary  CTV  Entire peritoneal cavity from the top of the 
diaphragms to the bottom of the obturator 
foramina, as well as the outer 1 cm of liver 
surface and the pelvic and para-aortic lymph 
nodes 

 PTV  CTV + 10 mm 

  Adapted from Lee et al. [ 112 – 116 ] and guidelines from Radiation Therapy Oncology Group, the 
Gyn IMRT consortium, and the Japan Clinical Oncology Group [ 117 – 119 ] 
  CTV  clinical target volume,  GTV  gross tumor volume,  PTV  planning target volume 
  a Based on work from Khan et al. [ 120 ]  
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  Fig. 21.11    Computed 
tomography-based clinical 
target volumes for patients 
with endometrial and cervical 
cancer undergoing postopera-
tive intensity-modulated 
radiation therapy based on 
the Radiation Therapy 
Oncology Group guidelines 
[ 117 ]. Representative 
contours of the external and 
internal iliac lymph nodes 
( red ), parametrial and vaginal 
tissues ( green ), and presacral 
region ( blue ) are shown       

  Fig. 21.12    Magnetic resonance imaging-based clinical target volumes for patients with cervical 
cancer undergoing defi nitive intensity-modulated radiation therapy based on the Radiation therapy 
Oncology Group guidelines [ 118 ]. Representative contours of the gross tumor volume ( red ), cer-
vix ( pink ), uterus ( blue ), vagina ( yellow ), parametrium ( green ), bladder ( purple ), rectum ( light 
blue ), and sigmoid ( orange ) are shown on T 2 -weighted axial ( left ) and sagittal ( right ) images       
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700 surface landmarks [ 120 ]. Their recommended PTV margins around the cervix/
uterus, parametrial/vaginal tissues, and lymph nodes were 1.5 cm, 1.0 cm, and 
0.7 cm respectively. Less is known about optimal PTV margins in patients undergoing 
more comprehensive IMRT volumes. In patients undergoing IM-WART, PTV margins 
up to 2.5 cm have been used along the diaphragm to account for respiratory- induced 
motion [ 37 ]. 

 Depending on the volume treated, multiple normal tissues are contoured and 
included as organs at risk (OARs) in the IMRT planning process (Fig.  21.13 ). In 
pelvic IMRT patients, most investigators delineate the bowel, bladder, and rectum 
[ 58 ,  61 ,  133 ]. Some contour the sigmoid colon as a separate structure [ 64 ,  77 ]. 
Pelvic BM has been increasingly included in recent years, particularly in women 
receiving concomitant chemotherapy [ 58 ,  59 ,  122 ]. In patients undergoing IM-EFRT 
or IM-WART, the liver and kidneys should be included. At some centers, the stom-
ach, duodenum, spinal cord, and spine are routinely contoured as well. The femoral 
heads are included in women undergoing pelvic-inguinal IMRT [ 35 ,  93 ].  

 While different investigators may include the same normal tissues in the plan-
ning process, they often disagree on  how  they should be delineated. To address this 
issue, the RTOG recently convened an expert panel to develop normal tissue con-
touring guidelines (Table  21.3 ) [ 132 ]. While these guidelines address contouring of 
the rectum, sigmoid, bowel, bladder, uterus, ovaries, and femoral heads, recommen-
dations for pelvic BM contouring were not included. Most centers that include BM 
as an avoidance structure use the pelvic bones as a surrogate. However, others favor 
contouring the intramedullary cavity within the bones [ 132 ,  133 ]. Krishnatry and 
coworkers compared the two contouring methods in 47 cervical cancer patients 
treated with IMRT and found that the intramedullary cavity was a better surrogate 
for active BM and correlated more closely with hematologic toxicity [ 134 ]. In the 
future, functional imaging may help further to optimize delineation of active BM 
sites [ 78 ,  135 ]. Little consensus exists on the contouring of organs outside the pel-
vis. Most investigators treating ovarian cancer patients with IM-WART consistently 
 exclude  a 1 cm outer rim of liver from the normal liver contours [ 94 ,  125 ]. Increasing 
attention is also being focused on including the duodenum as an OAR in patients 
undergoing dose-escalated IM-EFRT [ 87 ,  136 ].

21.5.4         Treatment Planning 

 A large number of IMRT approaches have been used successfully in gynecologic 
cancer patients, including fi xed-fi eld techniques (typically 6–9 fi elds) [ 33 ,  58 ,  87 , 
 92 ], arc therapy [ 65 ,  125 ], and helical tomotherapy [ 76 ,  101 ]. In the survey of 
INTERTECC participants, the fi xed-fi eld approach was used at nearly 90 % of cen-
ters [ 122 ]. The percentage of respondents using arc therapy, helical tomotherapy, 
and compensator-based techniques were 39 %, 17 %, and 6 %, respectively. 
Bouchard and coworkers described a novel aperture-based IMRT technique which 
achieved comparable target coverage and normal tissue sparing as conventional 
fi xed-fi eld approaches but utilized nearly 60 % fewer monitor units (MUs) [ 63 , 
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  Fig. 21.13    Normal tissue contours on axial ( top ) and sagittal ( bottom ) computed tomography 
images from Gay et al. [ 132 ]       
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 133 ]. A wide variety of photon energies are used for gynecologic IMRT, ranging 
from 6 to 23 MV. However, most centers treat patients with either 6 or 10 MV 
beams. Lower energy beams are appealing due to better target conformality [ 23 ] 
and a potentially lower risk of second malignancies [ 133 ]. 

 In most patients, conventional total doses (45–50.4 Gy) are delivered in standard 
fraction sizes (1.8–2 Gy/day). However, as noted earlier, IMRT may be used to 
deliver higher doses to high-risk sites such as involved lymph nodes and/or residual/
recurrent disease. If delivered using a SIB approach, hypofractionated approaches 
can be used delivering 55–60 Gy in 2.12–2.4 Gy fractions [ 35 ,  75 ,  88 ]. In patients 
treated with IMRT in lieu of brachytherapy, fraction sizes of 4–7 Gy have been used 
[ 97 ,  100 ]. Fraction sizes below 1.8 Gy are rarely prescribed. A notable exception is 
in ovarian cancer patients at select centers who receive 25 Gy in 1 Gy fractions to 
the upper abdomen while the pelvis receives 45 Gy in 1.8 Gy fractions [ 137 ]. 

 The optimal dose-volume constraints for the PTV and normal tissues in gyneco-
logic cancer patients undergoing IMRT remain unclear. Investigators at Washington 
University reported the use of the following constraints in patients undergoing pelvic 
IMRT: PTV (100 % to receive 95 % of the prescription dose), small bowel (<40 % 

   Table 21.3    Contouring guidelines for organs at risk   

 Organ  Defi nition and description 
 Bowel  Space encompassing the outermost loops of bowel from the level of the 

L4–L5 interspace to the sigmoid fl exure. Includes the sigmoid colon and 
ascending/descending colon present in the pelvis. In women with intact 
cervical cancer, bowel loops posterior to the uterus in the lower pelvis within 
the PTV are not included 

 Sigmoid  Bowel continuing where the rectum contour ended. Stops before connecting 
to the ascending colon laterally. Contoured when a brachytherapy applicator 
rests in the uterus. Any sigmoid adjacent or above the uterus, as well as the 
brachytherapy applicator, should be contoured 

 Rectum  Inferiorly from the lowest level of the ischial tuberosities (right or left). 
Contouring ends superiorly before the rectum loses its round shape in the 
axial plane and connects anteriorly with the sigmoid 

 Bladder  Outer bladder wall inferiorly from its base and superiorly to the dome. 
 Bone Marrow  The pelvic bones serve as a surrogate for the pelvic bone marrow. Regions 

included are the os coxae, L5 vertebral body, entire sacrum, acetabulae, and 
proximal femora superiorly from the superior border of L5 or the iliac crest 
(whichever is more superior) and inferiorly to the ischial tuberosities 

 Liver  Entire liver excluding a 1 cm outer border 
 Kidneys  Entire kidney parenchyma 
 Uterus  The uterus and cervix as one structure 
 Ovaries and 
Fallopian Tubes 

 Right and left ovaries and fallopian tubes 

 Femoral Heads  The proximal femur inferiorly from the lowest level of the ischial tuberosities 
(right or left) and superiorly to the top of the ball of the femur, including the 
trochanters 

  Adapted in part from Gay et al. [ 132 ] 
  PTV  planning target volume  
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to receive ≥30 Gy), rectum (<40 % to receive ≥40 Gy), and femoral heads (<40 % 
to receive ≥30 Gy) [ 59 ]. In the original series from the University of Chicago, 
<40 % of the small bowel, rectum, and bladder were constrained to receive ≥36 Gy, 
≥ 40 Gy, and ≥40 Gy, respectively. Moreover, >95 % of the PTV needed to receive 
>95 % of the prescribed dose [ 56 ]. Dose-volume constraints used in ongoing trials 
of patients treated with pelvic IMRT are summarized in Table 21.4. 

 Detailed normal tissue complication probability (NTCP) studies have been per-
formed in gynecologic cancer patients undergoing pelvic IMRT, which shed light 
on the optimal dose-volume constraints for various normal tissues. Most attention to 
date has been focused on the small bowel [ 138 ,  139 ] and pelvic BM. Simpson and 
coworkers [ 138 ] recently validated the association between the small bowl V 45  and 
the risk of acute GI toxicity in a cohort of 50 cervical cancer patients undergoing 
pelvic IMRT which was initially noted by Roeske et al. at the University of Chicago 
[ 139 ]. The recent Quantitative Analyses of Normal Tissue Effects in the Clinic 
(QUANTEC) effort currently recommends constraining the V 45  to <195 cc to reduce 
the incidence of acute small-bowel toxicity below 10 % in patients treated with 
pelvic irradiation [ 140 ]. In an analysis of 37 cervical cancer patients treated with 
pelvic IMRT and concomitant cisplatin, Mell and coworkers initially found a strong 
correlation between the pelvic BM V 10  and V 20  with acute hematologic toxicity 
[ 141 ,  142 ] and recently validated these fi ndings in an independent cohort of patients 
[ 142 ]. Currently, these investigators recommended constraining the pelvic BM V 10  
and V 20  to ≤90 % and ≤75 %, respectively. A post hoc analysis of patients on the 
RTOG 0418 trial noted a correlation between hematologic toxicity and pelvic BM 
V 40  [ 143 ]. Cervical cancer patients with a BM V 40  above 37 % had a higher rate of 
grade ≥2 hematologic toxicity (75 % vs. 40 %,  p  = 0.025) than those with a V 40  
below 37 %. However, none of these patients underwent BM-sparing IMRT limiting 
the number of patients with low BM doses. 

 Limited NTCP analyses have been performed in patients treated with more com-
prehensive volumes [ 87 ,  136 ]. Verma and colleagues evaluated dosimetric predic-
tors of duodenal toxicity in 105 gynecologic cancer patient with gross para-aortic 

  Table 21.4    Normal dose constraints used in multicenter trials involving intensity-modulated 
radiation therapy for gynecologic cancer   

 Structures 

 Constraints 

 RTOG 0724  INTERTECC 
 Bowel  30 % receiving ≤40 Gy  V 45  ≤ 250 cc; maximum dose < 115 % 
 Rectum  60 % receiving ≤40 Gy  Maximum dose < 115 % 
 Bone marrow  NS  V 10  < 90 %; V 20  < 75 % 
 Bladder  35 % receiving ≤45 Gy  Maximum dose < 115 % 
 Femoral head  NS  Maximum dose < 115 % 
 Spinal cord  Max dose ≤45 Gy  NS 
 Kidneys  2/3 of each ≤18 Gy  NS 

  Table adapted from Jensen et al. [ 150 ] 
  RTOG  Radiation Therapy oncology group,  INTERTECC  International Evaluation of Radiotherapy 
Technology Effectiveness in Cervical Cancer,  V   x   volume receiving “X” Gy,  NS  not specifi ed  
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lymph nodes who received total doses between 60 and 66 Gy [ 136 ]. Overall, nine 
patients (8.6 %) developed grade ≥2 duodenal toxicity confi rmed on endoscopy. 
Duodenal V 55  was the most signifi cant factor correlated with duodenal sequelae. 
Patients with a V 55  above 15 cm 3  had a higher rate of severe duodenal toxicity (49 % 
vs. 7 %,  p  < 0.01) than those with a V 55  below 15 cm 3 . Duodenal V 55  remained sig-
nifi cant on multivariate analysis.  

21.5.5     Treatment Delivery 

 Gynecologic IMRT can be delivered on all commercially available treatment 
machines, including linear accelerators and helical tomotherapy machines. On a linear 
accelerator, IMRT plans can be delivered using multi-leaf collimators (MLC) or cus-
tomized compensators [ 122 ]. Regardless of the machine used, it is important to verify 
treatment with in-room image-guided RT (IGRT) given the highly conformal treat-
ment plans and rapid dose falloff. Many types of in-room IGRT approaches have been 
used for both patient setup and target localization including electronic portal imaging 
devices (EPID) [ 88 ], kilovoltage planar imaging [ 92 ], and megavoltage [ 101 ] or kilo-
voltage [ 100 ] cone-beam CT (CBCT) imaging. Volumetric imaging is particularly 
useful to verify inclusion of the cervix and uterus in cervical cancer patients undergo-
ing defi nitive IMRT. In-room volumetric imaging is particularly important in patients 
receiving higher than conventional doses to involved sites or in patients treated with 
IMRT in lieu of brachytherapy. In the Princess Margaret series of patients unfi t for 
brachytherapy who received high-dose central boosts using IMRT, Huang and col-
leagues noted a higher pelvic control in patients treated with daily IGRT (72 % vs. 
42 %,  p  = 0.04) compared to those treated without daily image guidance [ 96 ]. 

 Prior to (and throughout) the delivery of IMRT, rigorous quality assurance (QA) 
is essential to ensure proper delivery of the treatment plans. At our institution, the 
accuracy of treatment is verifi ed daily using both kilovoltage planar and, in patients 
with intact cervical cancer, CBCT imaging. A variety of QA procedures are also 
performed including an independent MU verifi cation calculation. A full discussion 
of QA techniques and procedures used in gynecologic IMRT is beyond the scope of 
this chapter, and interested readers are referred elsewhere [ 144 ].   

21.6     Future Directions 

 From its humble beginnings, gynecologic IMRT has developed considerably over the 
last decade and is rapidly becoming increasingly commonplace in patients treated at 
many centers throughout the world. In the coming years, additional clinical trials will 
be performed helping to defi ne the role of this novel technology. Given that cervical 
cancer is exceedingly common throughout the world, it is hoped that many of these 
trials will be multinational efforts like the ongoing INTERTECC trial. It is also likely 
that advanced imaging techniques will play an increasingly important role in these 
patients, including novel PET and MRI approaches. Given the growing interest in 
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particle therapy, it is hoped that studies will be performed evaluating the role of pro-
tons in these patients [ 145 ]. Finally, given the signifi cant changes that are known to 
occur in patients with bulky cervical cancer during a course of chemoradiotherapy 
[ 146 ], it is hoped that new tools and techniques will be developed to allow the rapid 
generation of adaptive IMRT plans providing the means to treat the anatomy of the 
day not simply the anatomy on the initial planning scan. Several novel approaches 
have been proposed and hopefully will soon make their way into the clinic, poten-
tially improving the quality and delivery of IMRT in these patients [ 147 – 149 ].     
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22.1         Feasibility of Intensity Modulated Radiation Therapy 
in Pediatric Cancers 

 The role of intensity modulated radiation therapy (IMRT) is now fi rmly established 
in pediatric radiation oncology and has been incorporated as an essential treatment 
modality in contemporary pediatric oncology clinical trials. Specifi c target volume 
and dose guidelines rely on the use of IMRT and IGRT to achieve normal tissue dose 
constraints [ 1 – 3 ]. However, in its implementation phase, practical concerns were 
raised including the use of multiple fi elds, longer corresponding treatment times and 
increased risk of patient motion, and uncertainty in spatial delivery of highly com-
plex dose distributions with sharp dose falloff. The size difference between pediatric 
and adult patients is an important consideration as the differences between the nor-
mal tissues and target volumes are proportionally more narrow (Fig.  22.1 ). The small 
target volumes and required steep dose gradients to avoid normal tissues using IMRT 
introduce highly complex fl uence optimization problems to produce acceptable dose 
distributions. Lee et al. reported that “when the critical structures are relatively small 
compared with the PTV, dose reduction to critical structures is accompanied by infe-
rior scores in conformal coverage and homogeneity” [ 4 ]. However, improved colli-
mation systems with thinner MLCs [ 5 ], optimization of leaf motion in concordance 
with dose rate, and gantry speed for arc delivery, such as in volumetric modulated arc 
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  Fig. 22.1    Axial CT images of adult and pediatric patient treated with IMRT. Images are at the 
same scale ( orange bar ). Since the physical characteristics of the delivery hardware are indepen-
dent of the patient anatomy, adults benefi t from larger distances between targets and tissues at risk. 
In the upper right corner, there is a representative 5 cm dose falloff for an IMRT plan (6 MV fl at-
tening fi lter free, arc delivery, 2.5 mm MLC)       

therapy (VMAT) [ 6 ], can signifi cantly increase target coverage for even in the small-
est of targets, improve dose falloff, and generally reduce the delivery time, while 
decreasing the dose to adjacent normal tissue [ 7 ].  

 For treatment delivery, IMRT requires rigid immobilization devices which may 
include anesthesia and daily confi rmation of setup using image-guided radiation 
therapy (IGRT) to ensure the spatial accuracy of the treatment (Fig.  22.2 ). The addi-
tional procedures added to the already prolonged treatment times for static IMRT 
led investigators to query whether IMRT was practical in pediatric and young adult 
patients. Furthermore, motion compensation techniques such as breath hold and 
respiratory gating, allowing for beam-on timing to be controlled and correlated to 
the phase or amplitude of the patients breathing, were not deemed feasible for pedi-
atric cases. However, literature has shown that motion compensation is applicable 
for pediatric cases, at the expense of longer treatment times [ 8 ,  9 ]. Optimized simu-
lation workfl ows, improved anesthesia solutions, increased experience with IGRT 
and gating practices, and optimized IMRT plans with arc delivery technology [ 10 ], 
aided by the introduction of high-dose-rate clinical beams (≥10 Gy/min) [ 11 ], have 
the potential to reduce the end-to-end time in the treatment room for children, while 
reducing radiation exposure to normal tissues.  

 The therapeutic advantages of IMRT to conform therapeutic doses to the target 
volume while avoiding critical organs and normal tissues were rationale enough to 
study its feasibility in pediatric cases. In 2004, Penagaricano et al. reported their 
clinical experience treating fi ve pediatric malignancies using IMRT and indicated 
that the technique was a viable alternative to conventional 3D treatment [ 12 ]. In 
2006, Bhatnager et al. reported on their IMRT experience while treating 22 pediatric 
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  Fig. 22.2    IMRT process for 
pediatric patient with 
rhabdomyosarcoma of the 
nostril. ( a ) Treatment setup 
under full anesthesia; 
thermoplastic mask is used to 
immobilize the patient and 
the custom bolus, offering a 
high degree of positioning 
reproducibility. ( b ) Patient 
pretreatment MRI images are 
available for fusion to 
treatment planning CT to 
accurately delineate the span 
of the tumor and adjacent 
normal tissues. ( c ) Planning 
CT with dose distribution for 
VMAT delivery with 6 MV 
photons (target is delineated 
in red, with transparent red 
fi lling; also present right/left 
globes and corresponding 
3 mm expansions and optic 
nerves)       
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tumors involving different sites. Immediate benefi ts were observed in signifi cant 
dose reduction for OARs (6–42 % of the planned target dose) which was demon-
strated in the pituitary, brainstem, cochlea, optic nerves, and lens during intracranial 
irradiation. Spinal cord and parotid dose reductions of up to 50 % of the planned 
dose were observed in head and neck cases, while for pelvis treatments, the dose to 
the bladder, rectum, and small bowel was reduced by 22–63 % of the target dose 
[ 13 ]. In 2009, Sterzing et al. reported a single institution IMRT experience in chil-
dren, with long-term outcomes spanning 9 years, validating that local control was 
not compromised using IMRT in the pediatric population, and there was a signifi -
cant reduction in normal tissue exposure in the high-dose radiation volume [ 14 ]. 
Other observed clinical benefi ts of IMRT include fewer cutaneous and subcutane-
ous late effects such as pigment changes, hair loss, telangiectasia, and subcutaneous 
fi brosis. The signifi cant reduction in superfi cial dose to the cutaneous and subcuta-
neous regions has been demonstrated in dosimetric studies [ 15 ] and attributed to an 
increased number of incident beams, spreading dose over more skin area which 
inherently lowers the dose buildup in the superfi cial tissues. 

22.1.1     The Main Challenge: Extraneous Radiation Exposure 
of Normal Tissues 

 Extraneous dose is the unavoidable low dose radiation which the patient receives 
outside the planned target volume. In all radiation treatment modalities, including 
IMRT, normal tissues receive low dose radiation from head leakage, patient internal 
scatter, and collimator scatter sources (Fig.  22.3 ). The main disadvantage of IMRT 
is that a larger volume of unintended normal tissues are exposed to low dose radia-
tion as a result of higher monitor units with complex multi-fi eld plans and increased 
treatment times and greater neutron contamination for higher energy treatments 
[ 18 ]. Some authors argue that the extraneous low dose radiation may contribute to a 
higher rate of secondary malignancy(s). While the estimation of radiation-induced 
secondary malignancy(s) is an area of active research, radiation biologists have 
modeled risks for second malignancy(s) in the low dose region to be approximately 
“8 % per Gy probability for a fatal cancer to develop due to radiation above sponta-
neous incidence. An estimated 0.75–1 % of surviving patients would be expected to 
develop a second malignancy as a consequence of IMRT, approximately double the 
incidence of secondary malignancies due to conventional therapy” [ 19 – 22 ].  

 In addition to second malignancy(s), radiation-induced sequelae to radiosensi-
tive organs outside the radiation fi eld need to be considered. Organs/tissues which 
may be highly susceptible to extraneous low dose radiation include gonads, breast 
tissue, thyroid, and lens (infertility or sterility, cessation or abnormal growth, hypo-
thyroidism, cataracts) [ 23 ,  24 ]. Irreversible radiation-induced injury to the gonads 
can signifi cantly alter quality of life for childhood cancer survivors who desire an 
offspring later in life. Since the gonads are one of the most radiosensitive organs, 
even exposure to low dose radiation may inadvertently contribute to infertility or 
sterility [ 25 ]. Thyroid and lens are also very radiosensitive structures which can be 
affected by very low dose radiation. Breast tissue is highly susceptible to the 
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mutagenic effects of ionizing radiation in young females. The risk for breast cancer 
in Hodgkin’s lymphoma survivors who receive chest irradiation remains high even 
for patients treated with conformal techniques such as IMRT. Recent reports show 
that the majority of female childhood cancer survivors who receive low dose 
(median 14 Gy) radiation therapy to large volumes (e.g., whole-lung irradiation) 
have a signifi cantly elevated risk for developing breast cancer [ 26 ]. 

 While studies show that differences between IMRT and 3DCRT regarding 
peripheral extraneous doses received by gonads, thyroid, breast tissue, and lens in 
children and young adults are minimal [ 27 ], they should always be considered, cal-
culated, and/or directly measured for IMRT plans. Dose distributions therefore may 
infl uence clinical decisions where pediatric radiation oncologists may consider 
3DCRT versus IMRT to protect sensitive structures from the low dose irradiation. 
However, it is important to know that the overall absolute extra-target peripheral 
dose for the two modalities is infl uenced by different “competing” dominant effects 
(Fig.  22.3 ). For 3DCRT patient, internal scatter is larger resulting in higher out-of- 
fi eld doses closer to the target region, while with IMRT, there is an increased head 
leakage corresponding to higher peripheral doses far from the target region [ 28 ]. 
Therefore, the increased monitor units delivered with IMRT should not be treated as 
a single, accurate indicator of increased out-of-fi eld peripheral irradiation and sub-
sequent low dose exposure of normal tissues [ 28 ].  

  Fig. 22.3    Extraneous or out-of-fi eld dose has three sources (leakage, patient internal scattering, 
collimator scattering) and is defi ned as the dose that the patient receives outside the treatment fi eld. 
Leakage increases for IMRT delivery versus 3DCRT, the opposite is true for patient internal scat-
ter, while collimator scatter contribution is relatively constant as seen in the graph in the upper 
right corner (Data adapted from Ref. [ 16 ]). The out-of-fi eld dose is signifi cantly reduced using 
charged particles versus photons as indicated in the graph in the lower right corner (Data adapted 
from Ref. [ 17 ])       
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22.1.2     Strategies to Minimize the Out-of-Field Dose 

 Given the observed benefi ts of organ-/tissue-sparing capabilities of IMRT in the 
high-dose region, several strategies have been developed and demonstrated to mini-
mize the unintended out-of-fi eld dose from IMRT delivery. Using coplanar IMRT 
beams may be one technique to minimize the internal scatter dose. Kan et al. 
reported on fi ve cases with different pediatric malignancies in the head and neck 
planned with both coplanar and noncoplanar IMRT techniques. It was observed that 
peripheral doses were 1.8–2.5 times higher while using the noncoplanar beams 
[ 29 ]. Another technique to reduce out-of-fi eld dose is the removal of the fl attening 
fi lter, which removes a neutron contamination source associated with high-energy 
photons interacting in the fi lter, reduces head leakage, and reduces the delivery 
time. Cashmore et al. tested this hypothesis with a linear accelerator outfi tted with 
conventional (fl attened) and fl attening-fi lter-free modes. IMRT treatment plans for 
pediatric intracranial treatments were delivered to phantoms using both approaches. 
Measurements indicated a 23–70 % reduction in peripheral doses (from thyroid to 
gonads) using the fl attening-fi lter-free modes [ 30 ]. 

 The reduction in beam-on time (number of monitor units) is also a method to 
minimize out-of-fi eld peripheral doses. Besides signifi cantly increasing target cov-
erage and reducing the delivery time, VMAT delivery of IMRT plans has been 
shown to generally match or even reduce the treatment monitor units compared to 
conventional static fi eld IMRT plans [ 31 ]. In complex pediatric pelvic cases, VMAT 
reduced the treatment time by 78 % and monitor units by 25 % compared with stan-
dard IMRT as reported by Matuszak et al. [ 32 ]. The reduction in out-of-fi eld periph-
eral dose associated with the delivery and reduction in monitor units was as high as 
threefold for thyroid during pelvic irradiation [ 31 ]. There is a variety of commer-
cially available treatment planning systems, each offering optimization solutions 
that can be employed in reducing extraneous dose in pediatric patients. Attalla et al. 
reviewed current planning systems offering IMRT optimization. In this study, IMRT 
plans using step-and-shoot were designed for pediatric head and neck and CNS 
cases necessitating simultaneous integrated boosts. The authors observed that while 
three different commercial treatment planning systems were used to obtain opti-
mized IMRT plans achieving the same clinical objectives, using the same energy, 
number, and direction of beams, the resulting plan quality was not comparable. 
They found one system was superior producing more effi cient plans, fewer seg-
ments and MUs, shorter treatment delivery times, and better conformality [ 33 ]. 
Dose painting (DP), simultaneous integrated boost (SIB), and simultaneous modu-
lated accelerated radiotherapy (SMART) are planning techniques which allow 
highly customized, highly conformal dose distributions while treating multiple tar-
gets to different dose levels and sparing more normal tissue [ 34 ,  35 ]. 

 Due to its complex resulting spatial distributions of dose deposition and high gra-
dients between targets and adjacent normal tissues, IGRT is necessary when using 
IMRT. Even with anesthesia minimizing the risk for movement during treatment, the 
precision in executing the treatment plan relies on accurate alignment with daily in-
room verifi cation using kV imaging. The use of three-dimensional alignment using 
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cone beam computed tomography (CBCT) adds additional accuracy of setup 
 alignment, particularly in the head and neck region. Additionally, it aids in the deci-
sion as to whether replanning is necessary for tumors regressing during the course of 
treatment or for anatomical changes during the course of radiation such as rapid 
weight loss. The benefi t from frequent CBCT portal imaging must be carefully 
weighed against the risk for exposure to nontherapeutic ionizing radiation. Daily 
IGRT imaging doses should be recorded for the cumulative exposure above the pre-
scribed therapeutic dose [ 36 ]. The dose contribution from imaging is generally less 
than 2–3 % of the prescribed dose and is usually neglected from total dose summa-
tions [ 37 ]. However, for pediatric patients, sensitive structures such as the testes or 
ovaries may be affected if daily kV planar imaging or CBCT was to be used. For 
example, testicular doses from kV imaging can be 3–4 times higher than the actual 
incidental dose from pelvic irradiation treatments. Reducing the imaging fi eld of 
view to exclude the testes may signifi cantly decrease dose to this region [ 38 ,  39 ].  

22.1.3     Future Directions 

 While refi nements in delivery methods, increasing positional accuracy, and decreas-
ing delivery time are critical in minimizing extraneous radiation dose exposure in 
pediatric patients, the physics of photons’ interaction with tissue does not allow for 
complete avoidance of normal tissue exposure to low dose radiation. The pediatric 
oncology community has been investigating intensity modulated proton therapy 
(IMPT) as the step beyond IMRT in radiotherapy [ 40 ]. Many proponents of proton 
therapy to treat childhood cancer refer to the desirable beam characteristics which 
minimizes the out-of-fi eld dose (see Fig.  22.3 ). Protons, unlike photons, deposit 
most of their energy at the distal end of their range (Bragg peak). This implies prac-
tically nonexistent exit dose, while the entrance dose is lower compared to photon 
attenuation in tissue [ 41 ]. 

 There are two main delivery methods in proton therapy: passive scattering and 
spot scanning. Passive scattering employs beam scatterers to spread out the input 
beam laterally, metal apertures to collimate the beam, and range modifying devices 
to spread out the Bragg peak. In principle, passive scattering employs both beam 
energy and intensity modulation. However, IMPT refers to the second delivery 
method. Spot scanning, also referred to as pencil beam scanning or modulated scan-
ning, delivers the treatment layer by layer in raster format scanning a pencil beam 
using powerful magnets. Depth is changed by switching energy, hence changing the 
range of the protons. Modern delivery systems are increasingly effi cient, allowing 
for very quick delivery of dose even for large target volumes [ 41 ]. 

 The primary advantage that high-energy proton therapy has over photon therapy 
is reducing normal tissue dose [ 41 ]. Several studies have modeled the relative risk 
associated with normal tissue irradiation for both proton treatments and current 
state-of-the-art IMRT. Athar et al. reported that the potential organ-specifi c second 
cancer lifetime attributable risks would be from unintended internal scatter or leak-
age out-of-fi eld low dose irradiation from 6 MV IMRT and passive scattering proton 
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therapy. The modeling study included data from patients ranging in age from 9 
months to 14 years old and one adult and two treatment sites (brain and mid-spine). 
The lifetime attributable risk for developing a thyroid cancer after treatment to a 
brain lesion in a 4-year-old patient was estimated at 1.1 % for IMRT versus 0.3 % 
for proton therapy. The lifetime attributable risk for developing a bladder cancer 
after treatment to a mid-spine fi eld was estimated to be 0.2 % with IMRT and 0.02 % 
with proton therapy, suggesting a distinct advantage to proton beam especially with 
regard to organs at risk further away from the fi eld [ 42 ]. Lifetime attributable risks 
were also modeled to assess the risk for developing radiation-induced tumors within 
the path of the beam. Using whole-body phantoms for a 4- and 14-year-old child, 
plans were generated for optic glioma and vertebral body Ewing’s sarcoma. The 
lifetime attributable risks were modeled for these cases, and the results showed that 
the risks associated with proton therapy were lower by a factor of 2–10 in the case 
of protons [ 43 ]. In both cases, long-term follow-up is needed to confi rm the premise 
that proton beam therapy is associated with fewer radiation-induced secondary 
malignancy(s) [ 44 ]. 

 Greco et al. reviewed the current trends in proton therapy for children and con-
cluded that IMPT has the potential to “yield superior dose distributions to photon 
IMRT, with the added advantage of a signifi cant reduction in the volume of healthy 
normal tissues exposed to low-to-medium doses” [ 45 ]. Lomax et al. emphasized the 
versatility of scanning beam IMPT, where the individual Bragg peaks can be deliv-
ered from any fi eld and can be distributed in 3D throughout the target volume, pro-
viding an increasing amount of degrees of freedom for designing dose distributions 
when compared to IMRT or conventional proton therapy [ 46 ]. 

 There are problems to be solved with IMPT. The protons relative biological 
effectiveness (RBE) is spatially variable across the energy deposition curve and 
maximized at the Bragg peak [ 47 ]. Furthermore, the uncertainty in the range of 
protons in tissue is affected by imaging, patient setup, beam delivery, and dose cal-
culation techniques [ 48 ]. High-energy charged particles such as protons yield a sig-
nifi cant neutron spectrum in their interaction with the beam line components and 
the patients’ body, increasing the out-of-fi eld dose [ 49 ,  50 ]. A major hurdle to over-
come is that proton facilities are very costly to build and operate, limiting the feasi-
bility of using this modality in many places around the world.   

22.2     IMRT Clinical Applications by Tumor Type 

22.2.1     Central Nervous System Tumors 

22.2.1.1     Medulloblastoma 
 Medulloblastoma is the most common malignant childhood brain tumor, repre-
senting 15–20 % of all central nervous system (CNS) tumors, with the highest 
incidence in children between 4 and 7 years of age. The cerebellum is the most 
common site of origin, and there is a distinct propensity for cerebrospinal fl uid 
(CSF) dissemination. Metastatic disease at diagnosis occurs in approximately 
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30 % of patients; however, with aggressive therapy, two-thirds of the patients are 
long-term survivors [ 51 ]. 

 Craniospinal irradiation (CSI) with a boost to the primary site has long been part 
of the multimodality management, which includes surgery and chemotherapy. 
Conventional CSI therapy for standard risk medulloblastoma patients consists of 
3DCRT with two opposed lateral whole-brain fi elds matched to a posterior spine 
fi eld to comprehensively cover the CSF with doses as high as 36 Gy, followed by a 
selective boost to treat the entire posterior fossa (if primary site) using doses as high 
as 54 Gy [ 52 ]. This treatment is associated with severe signifi cant late effects includ-
ing trunk shortening (spine), severe ototoxicity (cochlea), xerostomia (parotid), per-
manent hair loss (scalp), endocrine (hypothalamic-pituitary axis), and neurocognitive 
effects (temporal lobes/hippocampus) [ 53 ]. Children’s Oncology Group (COG) 
protocols are testing the safety of reducing CSI doses and limiting boost target vol-
umes to the tumor bed plus a circumscribed margin. Further refi nement of the boost 
volumes using natural barriers to tumor spread such as bony calvarium or tentorium 
can further reduce boost target volumes. The optimal PTV volumes and doses for 
CSI and primary site boost for medulloblastoma have yet to be validated in prospec-
tive clinical trials. 

 Incorporating IMRT in CSI treatments results in higher conformality, dose 
homogeneity, and normal tissue sparing – primarily in the cochleae, temporal lobe 
and hypothalamic-pituitary tract but also organs in the beam pathway targeting the 
spinal CSF (the thyroid, heart, lung, esophagus, vertebral bodies, esophagus, stom-
ach, kidneys, liver, small bowel, and gonads). The feasibility of CSI-IMRT has been 
confi rmed by several investigators [ 54 – 58 ]. CSI-IMRT allows for a dosimetric 
match at the junction of cranial and spinal fi elds and increased dose homogeneity 
across the matched fi elds when compared to 3DCRT. Furthermore, there is signifi -
cant reduction in exposure to normal tissues while providing superior coverage of 
the craniospinal axis (Fig.  22.4 ). Further reduction in normal tissue exposure is 
reported with removing fl attening fi lters [ 59 ]. Enhanced reliability of setup with kV 
image guidance and using quicker delivery techniques such as VMAT delivery with 
high-dose rate beams reduce beam-on time while allowing for greater reliability of 
delivering the prescribed radiation dose [ 54 ,  60 ].  

 Long-term follow-up of patients is important to prove that highly conformal 
plans which limit dose to critical structures translate to objective clinical reduction 
in late effects. Severe ototoxicity resulting in hearing loss has been a signifi cant 
problem for children with medulloblastoma receiving radiotherapy, particularly 
when combined with cisplatinum-based chemotherapy. The boost dose to the poste-
rior fossa using 3DCRT results in doses to the cochlea surpassing the prescribed 
dose of 54 Gy. Studies using audiometric tests as indicators for reduction in grade 
3–4 hearing loss have been conducted in pediatric patients with brain tumors, 
including children with medulloblastoma treated with IMRT. A mean cumulative 
cochlear dose of less than 35 Gy is recommended after statistics indicated low inci-
dence of ototoxicity with doses of 30 Gy or less and increased at greater than 
40–45 Gy [ 61 – 63 ]. 
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 One of the most devastating effects of radiation therapy for medulloblastoma is 
impaired neurocognitive function, particularly for younger patients [ 64 ,  65 ]. 
Cumulative doses from standard 3DCRT to the entire posterior fossa result in sub-
stantial dose to the parietal, occipital, and temporal lobes, as well as the hypotha-
lamic-pituitary axis. IMRT boost to the primary tumor site after standard CSI 
signifi cantly reduces ototoxicities associated with 3DCRT techniques [ 66 ]. 
However, some have questioned whether this strategy may inadvertently increase 
the cumulative whole-brain doses due to the increased volume of exposure in the 
low dose range from the IMRT boost resulting in inferior neurocognitive outcomes. 
This hypothesis was tested by studying cognitive impairment in 25 patients with 
medulloblastoma treated with 3DCRT only versus IMRT used for the boost after 
standard CSI. There was no statistical difference between cohorts when assessing 
for long-term neurocognitive decline thus supporting the use of IMRT, which 
reduces normal tissues toxicities [ 21 ]. 

  Fig. 22.4    Craniospinal irradiation dose distribution comparison between IMRT delivery (VMAT) 
and 3DCRT for a prescription of 23.4 Gy, with 6 MV photons, for a supine patient. IMRT plan is 
much more conformal, while the 3DCRT is more uniform. Furthermore, the junction between the 
cranial and spinal fi eld is done dosimetrically with IMRT versus the classic dose feathering using 
match-moves in 3DCRT cases       
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 Studies have shown that the hippocampus, part of the temporal lobe, is involved 
with memory and is highly sensitive to radiation [ 67 ]. The degree of memory 
impairment associated with radiation therapy has been shown to be correlated to the 
mean hippocampal dose (relative to prescription dose). Investigators have system-
atically studied this using comprehensive standardized assessments of motor speed/
dexterity, verbal memory, visual perception, vocabulary, and visual-spatial working 
memory and found a direct positive correlation between neurocognitive dysfunction 
and the amount of dose received by the subventricular zone, hippocampus, temporal 
lobes, and cerebrum [ 68 ]. Hippocampal-sparing IMRT techniques are being intro-
duced into radiation therapy as a mechanism to minimize late neurocognitive 
effects. However, an unknown factor is whether this places patients at higher risk for 
relapse due to underdosing the adjacent ventricular system which may harbor tumor 
cells [ 69 – 72 ]. A specifi c detailed planning strategy is exemplifi ed in the studies by 
Gondi et al. for hippocampal-sparing whole-brain radiotherapy using IMRT [ 73 , 
 74 ]. Comparisons between 3DCRT and IMRT (standard and VMAT) have shown 
12–23 % reduction in dose to the hippocampus with IMRT techniques with a cor-
responding reduction in the calculated risk for memory impairment. Prospective 
pediatric clinical trials would be important to validate this technique in the treat-
ment of medulloblastoma. 

 Of note, in long-term follow-up of medulloblastoma patients, it is important to 
remember that transient imaging changes resembling leptomeningeal disease in the 
posterior fossa often occur on MRI surveillance specifi cally after IMRT boosts. To 
distinguish radiation-induced changes from recurrent disease, the timing of radia-
tion therapy and location of boost are important features for the radiologist to be 
aware of, as these radiographic fi ndings usually resolve within 6 months [ 75 ].  

22.2.1.2     Glioma 
 Pediatric gliomas are histologically indistinguishable from their adult counterparts. 
However, clinical behavior and locations differ in the pediatric age group. Low- 
grade gliomas in young children are usually pilocytic astrocytoma tumors and found 
along the optic nerves, brainstem, and cerebellum. In older children, diffuse astro-
cytoma tumors more commonly arise in the cerebellum followed by cerebrum, deep 
midline structures, optic pathway, and brainstem. Low-grade gliomas are frequently 
cured with surgery. Radiotherapy is selectively administered for unresectable or 
progressive low-grade gliomas with doses of 50–54 Gy. Long-term cures are pos-
sible; therefore, highly conformal margins with IMRT are recommended to mini-
mize late effects. A tight anatomically constrained expansion on the GTV (i.e., 
5 mm margin to CTV) has been recommended as failure patterns are typically in the 
high-dose volume [ 76 ,  77 ]. 

 Pediatric high-grade gliomas frequently occur in the brainstem where surgery is 
not feasible and prognosis is very poor. Radiation therapy is transiently effective but 
requires high doses of radiation therapy (59.4 Gy). The optimal margin for expan-
sion on the GTV when using IMRT has not been established, but 1–1.5 cm margin 
to CTV has been used with the option for boost after 45 Gy if resection is not 
feasible.  
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22.2.1.3     Craniopharyngioma 
 Craniopharyngioma is a tumor arising in the sellar or suprasellar region from rem-
nants of Rathke’s pouch with the highest incidence in the pediatric population 
occurring in those 5–14 years of age [ 78 – 80 ]. Radiation therapy is indicated for 
unresectable tumors, after partial resection, or recurrent disease. Doses of 54 Gy are 
prescribed using conformal margins for expansion on the solid and cystic compo-
nent of the tumor of 0.5–1 cm margin to the CTV [ 81 ]. Determining target volumes 
for craniopharyngiomas is challenging as these tumors are prone to change during 
radiation therapy because of cystic components which are frequently associated 
with these tumors. Since IMRT is reliant on strict margins around GTV, any change 
in the tumor volume may under-/overdose the tumor or adjacent normal tissues. 
Close surveillance during treatment with MRI, CBCT, and repeat planning is rec-
ommended to account for observed tumor volume fl uctuations, sometimes greater 
than 25 % [ 82 ].  

22.2.1.4     Ependymoma 
 Ependymoma arises from the lining of the ventricular system with the highest inci-
dence between 0 and 4 years of age, the fourth ventricle being the most common 
location. Postoperative radiation therapy is delivered after resection in selected 
patients with residual disease and/or high-grade tumors. Coverage to high doses 
(59.4 Gy) is frequently recommended for disease control as local recurrence is the 
predominant pattern of failure. Recommended margins for expansion include at 
most 1.5 cm margin for CTV from the operative bed and residual disease [ 83 – 85 ]. 
IMRT has been proven to increase the tumor control probability relative to 3DCRT 
and reduces dose to adjacent normal tissues. Given the possibility for daily image 
guidance and IMRT treatments, safe margin reductions to less than 1 cm have been 
recommended for future clinical trials to further minimization of normal tissue 
exposure [ 86 ]. 

 Radiation therapy for ependymoma tumors, as well as for other tumors in close 
proximity to the hypothalamic-pituitary axis, increases the risk for associated 
growth hormone defi ciency. Merchant et al. investigated the variation of growth 
hormone levels after radiotherapy in a cohort of children with ependymoma and 
demonstrated positive correlations between the time to develop growth hormone 
defi ciency and cumulative dose to the hypothalamus. The authors determined that 
cumulative mean hypothalamic doses of 16 Gy are associated with a 50 % risk of 
developing growth hormone defi ciency at 5 years [ 87 ]. Maximizing hypothalamic 
avoidance with IMRT delivery techniques is possible [ 88 ], inherently minimizing 
radiation therapy-associated growth defi ciencies.  

22.2.1.5     Germ Cell Tumors 
 Intracranial germ cell tumors (germinoma and non-germinomatous germ cell 
tumors) are rare, commonly occurring in the pineal and suprasellar region with a 
male preponderance. The role of IMRT for localized germinoma tumors is currently 
evolving toward limiting the extent of irradiation to the whole ventricular system, 
using doses in the range of 18–30.6 Gy followed by a conformal boost (23.4 Gy) to 

L. Million and M. Axente



455

the primary site [ 89 ]. Compared to 3DCRT, whole ventricular system IMRT reduces 
the volume of normal brain irradiated in the higher isodose range (25–100 % of the 
prescription dose) by 0.7–16 %, without increasing the volumes irradiated in the 
lower dose component (5–10 %) [ 90 ]. VMAT delivery of IMRT for whole ventricle 
treatments can be utilized for more complex treatment geometries, delivering dose 
faster, with fewer monitor units, at the expense of increased low dose exposure of 
the normal brain [ 91 ]. Non-germinomatous germ cell tumors are less sensitive to 
radiotherapy. Traditional CSI treatments and prescription doses of 36 Gy with a 
boost to the primary site (up to 54 Gy) continue to play an important role in the 
disease control [ 92 ].   

22.2.2     Sarcoma 

 Pediatric sarcomas comprise a diverse set of histologic subtypes occurring in chil-
dren from infancy to adolescence and occur in all anatomic locations. 
Rhabdomyosarcoma (RMS) accounts for approximately 50 % of pediatric sarco-
mas. Other sarcomas are broadly categorized under the umbrella term: non- 
rhabdomyosarcoma soft tissue sarcomas (NRSTS). Synovial sarcoma and malignant 
peripheral nerve sheath tumor (MPNST) are among the most frequent histologic 
subtypes of NRSTS seen in children and young adults. Unlike RMS where a com-
bination of surgery, chemotherapy, and radiation therapy remains the preferred 
treatment strategy, the surgery is the primary therapy for all NRSTS. Radiation 
therapy is selectively administered either postoperatively for high-grade tumors and 
positive margins or preoperatively for unresectable sarcomas or cases where radio-
therapy is indicated based on size, grade, or location of the tumor [ 93 ]. For RMS, 
radiation doses range from 36–50.4 Gy depending on the extent of surgical resec-
tion, whereas NRSTS require higher doses. IMRT is the treatment of choice in 
pediatric sarcomas in most locations to achieve dose conformality while limiting 
normal tissues exposure. 

 Lin et al. reviewed the COG experience on dosimetric differences between IMRT 
and 3DCRT and whether there is an effect on local control for intermediate-risk 
pediatric patients with RMS. While dose coverage was improved with IMRT, there 
were no statistical differences between the rates of control between the two modali-
ties [ 94 ]. Current pediatric oncology trials rely on multimodality imaging (MRI, 
PET-CT, or CT scans) obtained at the time of initial diagnosis to identify initial 
gross tumor volumes. Narrow margins are used for CTV expansion (1 cm) with a 
daily setup margin for uncertainty of 0.3–0.5 cm. Further refi nements of the target 
volume can include fi eld reduction to the post-induction chemotherapy volume for 
non-infi ltrative tumors, using natural barriers, such as bone and skin, to defi ne the 
limits of the CTV and shaping target volumes around critical structures that will 
surpass normal tissue dose constraints. Macdonald et al. reported on their experi-
ence with IMRT in the treatment of unresected pediatric head and neck RMS using 
limited margins and median doses of up to 50.4 Gy, with an option to reduce the 
treatment margins after an initial 36 Gy based on post-induction chemotherapy 
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imaging studies. This strategy proved to be successful, providing excellent local 
control (100 % at 3 years follow-up) with signifi cant normal tissue reductions par-
ticularly within the diffi cult-to-protect critical structures of the head and neck [ 95 ]. 

 The optimal volumes and prescription dose levels have yet to be defi ned for 
NRSTS. A recent COG phase III NRSTS trial suggests that postoperative doses of 
55.8 Gy for high-grade large tumors (>5 cm) yield very good local control for nega-
tive or microscopic positive surgical margins. In the preoperative setting, when 
combined with intensive chemotherapy, doses as low as 45 Gy have achieved excel-
lent local control [ 96 ]. Krasin et al. prospectively studied the use of smaller margins 
when using IMRT and IGRT for pediatric NRSTS. Results indicated that using 
2 cm anatomically constrained (bone, fascia) margins for CTV expansion on the 
GTV and an additional 0.4–1 cm for PTV expansion resulted in excellent local 
control at 3 years [ 97 ]. 

 Sequential cone-down approaches have been shown to be benefi cial for pediatric 
patients with sarcoma. IMRT planning for sequential boosts is a complicated pro-
cess, since adequate target coverage with respect to normal tissue protection needs 
to be achieved for different plans, while the composite doses still need to be accept-
able. This is a laborious process requiring a lengthy trial-and-error process or the 
use of complex optimization platforms [ 98 ]. DP and SIB are IMRT techniques 
which facilitate treatment of multiple target volumes to different prescription levels 
using the same number of fractions. This approach allows for better control of dose 
distribution by minimizing heterogeneity as compared to sequential cone-down 
techniques. The use of nonconventional dose per fraction has not been studied in the 
pediatric population. As fraction size has been demonstrated to be a critical radia-
tion parameter in contributing to undesirable late effects, altered fractionation 
schemes would need to be tested in controlled clinical trial. Memorial Sloan 
Kettering Cancer Center reported a novel IMRT treatment approach for pediatric 
patients with sarcomas involving the thoracic region. While concomitantly deliver-
ing whole-lung or hemithorax lung irradiation for lung metastasis, DP IMRT was 
employed to treat the primary site. The recorded dose per fraction to the lungs was 
low (0.55–0.88 Gy), while the primary site received 1.8 Gy per fraction. A general 
decrease in the mean dose to the esophagus (15 %), heart (31 %), spinal cord (15 %), 
and liver (19 %) was observed using the proposed DP technique compared to stan-
dard techniques, with no local failures [ 35 ]. 

 IMRT techniques are useful in the treatment of retroperitoneal sarcomas, which 
typically are aggressive, infi ltrative, and diffi cult to resect. Organs in the vicinity of 
the surgical resection site (the kidneys, liver, small bowel, rectum, bladder, bone, 
and gonads) have dose tolerances that are commonly diffi cult to meet with 
3DCRT. IMRT techniques allow for minimization of dose to these organs by maxi-
mizing conformity of the dose distribution and integrating motion compensation 
and SIB planning strategies [ 99 ]. Desmoplastic small round cell tumor is another 
aggressive pediatric sarcoma characterized by diffuse spread throughout the perito-
neal region in the abdomen and pelvis. Multimodality therapy frequently includes 
whole abdomen-pelvis irradiation (WAPI). MD Anderson reported on their 
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experience using WAPI IMRT as a technique to limit radiation dose to the bone 
marrow. A dose of 30 Gy was delivered postoperatively with some patients receiv-
ing a simultaneous boost (6–10 Gy) to sites of gross residual disease and showed 
that this technique lowered the dose to bone marrow containing regions by 25 % 
compared with 3DCRT [ 100 ]. 

 The value of IMRT in the treatment of extremity NRSTS has not been carefully 
studied. In postoperative radiotherapy, extremities are diffi cult to immobilize, and 
day-to-day setup geometry is complicated as extremities are prone to fl uctuations in 
size due to muscle atrophy from limb disuse and soft tissue swelling from postop-
erative seroma or lymphedema. Daily IGRT including CBCT allows for increased 
setup accuracy. In turn sharper dose distributions can be delivered without the risk 
of under-/overdosing: better joint protection, better control of dose to the femoral 
heads and neurovascular bundles, and dose sculpting around natural barriers such as 
bone. Radiation therapy dose to skin and subcutaneous tissue can be more carefully 
controlled as well. Reducing acute side effects such as radiation dermatitis or surgi-
cal wound-related complications [ 101 ,  102 ]. Long-term benefi ts of IMRT poten-
tially include preventing joint fi brosis, reducing the risk of avascular necrosis of the 
femoral head, protecting skin to minimize subcutaneous fi brosis and lower extrem-
ity edema, and reducing the risk for bone fracture [ 102 ].  

22.2.3     Other Select Pediatric Tumors 

22.2.3.1     Nasopharynx Carcinoma 
 Nasopharynx carcinoma is a rare occurrence in children and adolescents. High 
doses of radiation (>60 Gy) are used to treat the primary site. As cervical lymph 
nodes are often involved with carcinoma, the planning target volumes for these 
treatments are large, frequently encompassing both sides of the neck, which contrib-
utes to serious radiation-induced late effects [ 103 ]. SIB and DP, as used in adult 
head neck cancers, are IMRT strategies used to limit normal tissue exposure while 
ensuring local control; however, they are not incorporated in clinical trials due to the 
altered dose per fraction in the high-dose target volume. The prescription dose lev-
els need to be carefully considered for acute and late effects. For example, in a ret-
rospective study of 34 pediatric and young adults patients (ages 8–20 years) treated 
with SIB-IMRT, it was observed that for prescription levels of 64–68 Gy, high- 
grade late effects only occurred in two patients for grade 3 ototoxicity (<10 %), with 
no observed grade 4 toxicities [ 104 ]. A different pattern was observed in the simi-
larly treated cohort (ages 10–17 years) with all patients experiencing grade 3–4 
acute and long-term toxicities for prescription dose levels of 61–66 Gy [ 105 ]. While 
the latter study involved only fi ve patients, implying the possibility of a sampling 
bias in the chosen patient population, the compromise between achieving therapeu-
tic doses proven in the adult population and the possibility of radiation-associated 
complications and late effects needs to be further studied in the pediatric 
population.  
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22.2.3.2    Neuroblastoma 
 Neuroblastoma is a childhood tumor arising from the neural crest cells. It occurs at 
locations related to the distribution of the sympathetic nervous system (the neck, 
chest, abdomen, and pelvis). Multimodality treatment strategies involving chemo-
therapy, surgery, and, in advanced cases, stem cell transplant have been proven effec-
tive [ 106 ]. The role of radiation therapy is limited for this disease. However, for 
high-risk neuroblastoma, a common indication is low dose radiation therapy (20–
30 Gy) to the primary tumor site and sometimes metastatic locations, specifi cally 
after autologous myeloablative stem cell transplant. The adrenal gland is the most 
frequent primary site, and IMRT is effi ciently used to protect the adjacent kidney(s) 
and liver. Some patients will have to undergo a nephrectomy procedure; therefore, 
limiting dose to contralateral kidney is critical. Narrow expansion margins (1.5–2 cm) 
are used to limit doses to bone marrow containing regions and small bowel. 

 Due to the proximity to the diaphragm, respiratory motion should be accounted 
for using techniques such as 4D-CT for planning and respiratory gating. St. Jude 
Children’s Research Hospital has reported on their experience using IMRT with 
motion compensation and daily IGRT for pediatric patients with neuroblastoma. 
The addition of CBCT guidance for treatment setup reproducibility was demon-
strated to reduce setup uncertainty from >5 mm to less than 2 mm. Daily alignment 
and highly conformal IMRT dose distributions allowed for margin reduction in 
these cases, inherently reducing the volume of irradiated normal tissue which 
resulted in signifi cant reduction in acute toxicity, while for short follow-up, there 
were no skeletal asymmetry and no abnormal liver presentations nor any kidney 
dysfunctions [ 107 – 110 ].  

22.2.3.3    Wilms’ Tumor 
 Wilms’ tumor is a highly curable pediatric kidney tumor commonly occurring at a 
very young age. Approximately 15 % of patients will present with metastatic dis-
ease, lung involvement being the most common site. COG treatment protocols 
selectively incorporate whole-lung irradiation for patients presenting with meta-
static disease to the lungs. As Wilms’ tumor is highly curable even in advanced 
stages, many of these patients have been followed over 3-4 decades. Cardiovascular 
injury [ 111 ] has been increasingly seen as a late effect after a whole-lung irradiation 
despite the low doses delivered (12 Gy). Cardiac-sparing whole-lung irradiation 
techniques have been reported using IMRT in patients with Wilms’ tumor showing 
superior dose distributions with signifi cant reduction of dose to the heart [ 112 ].       
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