IMAGE-GGUIDED

RADIOTHERAPY OF

LLUNG CANCER

Edited by
James D. Cox
Joe Y. Chang

Ritsuko Komaki

informa




IMAGE-(GUIDED
RADIOTHERAPY OF
LUNG CANCER






IMAGE-(GUIDED
RADIOTHERAPY OF
L.UNG CANCER

Edited by

James D. Cox

The University of Texas M.D. Anderson Cancer Center
Houston, Texas, USA

Joe Y. Chang

The University of Texas M.D. Anderson Cancer Center
Houston, Texas, USA

Ritsuko Komaki

The University of Texas M.D. Anderson Cancer Center
Houston, Texas, USA

informa

healthcare

New York London



Informa Healthcare USA, Inc.
52 Vanderbilt Avenue
New York, NY 10017

© 2008 by Informa Healthcare USA, Inc.
Informa Healthcare is an Informa business

No claim to original U.S. Government works
Printed in the United States of America on acid-free paper
10987654321

International Standard Book Number-10: 0-8493-8783-3 (Hardcover)
International Standard Book Number-13: 978-0-8493-8783-8 (Hardcover)

This book contains information obtained from authentic and highly regarded sources. Reprinted material is quoted with
permission, and sources are indicated. A wide variety of references are listed. Reasonable efforts have been made to publish
reliable data and information, but the author and the publisher cannot assume responsibility for the validity of all materials or
for the consequence of their use.

No part of this book may be reprinted, reproduced, transmitted, or utilized in any form by any electronic, mechanical, or other
means, now known or hereafter invented, including photocopying, microfilming, and recording, or in any information storage
or retrieval system, without written permission from the publishers

For permission to photocopy or use material electronically from this work, please access www.copyright.com (http://www.
copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC) 222 Rosewood Drive, Danvers, MA 01923, 978-750-
8400. CCC is a not-for-profit organization that provides licenses and registration for a variety of users. For organizations that
have been granted a photocopy license by the CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used only for
identification and explanation without intent to infringe.

Library of Congress Cataloging-in-Publication Data

Image-guided radiotherapy of lung cancer / edited by James D. Cox, Joe
Y. Chang, Ritsuko Komaki.
p.; cm.

Includes bibliographical references and index.

ISBN-13: 978-0-8493-8783-8 (hardcover : alk. paper)

ISBN-10: 0-8493-8783-3 (hardcover : alk. paper) 1. Lungs-Cancer—
Radiotherapy. I. Cox, James D. (James Daniel), 1938- II. Chang, Joe Y.
III. Komaki, Ritsuko.

[DNLM: 1. Lung Neoplasms-radiotherapy. 2. Radiotherapy, Computer-
Assisted—methods. WF 658 1305 2007]

RC280.L81445 2007
616.99'42407572-dc22 2007017085

Visit the Informa Web site at
www.informa.com

and the Informa Healthcare Web site at
www.informahealthcare.com



Preface

Lung cancer is the leading cause of cancer death in the
United States and the world. The five-year survival
rate for all lung cancer patients over the past 20 years
was around 15%. Approximately 15-20% of non-—
small cell lung cancer (NSCLC) patients present with
stage I/Il disease that is considered surgically
resectable. However, most patients present with
locally advanced disease requiring combined modal-
ity treatment including radiotherapy. In addition,
patients with stage I/II NSCLC who cannot tolerate
surgical resection due to co-morbidity are treated with
definitive radiotherapy. For conventional radiother-
apy, local control has been reported to be around
30-50% for stage I/II disease and 30% for stage IIL
Uncontrolled loco-regional disease is a major source
for continuous seeding to distant organs and causes
eventual treatment failure and cancer death.
Eradication of loco-regional disease is an essential
step for cure. There are three main reasons for local
failure after radiotherapy: 1) geographic misses due
to inadequacy of imaging tools for staging and
radiotherapy planning; 2) respiratory tumor motion
during radiotherapy; and 3) inadequate radiation
dose due to concerns of significant toxicity. Novel
approaches to improve radiotherapy in lung cancer
are urgently needed.

The recent development of image-guided
radiotherapy (IGRT) has introduced a new era
of radiotherapy for lung cancer. PET/CT has been
shown to improve targeting accuracy in 25-50% of
cases, and 4-dimensional CT scanning has helped to

individualize patients’ radiotherapy based on tumor
motion. Intensity modulated radiation therapy
(IMRT) may allow us to escalate radiotherapy dose
without increasing toxicity. Stereotactic body radia-
tion therapy (SBRT) has opened the door to achieving
higher than 90% local control by focused, hypofrac-
tionated, high biologically equivalent dose of radio-
therapy. Proton radiotherapy may hold promise for
lung cancer due to its physical characteristics that lead
to high and conformal dose distribution in the tumor
while reducing the entrance dose and stopping the
beam distal to the target. These novel approaches
were considered experimental just a couple of years
ago. However, because of the potentially significant
improvement in clinical outcome and accumulating
clinical data, they are beginning to become standard
treatment for lung cancer at major cancer centers.

In this book, we focus on novel approaches using
IGRT, particularly PET/CT, 4-D CT, gated radio-
therapy, stereotactic body radiation therapy, IMRT,
and proton radiotherapy in lung cancer. We provide
our recommended dose, fractionation, target volume
delineation, treatment techniques, and normal tissue
tolerances. Our intention is to provide disease stage-
specific treatment guidelines and step-by-step techni-
ques so that radiation oncologists may incorporate
these new techniques into their clinical practice.

James D. Cox
Joe Y. Chang
Ritsuko Komaki
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INTRODUCTION

Lung cancer is the most common cancer world-
wide and accounts for the most cancer-related deaths
(1). The United States 2006 cancer statistics (2) showed
that lung cancer is the second most common cancer
for men and women but the number one cancer killer
in both sexes. The most common lung cancer is
non-small cell lung cancer (NSCLC), which accounts
for 80% of all lung cancer cases. The 5-year survival
rate of patients with lung cancer in the United States
is only 15% according to the Surveillance,
Epidemiology, and End Results program. Early
diagnoses and more effective treatments are urgently
needed.

Radiotherapy is crucial in the treatment of lung
cancer and is required in 40% of patients with lung
cancer. The poor outcome of lung cancer radiotherapy
is caused by three major problems:

1. Geographic miss: The target is missed because of
inadequate imaging and poor target delineation.
Positron emission tomography/computed tomo-
graphy (PET/CT) provides a more accurate image
for stage and target delineation and has been re-
ported to change the management of NSCLC, in-
cluding target delineation in 25-50% of cases.

2. Tumor motion: Lung cancer moves during and
between radiotherapy. If tumor motion is not
considered, the target is missed and normal
tissues are overexposed to radiation.

3. Inadequate radiation dose: We know that current
standard doses are not high enough to achieve good
local control. Dose escalation improves local control
and possibly survival. However, toxic effects

associated with dose escalation are significant,
particularly when concurrent chemotherapy is
given.

Image-guided radiation therapy (IGRT) allows
more accurate tumor targeting and reduces toxic effects.
IGRT with radiation dose escalation/acceleration may
significantly improve the clinical outcome for patients
with lung cancer. With the advancement of new
systemic therapy, particularly molecular targeting
therapy with a low occurrence of toxic effects, the
combination of IGRT with novel systemic therapy may
begin a new era for lung cancer management.

Recent innovations in imaging technology have
changed the management of lung cancer, including
screening, determining stage, designing radiotherapy
regimens, and evaluating treatment response. IGRT,
particularly in lung cancer, has been actively inves-
tigated, and preliminary data have demonstrated its
efficacy in improving targeting accuracy and reducing
toxic effects. In this chapter, we discuss image-guided
lung cancer screening, staging, and combined modal-
ity management and follow-up of NSCLC.

NSCLC CLINICAL PRESENTATION AND
PATTERNS OF SPREAD

Carcinoma of the lung is among the most insidious of
all neoplasms. Some patients present with an asymp-
tomatic lesion discovered incidentally by chest
radiography or CT. Most lung cancers, however, are
discovered because of the development of a new or
worsening clinical symptom or sign. Although no set
of signs or symptoms is pathognomonic for lung
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cancer, the signs and symptoms may be divided into
three categories based on progression or spread
pattern: those due to local tumor growth and intra-
thoracic spread; those due to distant metastases; and
those that are due to systemic effects, or paraneo-
plastic syndromes. Lung cancer may spread via
hematogenous routes or locally within the lymphatics.
In most cases, lymph node metastases seem to occur
earlier than distant hematogenous spread. When
patients present with symptoms or signs, the disease
has usually reached an advanced stage, and thus, the
chance of cure is much lower than it would have been
if the disease had been detected earlier. Therefore,
early diagnosis is crucial to improve clinical outcome.

IMAGE-GUIDED LUNG CANCER SCREENING

Efforts to detect lung cancers in earlier stages through
screening programs had been unsuccessful until
recently (3,4) partly because imaging technology has
improved over the past two decades. Recently, the
International Early Lung Cancer Action Program
Investigators (5) reported the results of their large,
collaborative, 12-year lung cancer screening study
using spiral CT. Of 31,567 symptomatic participants at
high risk of lung cancer, 484 were found to have lung
cancer, which was of clinical stage I in 85% of cases.
The estimated 10-year survival rate was 88% for all
patients and 92% for the patients who underwent
surgical resection within 1 month after diagnosis. The
investigators concluded that annual spiral CT screen-
ing can detect lung cancer while it is still curable and
that this procedure is cost effective (5).

The National Lung Screening Trial (NLST),
sponsored by the National Cancer Institute (NCI), is
a randomized controlled trial (6) to test whether low-
dose CT scanning can reduce lung cancer mortality in
asymptomatic individuals. The subjects are being
randomly selected to undergo screening with low-
dose CT or chest X-ray. The NLST will enroll 50,000
heavy smokers (and former heavy smokers who quit
within 15 years before randomization) at high risk of
lung cancer who are 55-74 years old. Participants will
undergo an initial screening and two subsequent
annual screenings and will be observed for at least
4.5 years. Final analyses are expected in 2009 (6).

IMAGE-GUIDED DIAGNOSTIC AND
STAGING WORKUP

Determination of stage is important for therapeutic
decisions and prognoses. Careful initial diagnostic
evaluation to localize the disease and determine the
extent of primary and metastatic tumor involvement
is critical for patient care and radiotherapy treatment

planning. Staging procedures include recording the
patient’s medical history, performing a physical
examination, evaluating routine laboratory tests, and
performing a chest X-ray and chest CT scan with
contrast. The CT scan should extend inferiorly to
include the upper abdomen and adrenal glands.

Additional tests such as bone scans and CT or
magnetic resonance imaging of the brain may be
performed if initial assessments suggest metastases,
or they may be performed for patients with stages
II-III disease who are under consideration for
aggressive local and combined modality treatments.
Mediastinoscopy or endobronchial ultrasound guided
biopsies (EBUS) of mediastinal lymph nodes is
considered standard if accurate evaluation of the
nodal status is needed to determine therapy.

Radiologic Image Modality: CT and PET/CT

The wider availability and use of fluorodeoxyglucose
positron emission tomography (FDG-PET) for staging
has led to its use in evaluating mediastinal lymph
nodes and distant metastases (43). The combination of
CT scanning and PET scanning has greater sensitivity
and specificity than CT scanning alone, and PET
scanning should be considered a standard staging
procedure. A prospective trial studied the effect of
FDG-PET on disease staging for 102 patients with
NSCLC. The investigators found that for the detection
of mediastinal metastases, FDG-PET alone yielded a
sensitivity of 91%, a specificity of 86%, a negative
predictive value of 95%, and a positive predictive
value of 74%, as compared with CT scanning alone,
which had a sensitivity of 75% and a specificity of
66% (7). False-positive results were often caused by
the presence of benign inflammatory disease, such as
abscesses and active granulomatous diseases.
Treatment-induced hypermetabolic inflammatory
changes also may lead to difficulty in differentiating
between treatment effects and those of the residual
tumor. False-negative results have occurred primarily
in tumors with a low-glucose metabolism (carcinoid
and bronchioloalveolar carcinoma) and in small
tumors, owing to the limited spatial resolution of
current PET scanners. For patients with clinically
operable NSCLC, a biopsy of the mediastinal lymph
nodes is recommended for nodes in which the
shortest transverse axis is >1.0cm as shown on a
chest CT scan or for nodes positive on an FDG-PET
scan. Biopsy with mediastinoscopy or EBUS is
necessary for the detection of cancer in mediastinal
lymph nodes when the results of the CT scan and
FDG-PET do not corroborate each other. In addition,
FDG uptake by cancer cells revealed on PET scans has
been shown to have independent prognostic value in
newly diagnosed NSCLC and will help clinician to
individualized patient management (8-10).
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Table 1 TNM Descriptors®

Primary tumor (T)

TX  Primary tumor cannot be assessed, or tumor proven by the presence of malignant cells in sputum or bronchial washes
but not visualized by imaging or bronchoscopy

TO  No evidence of primary tumor

Tis  Carcinoma in situ

T Tumor 3cm or less in greatest dimension, surrounded by lung or visceral pleura, without bronchoscopic evidence
of invasion more proximal than the lobar bronchus?® (i.e. not in the main bronchus)

T2  Tumor with any of the following features of size or extent: more than 3cm in greatest dimension; involves main
bronchus, 2cm or more distal to the carina; invades the visceral pleura; associated with atelectasis or obstructive pneumonitis
that extends to the hilar region but does not involve the entire lung

T3  Tumor of any size that directly invades any of the following: chest wall (including superior sulcus tumors), diaphragm, mediastinal
pleura, or parietal pericardium; or tumor in the main bronchus less than 2cm distal to the carina, but
without involvement of the carina; or associated atelectasis or obstructive pneumonitis of the entire lung

T4  Tumor of any size that invades any of the following: mediastinum, heart, great vessels, trachea, esophagus, vertebral
body, or carina; or tumor with a malignant pleural or pericardial effusion,® or with satellite tumor nodule(s) within the ipsilateral
primary tumor lobe of the lung

Regional lymph nodes (N)

NX  Regional lymph nodes cannot be assessed

NO  No regional lymph-node metastasis

N1 Metastasis to ipsilateral peribronchial and/or ipsilateral hilar lymph nodes, and intrapulmonary nodes involved by direct extension
of the primary tumor

N2  Metastasis to ipsilateral mediastinal and/or subcarinal lymph node(s)

N3  Metastasis to contralateral mediastinal, contralateral hilar, ipsilateral or contralateral scalene, or supraclavicular
lymph node(s)

Distant metastasis (M)

MX  Presence of distant metastasis cannot be assessed

MO  No distant metastasis

M1  Distant metastasis®

#The uncommon superficial tumor of any size with its invasive component limited to the bronchial wall, which may extend proximal to the main bronchus,
also is classified T1.

®Most pleural effusions associated with lung cancer are the result of tumor. However, there are a few patients in whom multiple cytopathologic examinations
of pleural fluid are negative for tumor. In these cases, the fluid is nonbloody and is not an exudate. When these elements are clinical judgment dictate that the
effusion is not related to the tumor, the effusion should be excluded as a staging element and the patient should be staged T1, T2, and T3. Pericardial effusion

is classified according to the same rules.

©Separate metastatic tumor nodule(s) in the ipsilateral nonprimary tumor lobe(s) of the lung are also classified M1.

Abbreviation: TNM, tumor, node, metastasis.
Source: From Ref. 69.

Staging

The American Joint Committee on Cancer has adopted
the tumor, node, metastasis (TNM) classification, orig-
inally proposed by Mountain et al. (11), which is based
primarily on surgical findings. This staging system,
which was adopted by the American Joint Committee on
Cancer and the International Union Against Cancer in
1997, was recently revised (Tables 1 and 2 and Fig. 1)
(12,13). The staging system serves as a guide for
treatment modality and prognosis.

Pathologic Classification and Prognostic Factors
The histologic classfication of lung tumors was revised
in 1999 and in 2004 (Table 3). The histologic types are
based on analysis by light microscopy and by standard
staining techniques. The four major types are squamous
cell carcinoma, adenocarcinoma, large-cell carcinoma
(collectively known as NSCLC and reflecting 90% of
cases), and small-cell undifferentiated carcinoma.
Prognostic factors for patients with lung cancer can
be classified by patient-, tumor-, and treatment-specific

variables. In the V.A. Lung Group Protocols, Stanley (14)
evaluated 77 prognostic factors in approximately 5000
patients with inoperable carcinoma of the lung. The three
most important prognostic factors affecting survival
were patient-specific variables: performance status
(Karnofsky score), disease stage, and weight loss. It is
generally believed that squamous cell carcinoma has the
best prognosis, followed by adenocarcinoma and undif-
ferentiated large-cell carcinoma. Until recently, undiffer-
entiated small-cell carcinoma had the poorest prognosis,
but that prognosis has improved since the advent of more
aggressive combined modality treatments.

COMBINED MODALITY MANAGEMENT OF NSCLC

In patients with NSCLC, the most important prognos-
tic factor is tumor stage. This factor largely determines
treatment. Surgery is the standard treatment for
patients with stage I or II tumors and for selective
patients with stage III tumors who can tolerate surgery.
Neoadjuvant or adjuvant therapy is recommended for
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Table 2 Stage Grouping: TNM Subsets

Stage TNM subset

Stage 0 Carcinoma in situ

Stage 1A T1 NO MO

Stage 1B T2 NO MO

Stage IIA T1 N1 MO

Stage 1IB T2 N1 MO T3 NO MO

Stage IlIA T3 N1 MO T1 N2 MO
T2 N2 MO T3 N2 MO

Stage 11IB T4 NO MO T4 N1 MO T4 N2 MO
T1 N3 MO T2 N3 MO T3 N3 MO
T4 N3 MO

Stage IV Any T, any N, any M

Abbreviation: TNM, tumor, node, metastasis.
Source: From Ref. 69.

many patients with stage II or III disease. Only about
20% of all patients with lung cancer are suitable
candidates for curative surgery. The use of combined
modality therapy including radiotherapy and chemo-
therapy is recommended for locally advanced stage I1I
disease. Patients with stage IV disease receive chemo-
therapy, palliative radiotherapy, or supportive therapy
alone. Patients with histologically documented unre-
sectable or medically inoperable stages I-III NSCLC
are evaluated for undergoing definitive radiotherapy
with or without chemotherapy. If there are pressing

Brachiocepﬁalic
(innominate) a,

N

Azygos v.

12, 13,;14R

-' f pulm. ||gt

symptomatic needs for palliation, such as significant
obstruction of a major airway, severe hemoptysis,
superior vena cava obstruction, painful bony meta-
stases in the weight-bearing areas, or symptomatic
brain metastases, the initial treatment is radiotherapy
with or without chemotherapy. If a patient has
evidence of disseminated disease and there is no
pressing need for radiotherapy, the approach includes
consideration of systemic chemotherapy or supportive
therapy alone if the patient’s general condition is not
suitable for systemic chemotherapy.

Ligamentum
arteriosum

L. pulmonary a.

Figure 1 Regional nodal stations for lung cancer staging. N2 nodes include stations 1-9. N1 nodes include stations 10—-14.
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Table 3 WHO Lung Cancer Classification

|.  Epithelial tumors
A. Benign
1. Papillomas
2. Adenoma
B. Dysplasia/carcinoma in situ
C. Malignant
1. Squamous cell carcinoma
a. Spindle cell variant
2. Small-cell carcinoma
a. Oat cell carcinoma
b. Intermediate cell type
c. Combined oat cell carcinoma
3. Adenocarcinoma
a. Acinar
b. Papillary
c. Bronchioalveolar
d. Solid carcinoma with mucin formation
4. Large cell carcinoma
a. Giant cell carcinoma
b. Clear cell carcinoma
5. Adenosquamous carcinoma
6. Carcinoid tumor
7. Bronchial gland carcinoma
8. Others
Il.  Soft-tissue tumors
Ill.  Mesothelial tumors

A. Benign
B. Malignant
IV. Miscellaneous tumors
A. Benign
B. Malignant

V. Secondary tumors
VI. Unclassified tumors
VII. Tumor-like lesions

Abbreviation: WHO, World Health Organization.
Source: From Ref. 70.

SURGICAL RESECTION AS A DEFINITIVE
TREATMENT FOR NSCLC

Stages | and 1l NSCLC

Surgical resection with mediastinal lymph node
dissection or sampling has been considered standard
treatment for operable stage I or Il NSCLC. The Lung
Cancer Study Group reported a randomized com-
parison of an anatomic lobectomy versus a limited
(wedge or segmental) resection for peripheral T1
pulmonary carcinomas (15). The locoregional recur-
rence rate was three times greater in the limited
resection group (17%) than in the lobectomy group
(6%). In the lobectomy group, there was a survival
benefit for patients with tumors larger than 3 cm (15).
For this reason, an anatomic lobectomy is recommen-
ded in patients who are able to tolerate the procedure.
The average 5-year survival rate for patients with
stage I NSCLC is approximately 65% (range 55-90%).
The average 5-year survival rate for patients with
stage II disease was 41% (range 29-60%) (13,16).

Stage 11l NSCLC

Approximately 25-40% of patients with NSCLC have
stage III disease. Of these, approximately one-third
present with potentially resectable disease, stage IIIA
(T1-3 N2, T3 N1). The median survival duration for
all patients with stage IIIA (clinical or surgical stage)
disease treated with surgical resection alone is
12 months, and the 5-year survival rate is 9-15%.
Within the stage IIIA subset, however, survival rates
vary widely (13,16).

Patients with clinical (preoperative) NO or N1
disease but pathologic (postresection) N2 disease
survive longer than patients with clinical N2 disease.
If patients have N2 disease at diagnosis, combined
modality management is generally recommended,
and participation in clinical trials is encouraged.
Patients with stage IIIB disease are not considered
candidates for surgical resection except for those with
selective T4 tumors involving the carina and the
superior vena cava, aorta, or atrium or those with
satellite lesions in the same lobe and having limited
vertebral involvement. However, special expertise in
this type of surgery is required, and combined
modality treatment is recommended.

Patients with stage II disease and lymph node
involvement (T1 N1 and T2 N1) who have low 5-year
survival rates (25-50%) after surgical resection alone
and those with stage III disease who have a very low
5-year survival rate might benefit from neoadjuvant
therapy. At M.D. Anderson Cancer Center, 60 patients
with stage III NSCLC were randomized to undergo
either neoadjuvant chemotherapy (three cycles of
cyclophosphamide, etoposide, and cisplatin) and
then surgery or surgery alone originally reported in
1994 (17). An update of the analysis with a median
potential follow-up of 82 months, showed 36% 5-year
survival for the neoadjuvant chemotherapy group
compared to 15% for the surgery alone groups which
retained statistical significance (P < 0.05). Rosell and
et al. (18) of Barcelona reported similar result in their
randomized study.

A trial approach similar to those mentioned for
stage IIIA disease was also reported by Rusch et al.
(19), who administered neoadjuvant treatment consist-
ing of cisplatin plus etoposide and concurrent irradi-
ation, followed by surgery, to 51 patients with stage
MIB NSCLC [a subset of patients from a Southwest
Oncology Group (SWOG) protocol]. Thirty-two pa-
tients (63%) underwent resection of the primary tumor;
the operative mortality rate was 5.2%. The 2-year
survival rate for the total group of 51 patients was 39%.
Most of the recurrences were distant. This study
demonstrated the feasibility of such an approach in
patients with advanced disease (19).

To study the issue of surgical resection after
induction chemoradiotherapy, the SWOG conducted a
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phase II trial of induction concurrent chemotherapy,
cisplatin, and etoposide with thoracic radiotherapy
(TRT) in 74 patients with biopsy-proven stage IIIA (IN2)
NSCLC. Study results suggested that this approach
may improve patient survival with reasonable toxic
effects. Median survival duration was 13 months, the
2-year survival rate was 37%, and the 3-year survival
rate was 27%. The median survival duration of the
patients who had pathologic complete response of
nodal disease was 30 months, while that of patients
with residual nodal disease was 10 months (P = 0.0005).

On the basis of the results from that study, the
NCI had launched a phase III multicenter trial for
patients with biopsy-proven N2 disease and poten-
tially resectable NSCLC (NCI Protocol INT 139).
Patients were stratified by performance and T statuses
and were randomized to receive induction chemo-
radiotherapy (45 Gy) followed by surgery or concur-
rent chemotherapy and definitive radiotherapy
(61Gy). All patients received an additional two
courses of chemotherapy (20). The data showed a
significantly greater progression-free survival rate
for the trimodality arm. Survival curves were super-
imposed through year 2 and then separated. By year 5,
an absolute survival benefit of 7% favored the surgery
arm [odds ratio =0.63 (0.36, 1.10), P = 0.10]. Subgroup
analysis revealed better survival for patients who
underwent a lobectomy than patients who underwent
definitive chemoradiotherapy (P=0.002). However,
trimodality therapy was not optimal when a pneumo-
nectomy was required because of the high risk of
death associated with pneumonectomy. Finally, NO
status at surgery significantly predicted a higher
5-year survival rate than patient had positive lymph
node. The authors suggested that surgical resection
after chemoradiotherapy can be considered for fit
patients when lobectomy is feasible (20).

The optimal regimen for induction treatment for
N2 disease remains investigational. The Radiation
Therapy Oncology Group (RTOG) is conducting a
phase III study to compare induction chemotherapy
with induction chemoradiotherapy followed by surg-
ical resection in pathologically proven N2 NSCLC.

ADJUVANT THERAPY

Postoperative Radiotherapy

In general, postoperative radiotherapy (PORT) is
indicated in incomplete resections (close or positive
margins) or positive mediastinal metastases (N2).
PORT is currently contraindicated in patients with
stage I completely resected disease, concluded a recent
PORT meta-analysis (21). Data for stage II and higher
disease neither support nor refute the use of PORT
(because the hazard ratio error bars include 1.0),
although PORT clearly improves regional control.

The Lung Cancer Study Group conducted a random-
ized study (22) to evaluate PORT in patients with
completely resected stages II and IIIA squamous cell
carcinoma of the lung. Only patients with hilar (N1) or
mediastinal (N2) lymph node metastasis were in-
cluded in the study. Patients in the adjuvant radiation
arm were treated to 50 Gy in 5 weeks. No difference in
overall survival was detected. However, patients who
received radiation had reduced local recurrence rates
(3% vs. 41%), especially patients with N2 disease.

Adjuvant chemotherapy

A meta-analysis in 1995 compared surgery alone with
surgery followed by cisplatin-based chemotherapy.
This study included eight trials and 1394 patients, and
showed a 13% reduction in the risk of death in the
chemotherapy group, suggesting that adjuvant chemo-
therapy afforded an absolute survival benefit of 5% at
5 years (P=0.08). This was not affected by patient
gender, performance status, age, or tumor histologic
subtype (23). The International Adjuvant Lung Trial
(24) included 1867 patients who underwent random-
ization either to receive three or four cycles of adjuvant
cisplatin-based chemotherapy or to undergo observa-
tion. The investigators concluded that cisplatin-based
adjuvant chemotherapy prolonged survival in patients
with completely resected NSCLC (24). The National
Cancer Institute of Canada’s JBR10 study (25) reported
a survival benefit of 15% at 5 years, and the Cancer and
Leukemia Group B (CALGB) 9633 study (26) reported
a benefit of 12% at 4 years. With longer follow-up, the
CALGSB trial no longer shows a benefit for adjuvant
chemotherapy although there is a significant difference
in favor of adjuvant chemotherapy in disease-free
survival. In the Adjuvant Navelbine International
Trialist Association trial (27), an 8% survival benefit was
observed in the adjuvant chemotherapy arm.
Furthermore, a Japanese meta-analysis (28) of 2003
patients randomized in six trials of uracil-tegafur showed
a 5% survival benefit at 7 years, confirming the results of
the Japanese Lung Cancer Research Group study (29).
Supplementing surgery for NSCLC with chemotherapy
(either adjuvant or neoadjuvant) is becoming the stand-
ard of care, and standardization, optimization, and
individualization of this approach is expected soon
(30,31). However, with the reanalysis of the CALGB
trial, none of the studies show benefit for stage IB
patients, so this remains an area for further investigation.

DEFINITIVE RADIOTHERAPY FOR
INOPERABLE NSCLC

Stage /1l NSCLC
Patients with stage I or Il NSCLC who cannot undergo
surgery because of their lung function, cardiac
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function, bleeding tendency, or other comorbid con-
ditions or who refuse surgery should be considered
for definitive radiotherapy. Results of retrospective
studies suggest better results in patients with tumors
smaller than 3 cm, in patients with excellent perform-
ance status, and in those given radiation doses of
60 Gy or more. Dosoretz and colleagues (32) reported
that rates of distant metastasis were correlated to the
size of the primary tumor. Incidences of metastasis in
3 years were 8% for cases with tumors smaller than
3cm, 27% for tumors measuring 3-5cm, and 50% for
tumors larger than 5cm. They reported that the local
control rates at 3 years were 77% for 4-cm lesions and
48% for those larger than 4cm (32). As would be
expected, the intercurrent death rates in patients
with inoperable stage I or II NSCLC are quite high.
Cause-specific survival was more descriptive of
tumor control in the medically inoperable population
but was poorly documented because of a lack of
systematic image follow-up (32).

In most previous studies, conventional fractio-
nated radiotherapy (60-66 Gy in 1.8- or 2-Gy fractions)
was used, with reported 5-year local control and
overall survival rates ranging from 30-50% and
10-30%, respectively (32,33). Several studies (32-35)
have reported a benefit from dose escalation, suggest-
ing a dose-response relationship in both survival and
local control in these patients. Because early stage
NSCLC is not inherently a systemic disease from
diagnosis and because local control is poor after
conventional radiotherapy, research measures to
improve survival should put significant emphasis on
improving local tumor obliteration. To make sure the
target volume is adequately covered, tumor motion
during and between radiotherapy treatments should
also be taken into consideration (see Chapter 4 for
details). Image-guided hypofractionated stereotactic
body radiotherapy (SBRT) with an escalated biological
effective dose has been shown recently to achieve
higher than 90% local control rates and improved
survival. SBRT may become a standard of treatment
for medically inoperable stage I NSCLC (see Chapter 6
for details).

Stage 111 NSCLC

Definitive radiotherapy alone

Most patients registered for radiotherapy have locore-
gionally advanced lung cancer (stage IIIA or IIIB) that
is inoperable. Combined modality treatment includ-
ing definitive radiotherapy and chemotherapy has
been considered standard for this group of patients.
Definitive radiotherapy consists of a minimum dose
of 60-75Gy to the gross disease and 50 Gy to micro-
scopic disease with standard fractionation (1.8 or
2 Gy/fraction). A minimal tumor dose of 60Gy has

been considered standard for the past 20 years.
However, the optimal dose and regimen remain
unclear. We know that the local control rate when
60 Gy is used in stage III NSCLC is only about 30%,
and a higher dose is required to improve local control
and survival. However, dose escalation is limited by
its toxic effect. Image-guided three-dimensional con-
formal radiotherapy (3DCRT) and the recently devel-
oped intensity-modulated radiotherapy (IMRT) and
proton therapy for lung cancer may allow further
dose escalation with tolerable toxic effects (see
Chapter 7 for details).

Conventional dose and fractionation

Current radiotherapy doses (60Gy given in single
daily fractions of 2 Gy) for patients with unresectable,
locally advanced NSCLC (stages IIIA and IIIB) were
established by RTOG 73-01 (36). In that study,
375 patients with inoperable or unresectable stage 111
(T1 N2, T2 N2, T3 NO, T3 N1, or T3 N2) NSCLC
(squamous cell carcinoma, adenocarcinoma, or large-
cell undifferentiated carcinoma) were randomized
to receive a dose of 40-Gy split-course dose of radia-
tion or a 40-, 50-, or 60-Gy dose in a continuous
course with daily doses of 2 Gy. At 2-3 years, survival
rates were 15% and 20% for patients treated with
50 and 60 Gy, respectively, compared with 10% for
patients in the 40-Gy groups (P =0.10). After 4 years,
survival was comparable in all groups (4-6%). In
patients treated with 40 Gy, the rates of intrathoracic
failure were 44% and 52% compared with 33-45% in
those treated with 50 or 60Gy. The incidences of
distant metastasis as detected by clinical or radio-
graphic examination were 75-80% in all groups (37).
In patients surviving 6-12 months, a statistically
significant increase in survival was noted when the
intrathoracic tumor was controlled. Patients treated
with 50-60Gy and showing tumor control had a
3-year survival rate of 22% versus 10% if they had
intrathoracic tumor failure (P =0.05) (38).

Radiation dose escalation and acceleration

From basic principles advocated by Fletcher (39),
doses in the range of 80-100Gy are required to
sterilize the tumors frequently treated in patients
with bronchogenic carcinoma. There are two funda-
mental problems with the delivery of such doses in
lung cancer: the high rate of distant metastases (the
major contributor to tumor-related mortality) and the
toxic effects to normal thoracic organs. To improve
survival rates for this population, the RTOG set out in
1983 to reduce local failures by administering in-
tensified radiotherapy regimens in a second dose-
escalation trial (40,41). Hyperfractionation regimens
(1.2 Gy twice daily) were used to decrease toxic effects
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to normal tissue. Five radiation doses were tested: 60,
64.8, 69.6, 74.4, and 79 Gy. The best results were seen
in a cohort of patients with good performance
(Karnofsky performance status score >70 and weight
loss <50%) who received 69.6 Gy; the 1-year survival
rate was 58%, and the 3-year survival rate was 20%
(40,41).

Saunders et al. (42) reported the results of a
multicenter European trial in which continuous,
hyperfractionated, accelerated radiotherapy was com-
pared with standard radiotherapy for NSCLC.
Patients randomized to the experimental arm received
36 fractions of 1.5 Gy/fraction given as three fractions
per day for 12 consecutive days, for a total dose of
54 Gy. The control arm received 2 Gy/fraction to 60 Gy
over 6 weeks. Both 1- and 2-year survival rates were
improved with the intensive radiotherapy course.
There was no difference reported in acute and late
toxic effects between the groups (43).

In an Eastern Cooperative Oncology Group
(ECOG 4593) phase-II hyperfractionated, accelerated,
radiotherapy trial (44), 30 patients were treated with
1.5- to 1.8-Gy fractions three times per day for 16 days,
for a total dose of 57.6 Gy. This protocol called for no
treatments to be given on weekends. At the 19-month
analysis, the median survival time was 13 months
and the 1-year survival rate was 57% (44). This
regimen is being compared with standard radio-
therapy (60 Gy over 6-7 weeks) by ECOG in a phase
II trial.

A trial from the Netherlands (45) intensified
the radiation delivered by using a concomitant-
boost technique. Thirty-three patients with inoperable
NSCLC were treated with 60Gy in 20 fractions in
25 days. Fifteen patients received 40Gy in 2-Gy
fractions to the primary tumor and a part of the
mediastinum, and 18 patients received the same dose
to the primary tumor and the whole mediastinum.
During each session, a simultaneous boost of 1 Gy was
administered to the primary tumor. Moderate acute
toxic effects to the esophagus were observed in seven
of 33 patients (21%) and severe late toxic effects were
seen in one patient (3%). After a mean follow-up of
14 months, 17 patients (52%) had local tumor control,
13 (39%) developed a confirmed local recurrence
within the treated area, and three (9%) had suspected
tumor regrowth (45).

The RTOG recently completed a phase II dose-
escalation study (RTOG 9311) (46). Patients were
treated with either radiation alone or radiation
following neoadjuvant chemotherapy. 3DCRT was
planned with target volumes limited to the gross
tumor volume plus a margin. Because the study was
designed to find the maximum tolerated radiation
dose, the total volume of normal lung treated deter-
mined the dose. Patients with smaller lung volumes

irradiated were treated to higher doses according
to the escalation schema. Total doses ranged from
709 to 903Gy for the small-volume group and
70.9-77.4 Gy for the large-volume group. The daily
fraction size was 2.15Gy. RTOG 9311 showed that
acute toxic effect rates were acceptable for the dose
up to 90.3Gy (rate less than 15% for grade 3 and
above pneumonitis and no esophagitis). However,
late toxic effects were more pronounced. Late grade
3 and above radiation pneumonitis occurred at a rate
of 15% for patients with a V20 <25% treated to dose
levels of 77.4Gy or above with a fraction size of
2.15Gy. For patients with a V20 of 25-37%, grade
3 and above late pneumonitis occurred at a rate
of 15% for the doses of 70.9Gy or higher. The late
grade 3 and above esophagitis occurred in less
than 7% of the patients. The rate of late esophagitis
was not directly correlated with doses, but it may
have been related to the volume of esophagus
treated (46).

University of Michigan investigators performed
a dose-escalation trial that included 106 patients with
stages I-III NSCLC treated with 63-103 Gy in 2.1-Gy
fractions using 3DCRT (47). Targets included only the
primary tumor and any lymph nodes >1 cm. Eighty-
one percent of the patients received no chemotherapy.
The median survival was 19 months. Multivariate
analysis revealed that weight loss (P=0.011) and
radiation dose (P =0.0006) were significant predictors
of overall survival. The 5-year overall survival rates
were 4%, 22%, and 28% for patients receiving
63-69 Gy, 74-84Gy, and 92-103 Gy, respectively.
Radiation dose was the only significant predictor
when multiple variables were included (P=0.015).
They concluded that higher-dose radiation is associ-
ated with improved outcomes in patients treated
within the range of 63-103 Gy.

Altered fractionation and/or dose escalation
remain investigational for stage III NSCLC. Because
lung cancer has a high occurrence of distant meta-
stasis (>50%) and is particularly affected by tumor
motion during radiotherapy (>50% of tumors move
more than 5mm), chemotherapy and image-guided
radiotherapy play an important role in the manage-
ment of NSCLC.

Definitive chemoradiotherapy

Conventional radiotherapy alone resulted in a me-
dian survival time of 10 months and a 5-year survival
rate of 5%. To improve the outcome of treatment,
chemotherapy was added to radiotherapy. Chemo-
therapy and radiotherapy can be delivered sequen-
tially or concurrently. The most well-known trial,
reported by the CALGB (48), compared standard
radiotherapy to 60Gy to sequential cisplatin and
vinblastine chemotherapy for two cycles followed by
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radiotherapy to 60Gy. Median survival times and
5-year survival rates were superior for the chemo-
radiotherapy arm (13.8 vs. 9.7 months, 19% vs. 7%,
respectively) (48).

These results led the RTOG to conduct a three-
arm trial (RTOG 88-08) comparing standard radio-
therapy, sequential chemoradiotherapy (CALGB
regimen), and 69.6-Gy hyperfractionated radiother-
apy (40,49). Sequential chemoradiotherapy was
statistically superior to standard and hyperfractio-
nated radiotherapy.

Dillman et al. (50) later reported that a retro-
spective quality-control review of the CALGB trial
identified 23% of cases in which portal films failed to
completely encompass the tumor. Two-dimensional
radiotherapy, not modern IGRT, was used for radio-
therapy planning in all these trials. Further efforts to
improve local control and decrease distant metastasis
has led investigators to pursue additional strategies,
including concurrent cisplatin-based chemotherapy
with radiotherapy, combined chemotherapy and
hyperfractionated radiotherapy, and new chemother-
apeutic agents combined with radiotherapy.

Schaake-Koning et al. (51) compared radio-
therapy alone with radiotherapy plus daily cisplatin
or weekly cisplatin. There was no difference in
distant failure rates between the groups with or
without cisplatin. However, the survival rate in the
radiotherapy-plus-cisplatin group was 54% at 1 year,
26% at 2 years, and 16% at 3 years, compared with
46%, 13%, and 2% in the radiotherapy-alone group
(P =0.009). Therefore, this study showed that a gain in
local tumor control seems to have translated into
increased survival time.

Furuse et al. (52) compared patients receiving
two cycles of mitomycin, vindesine, and cisplatin
given every 28 days concurrent with split-course
radiotherapy (total dose of 56Gy) with patients
receiving two cycles of mitomycin, vindesine, and
cisplatin followed by continuous radiotherapy (total
dose of 56 Gy). The concurrent treatment yielded an
improved 5-year survival rate compared with the
sequential treatment. A subsequent report demon-
strated that the difference in survival was attributed
to better intrathoracic tumor control in the patients
receiving concurrent treatment (53).

The RTOG (RTOG 9410) (54) conducted a three-
arm randomized trial to analyze whether the con-
current delivery of cisplatin-based chemotherapy
with TRT improves survival compared with the
sequential delivery of these therapies for patients
with locally advanced, unresected stages II-III
NSCLC. The sequential therapy consisted of cisplatin
(P, 100 mg/m?) and Vib (5mg/m?) followed by 60 Gy
of radiation. The concurrent treatment used the same
chemotherapy with 60 Gy of radiation beginning on

day 1 of chemotherapy (CON-QD RT). The third
treatment was concurrent P (50mg/m?) and oral
etoposide (50 mg) with 69.6 Gy of radiation in 1.2-Gy
BID fractions beginning on day 1 (CON-BID RT). For
the 595 analyzable patients, the acute grade 3-5
nonhematologic toxic effect rates were higher with
concurrent therapy than sequential therapy, but late
toxic effect rates were similar (18-27%). With mini-
mum and median follow-up times of 4.0 and 6.0 years,
the median survival times and 4-year survival rates
were 14.6 months and 12% for patients receiving
sequential treatment, 17.1 months and 21% for
patients receiving CON-QD RT, and 15.2 months
and 17% for patients receiving CON-BID RT. The
CON-QD RT group had better survival times and
rates than the sequential group (P =0.046).

That trial (54) demonstrated that the concurrent
delivery of cisplatin-based chemotherapy with TRT
conferred a greater long-term survival benefit than
did the sequential delivery of these therapies. The
locoregional failure rates were 50% for patients
receiving sequential treatment, 43% for patients
receiving CON-QD RT, and 34% for patients receiving
CON-BID RT. The rate of acute toxic effects were
higher in the CON-BID RT group (68% grade 3 and
above) than in the CON-QD RT group (48% grade 3
and above). There was no significant difference in late
toxic effects and survival between these two groups.
However, the rate of radiotherapy in-field failure was
lower in the CON-BID RT group than in the CON-QD
RT group. The higher rate of toxic effects in the CON-
BID RT group may explain its lack of a survival
benefit. In RTOG 9410 (54), radiotherapy was based
on two-dimensional planning, which is usually
associated with higher toxic effect rates.

A third trial (55) comparing concurrent with
sequential chemoradiotherapy reported in 2001 and
updated in 2005 also explored the use of consolidation
chemotherapy. In this phase III trial from France, 205
patients were assigned to receive two cycles of
cisplatin plus vinorelbine followed by 66Gy of
radiation or cisplatin/etoposide and concurrent radi-
ation to 66 Gy followed by two cycles of consolidation
chemotherapy with cisplatin and vinorelbine. Local
control rates were improved with the concurrent
regimen (40% vs. 24%), and the median survival times
and 4-year survival rates were numerically superior
(but not statistically superior) in the concurrent arm of
the trial (16.3 vs. 14.5 months and 21% vs. 14%,
respectively). However, the incidence of grade 3
esophagitis was significantly higher in the concurrent
arm (32% vs. 3%), and the toxic effects-related death
rates were high in both arms (9.5% in the concurrent
arm and 5.6% in the sequential arm).

These three phase III trials consistently demon-
strated longer survival times for patients receiving
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Table 4 Concurrent and Sequential Chemoradiotherapy for Inoperable Stage Il NSCLC

Median survival time Survival rate, Esophagitis,

Trial Number of patients (months) % (years) % (Gr. 3-4)
S C S C S C
Furuse et al. (52) 314 13.3 16.5 8 16 (5) 4 23
Curran et al. (54) 400 14.6 171 12 21 (4) 5 26
Fournel et al. (55) 205 14.5 16.3 14 21 (4) 3 32

Abbreviations: C, concurrent; S, sequential.

concurrent chemoradiotherapy, and this difference
was significant in two of the three trials (Table 4). On
the basis of these results, concurrent chemoradiother-
apy has been the standard of care since 2001. It is
important to note that toxic effects are significantly
more common with concurrent chemoradiotherapy
than with sequential chemoradiotherapy.

In RTOG 9410 (54), the locoregional failure rate
after concurrent chemoradiotherapy was still around
34-43%. To improve the local control rate, three
groups (RTOG, NCCTG, and the University of
North Carolina) (56-58) have separately performed
radiation dose-escalation trials for patients with
inoperable stage III NSCLC and reported results
supporting the safety of 74 Gy. University of North
Carolina (58) conducted a phase I/II dose-escalation
clinical trial using high-dose 3DCRT (60-74 Gy) for
inoperable stage IIIA/IIIB NSCLC with induction
chemotherapy followed by concurrent chemoradio-
therapy. They reported a 3-year survival rate of 36%
and a 13% locoregional relapse rate as the only site of
failure. For patients who finished radiotherapy, the
3-year survival rate was 45%. No grade 3 or higher
toxic effects to the lung were reported; 8% of the
patients developed grade 3/4 esophagitis.

The same group is conducting a higher dose-
escalation study using up to 90 Gy of radiation (58,59).
At 90Gy of radiation, cases of broncho-esophageal
fistula, bronchial stenosis, and fatal pulmonary
hemoptysis have been reported, although the inci-
dence still has been very low. One hundred twelve
patients have been accrued; the median follow-up
time is 4.9 years for surviving patients. The median
survival was 24 months (range, 18-31 months). The
1-, 3-, and 5-year overall survival rates were 69%
(range 60-77%), 36% (range 27-45%), and 24%
(range 16-33%), respectively. Distant metastasis was
still the major failure.

Because of the promising local control, good
survival data, and acceptable toxic effects obtained
using 3DCRT to doses of 74Gy with concurrent
chemotherapy, RTOG is planning a phase III study
to compare conventional radiotherapy to 64-Gy with
3DCRT to 74Gy, both administered concurrently
with weekly paclitaxel and carboplatin in patients

with stage IIIA/B NSCLC. IGRT will be strongly
recommended for the study. IMRT will be allowed if
tumor motion is taken into consideration. Consolidat-
ion chemotherapy will be required.

Newer chemoradiotherapy regimens

The most commonly used chemoradiotherapy combi-
nation consists of carboplatin and paclitaxel (Taxol) or
cisplatin and etoposide (VP-16). Selected phase II
trials (60,61) using paclitaxel, an inhibitor of normal
microtubule function, and carboplatin have reported
encouraging results. Paclitaxel has been shown to
arrest cells in G2/M phase, the most radiosensitive
phase of the cell cycle. The early response rates and
survival rates appear promising in patients with
unresectable stage III NSCLC. The reported grade 3
or 4 esophagitis and pneumonitis rates approach
26-46% and 17-22%, respectively, when chemother-
apy is used concurrently with radiotherapy (60,61).

Other systemic therapies being tested in clinical
trials include docetaxel (Taxotere®), vinorelbine
(Navelbine®), gemcitabine (Gemzar®), and irinotecan
(Camptosar®). In 2001, the CALGB (60) completed a
three-arm randomized phase II study testing combi-
nations of gemcitabine/cisplatin, paclitaxel/cisplatin,
and vinorelbine/cisplatin with concurrent radiother-
apy to 66Gy. The results indicated the feasibility of
administering chemotherapy concurrently with these
newer chemotherapeutic agents. However, caution
is advised when gemcitabine is delivered concur-
rently with radiation because it enhances tissue
radiosensitivity.

The concept of administering a possibly non-
cross-resistant chemotherapeutic agent following the
completion of concurrent chemoradiotherapy was exa-
mined in a recent SWOG study (63). In this multi-
institutional single-arm phase II study, 71 patients
with unresectable stage IIIB NSCLC were treated
with cisplatin and etoposide concurrently with TRT
followed by three cycles of docetaxel (75-100 mg/m?*
given every 3 weeks) (63). The median survival time
was an impressive 27 months, and the projected
3-year survival rate was 47%. On the basis of these
promising results, SWOG investigators now are
conducting a phase III study comparing this regimen
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(cisplatin, etoposide, and radiation followed by three
cycles of docetaxel) with an identical regimen fol-
lowed by maintenance therapy with ZD 1839 (Iressa),
a specific inhibitor of epidermal growth factor
receptor (EGFR) tyrosine kinase.

The role of induction chemotherapy followed
by concurrent chemoradiotherapy or concurrent
chemoradiotherapy followed by consolidation chemo-
therapy remains investigational. Belani et al. (64)
reported a multi-institutional randomized phase II
study for locally advanced NSCLC. Patients were
randomized to receive two cycles of induction
paclitaxel (200mg/m? and carboplatin (AUC = 6)
followed by 63 Gy of radiation (arm 1), two cycles of
induction paclitaxel (200 mg/mz)/carboplatin
(AUC=6) followed by weekly paclitaxel (45mg/
m?)/carboplatin (AUC =2) with concurrent TRT
(63.0Gy) (arm 2, induction/concurrent) or weekly
paclitaxel (45mg/m?)/carboplatin (AUC =2)/TRT
(63.0Gy) followed by two cycles of paclitaxel
(200 mg/m?)/carboplatin (AUC=6; arm 3, concur-
rent/consolidation). The data indicated that concur-
rent weekly paclitaxel, carboplatin, and TRT followed
by consolidation chemotherapy seemed to be con-
ferred the best outcome, although this schedule was
associated with more toxic effects than the other
schedule.

Molecular targeting and molecular markers

Several targeted therapies or biologic agents are
undergoing extensive evaluation in patients with
NSCLC. Some of these agents are administered orally
and have a very favorable toxicity profile. If proven to
be active, these agents alone or in combination with
chemotherapy and/or radiotherapy could signifi-
cantly affect the outcome of patients with NSCLC.
Several new agents that target specific receptors or
receptor tyrosine kinases now have become available
for clinical research. The most promising among them
is a class of compounds that target the EGFR or rec-
eptor tyrosine kinases. Agents that target EGFR or
receptor tyrosine kinases have been studied recently
in metastatic NSCLC. Randomized phase II/III
studies have been completed recently with ZD 1839
(Iressa) and erlotinib (Tarceva). The preliminary data
showed that erlotinib was associated with a trend
toward improved progression-free and overall sur-
vival. Cetuximab (C225), an antibody against EGFR,
has been recently investigated for its role in con-
current chemoradiotherapy by RTOG. Bevacizumab
(Avastin) is a recombinant monoclonal antibody that
blocks vascular endothelial growth factor. On the
basis of phase II/III clinical trials, the ECOG (ECOG
4599) recommends bevacizumab in combination with
paclitaxel and carboplatin as a new treatment for
patients with stage IV nonsquamous NSCLC.

Biological markers particularly for apoptosis
pathway (such as p53 polymorphisms), EGF receptor
mutation and DNA repairing function have been
shown to predict clinical outcome in lung patients
treated with concurrent chemoradiotherapy and/or
molecular therapy (65-67). Recently, correlation study
of International Adjuvant Lung Cancer Trial showed
that Patients with completely resected NSCLC and
excision repair cross complementation group 1
(ERCC1) negative tumors appear to benefit from
adjuvant cisplatin-based chemotherapy, whereas pa-
tients with ERCC1-positive tumors do not (68). We
predict that molecular markers will guide our future
combined modality treatment of NSCLC and will also
identify patients who need radiation dose escalation
for tumor control due to radiation resistance or
need radiation dose reduction to normal tissues
due to intrinsic radiation sensitivity. Combination of
IGRT and molecular markers will help us to individu-
alize patient management and further improve
therapeutic ratio of combined modality treatment in
NSCLC.

SUMMARY

Image-guided lung cancer screening (such as spiral
CT) has the potential to detect curable early-stage
lung cancer. PET/CT imaging has improved the
accuracy for lung cancer staging, treatment triage,
radiotherapy target delineation, and therapeutic eval-
uation. It has not only changed the management of
lung cancer, but has also provided an imaging tool to
predict clinical response and possible survival.

For operable stage I/1I NSCLC, lobectomy and
mediastinal lymph node dissection/sampling have
been considered standard treatment. For stage III
operable NSCLC, combined modality therapy includ-
ing neoadjuvant or adjuvant chemotherapy and/or
radiotherapy should be considered. Recent studies
have confirmed a survival benefit from adjuvant
chemotherapy in NSCLC after surgical resection,
and such a regimen has become standard treatment
for resected stage II/III NSCLC. PORT is indicated for
patients with close or positive margins and/or
resected N2 disease. The role of neoadjuvant chemo-
therapy or chemoradiotherapy in stage III NSCLC is
being actively investigated.

Medically inoperable stage I/II NSCLC should
be treated with definitive radiotherapy with or with-
out adjuvant chemotherapy. The conventional dose of
60-66 Gy is too low to achieve higher than 50% local
control, so dose escalation is required. SBRT with a
high biological effective dose may become standard
treatment and improve local control and overall
survival for this group of patients. Combined modal-
ity treatment is needed for locally advanced stage III
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NSCLC. Concurrent chemoradiotherapy has been
considered standard therapy for this group of
patients. The role of neoadjuvant or adjuvant chemo-
therapy in this setting remains controversial. For the
past decades, the standard radiation dose for treating
stage III NSCLC has been about 60 Gy. However, the
median survival time associated with that dose is

10-17 months even with concurrent chemoradiother-
apy. The optimal dose for stage III NSCLC is being
actively investigated.

IGRT allows potential dose escalation with
tolerable toxicity for both stages I and III NSCLC by
improved targeting that could be translated into better
local control and survival.
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Guidelines and Techniques for Image-Guided
Radiotherapy for Non-Small Cell Lung Cancer

Joe Y. Chang

Department of Radiation Oncology, University of Texas M.D. Anderson Cancer Center, Houston, Texas, U.S.A.

Lung cancer is the leading cause of cancer death in
both men and women in the United States and the
world (1), with non-small cell lung cancer (NSCLC)
accounting for nearly 80% of all cases. Of patients who
present with stage I/1I disease, 25% have tumors that
could be completely resected surgically; some of these
patients, however, cannot tolerate a surgical proce-
dure because of medical comorbidities and require
definitive radiotherapy. About 50% of patients with
NSCLC present with locally advanced (stage III)
disease and require multimodality treatment, includ-
ing radiotherapy. Even with concurrent chemotherapy
and radiotherapy, however, the median survival time
for such patients is low. For example, the survival
duration for patients with locally advanced stage III
disease who were enrolled in the Radiation Therapy
Oncology Group (RTOG) 94-10 trial was only 15-17
months, with 5-year survival rates of 13-16%; 43% of
those patients developed regional failure, and 45%
developed distant metastases (2). Patients with stage
IV disease may need palliative radiotherapy.

Radiotherapy for lung cancer has evolved from
two-dimensional (2D) treatment (RTOG 94-10) to
three-dimensional conformal radiotherapy (3D-CRT),
and then to image-guided four-dimensional (4D)
radiotherapy, which takes into consideration the
motion of organs during treatment. The challenge of
these rapidly changing technologies is designing
radiotherapy to achieve the maximal therapeutic ratio.

It is well known that radiation oncologists’
preferences in doses, targeting delineation, treatment
margin determination, and radiation delivery vary
substantially. It is also recognized that using poor
treatment techniques results in high levels of toxicity
and/or missed target areas or underdosing. This wide
variation in techniques and the serious adverse effects
that can result explain the very poor clinical outcome
seen frequently in patients with NSCLC who undergo
radiotherapy.

However, a “standard” radiotherapy for patients
with NSCLC has been evolving. At The University of
Texas M.D. Anderson Cancer Center, we developed

guidelines and techniques for using image-guided
radiotherapy that were based on the findings from our
recent research studies and from those of other studies
in the literature. This chapter discusses the role of
radiotherapy in NSCLC and current guidelines and
techniques for the determination of doses and fraction
sizes and treatment design, particularly in target
volume delineation and tumor motion consideration.

3D AND 4D RADIOTHERAPY

With the advent of 3D-CRT, the traditional 2D portals,
target volumes, and beam arrangements have been
questioned. Because of high local failure rates
reported for patients with NSCLC, one goal of 3D-
CRT is to increase the dose delivered to the gross
tumor and/or to minimize the dose to normal tissues.
3D-CRT has important advantages over 2D treatment
in tumor and normal tissue delineation, image
segmentation and display, accurate dose calculation,
and the ability to manipulate beam geometry and
weighting through the forward planning process.
The importance of improved target delineation
cannot be overemphasized. Once patients are immobi-
lized and undergo computed tomography (CT) in the
treatment position, the radiation oncologist can delin-
eate the tumor and adjacent tissues in three dimen-
sions, choose beam angles to maximize tumor coverage
and/or minimize doses to normal tissues, alter beam
weighting, and perhaps alter couch angles for non-
coplanar beam delivery. 3D-CRTalso enables the fusion
of complementary imaging modalities such as positron
emission tomography (PET) for delineating tumors or
single-photon emission CT (3) for choosing beam
angles. Clinical data have indicated that compared
with 2D radiotherapy, 3D-CRT improves local control
and survival in patients with early-stage NSCLC (4).
One major obstacle to target delineation has been
respiration-induced target motion, or intrafractional
tumor motion, which can add considerable geomet-
rical uncertainty to the radiation treatment (5,6). Such
motion requires enlargement of the treatment field
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portals to cover the excursion of the tumor during
treatment. With the development of multislice detec-
tors and faster imaging reconstruction, it is now
possible to image patients as they breathe in real time
and to assess organ motion using 4D-CT (7).

4D-CT rapidly scans patients in a single couch
position for the whole breathing cycle (usually 5-6 sec
in each position) and then moves to the next couch
position. After scanning is completed in all couch
positions, a computer re-sorts all the images and
reconstructs the tumor positions for the whole breath-
ing cycle, that is, it provides a motion picture of the
tumor. The radiotherapy is then based on the path of
the tumor motion or on the inspiration and expiration
breath-holds so that the irradiation is gated at certain
phases of the breathing cycle.

Attention should be paid to irregular breathing
and variation in the breathing pattern over the course
of treatment. Even with 4D-CT, the free-breathing
simulation is only a snapshot and a single stochastic
sampling of the patient’s breathing. The uncertainty
of the patient’s breathing during the course of treat-
ment should also be considered (see Chapter 10 for
details) (8,9).

ELECTIVE NODAL IRRADIATION

For many years, the standard radiotherapy for
NSCLC in the United States, with recent exception
(10-14), was to first deliver 40-50 Gy to the regional
lymph nodes (in ipsilateral, contralateral, hilar, me-
diastinal, and occasionally supraclavicular areas) that
showed no evidence of tumor involvement and to
then deliver 20Gy to the primary tumor through
reduced fields. This regimen was based on pathologic
information about the high incidence of hilar and
mediastinal lymph node metastases in patients with
bronchogenic carcinoma. Perez et al. (15), in an
analysis of protocol compliance among 316 patients
in the RTOG 73-01 trial, reported that in patients with
radiographically negative lymph nodes, survival rates
were higher in the group with no protocol variations
who had adequate coverage of the hilar and media-
stinal lymph nodes. However, the difference was not
statistically significant (P = 0.35).

The rationale against the use of elective nodal
irradiation is the high rate of local disease recurrence
within the previously irradiated tumor and the high
risk of distant metastasis and toxicity associated with
a large radiation volume. Furthermore, if the gross
disease cannot be controlled, there is no point to
enlarging the irradiated volumes to include areas that
may harbor microscopic disease.

Three major factors have changes since the
RTOG 73-01 trial established the standard radio-
therapy for NSCLC: the use of chemotherapy, the

advent of 3D-CRT, and better staging and target
delineation with PET. Emerging clinical data show
that omitting prophylactic lymph node irradiation
does not reduce the local control rate in patients
receiving definitive radiotherapy. In these patients,
the local recurrence rates in the isolated outside-field
(field of radiotherapy) have been <8%, particularly in
patients with stage I disease and in those who had
undergone PET scanning for staging (10,12-14,16,17).
We recently reported a series of 118 patients treated
definitively with 3D-CRT to involved field volumes
and without elective nodal irradiation. Although 21%
of these patients developed local recurrence within
the radiation field and 50% developed distant meta-
stases (16), only 4% experienced failure in lymph
nodes that had shown no evidence of tumor involve-
ment. This 4% failure rate was lower than expected,
and there are two possible explanations. First,
incidental doses to the ipsilateral hilum, paratracheal,
and subcarinal nodes approach 40-50 Gy when these
regions are not intentionally irradiated (18). Second,
patients with lung cancer experience competing
causes of mortality, for example, their cancer and
underlying comorbid illness. Such patients may die of
local failure, distant failure, or intercurrent illness
before failure is detected in the lymph nodes that had
shown no evidence of tumor involvement.

The addition of PET to CT has substantially
enhanced the clinical mediastinal staging of regional
lymph nodes, resulting in improvements in sensitivity
and specificity to about 90% compared with CT alone
which was around 70-80% (19). More accurate clinical
staging with PET may allow the radiation oncologist
to include involved hilar and mediastinal lymph
nodes that were not appreciated on CT alone and
thereby reduce the probability of failure in electively
treated lymph nodes. As the number of facilities with
dedicated PET with fluorodeoxyglucose F 18 (FDG-
PET) scanners and specifically combined PET-CT
units increases, these technologies will help radiation
oncologists design planning target volumes (PTVs)
(see the “Target Volume Delineation” section) (17).

Thus, in patients with NSCLC, it is important to
deliver adequate doses of radiation to involved nodal
or mediastinal areas. Irradiation of other electively
treated lymph nodes may not be necessary, partic-
ularly in patients staged with both CT and PET.

GENERAL GUIDELINES FOR IMAGE-GUIDED
TARGET VOLUME DELINEATION IN NSCLC

A 4D-CT simulation is desirable for evaluating tumor
motion and individualizing the target volume and
margin. Spiral CT or extended-time CT (slow CT)
simulation can be used if 4D-CT is not available (see
details below).
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Several commercial devices are available for
immobilizing patients for lung cancer treatment. At
M.D. Anderson Cancer Center, we use a Vac-Loc bag
and T-bar that have a daily setup uncertainty of about
7mm. Each device should be evaluated for setup
uncertainty in each facility.

Patients should be evaluated for regularity of
breathing, responsiveness to feedback guidance,
breath-holding capability, and suitability for implan-
tation of fiducial markers. On the basis of this
evaluation, one of the following treatment-delivery
techniques should be selected:

1. breath-hold (with or without feedback guidance),
2. respiratory gating, or
3. free breath (with or without feedback guidance).

The breath-hold treatment-delivery method is the
most accurate for patients who are able to comply
(Fig. 1A). Active breathing control and deep inspira-
tion breath-hold are two techniques that have been
pioneered to help patients hold their breaths at repro-
ducible points in the respiratory cycle (20,21). The
radiation beam is then initiated. These two techniques
limit patient respiratory excursion to fixed volumes
and limit diaphragm excursion to about 5 mm instead
of 10-15mm. These techniques require very cooperat-
ive patients who are able to hold their breath for at least
15sec. Unfortunately, patients with poor pulmonary
function (who would most benefit from reduction in
irradiated lung volumes) are the patients least able to
comply with breath-hold techniques. Their breathing
also tends to be irregular during radiotherapy.
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Figure 1 (A) The optimal approach to reducing tumor motion is for the patient to hold his or her breath at the end of inspiration during
radiotherapy if he or she is able to comply. (B) Respiratory-gated radiotherapy is used at the end of expiration for a patient who can
breathe regularly and reproducibly but cannot comply with the breath-hold technique.
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Patients who do not qualify for the breath-hold
treatment delivery but are able to breathe regularly
and reproducibly should be treated with the respira-
tory-gating method when it is available (Fig. 1B). If
patients do not qualify for the breath-hold delivery or
do not have regular reproducible breathing or if
respiratory-gating is not available, they should be
treated with the free-breath technique. Visual and/or
audio feedback guidance should be used for all
patients who respond well to training with the
feedback devices.

Target Volume Delineation

The International Commission on Radiation Units
(ICRU) Report No. 50 guidelines (22) for defining
targets have been applied to the treatment of lung
cancer. The gross tumor volume (GTV) is the tumor
that is visible by any imaging modality (the primary
tumor) along with any grossly involved lymph nodes.
The clinical target volume (CTV) is the anatomically
defined area (the hilar or mediastinal lymph nodes or
a margin around the grossly visible disease) believed
to harbor micrometastasis. The PTV accounts for
physiologic organ motion during treatment and the
inaccuracies of daily setup in fractionated therapy
(Fig. 2).

GTV

The pulmonary extent of lung tumors should be
delineated on pulmonary windows, and the media-
stinal extent of tumors should be delineated using
mediastinal windows. In general, a lymph node >1 cm
in its shortest dimension on CT is considered positive
because of >15% involvement. The FDG-PET image is
quite important for radiation treatment volume
planning in stage III disease. In particular, FDG-PET
can help to categorize suspected mediastinal and
hilar Ilymph node adenopathy and differentiate be-
nign collapsed lung tissue from tumor (Fig. 3A and
3B). Higher standard uptake values are predictive of
metastatic disease and possible radiation resistance
that may need aggressive treatment with stronger
chemotherapy and higher doses of radiation (23,24).
However, false-positive PET scans can be caused by
inflammation, and a biopsy is recommended if there
is any question (Fig. 3C).

crv

In lung paranchymal disease, a radiographic-histo-
pathologic study (25) demonstrated that GTV to CTV
expansions of 6 mm for squamous cancers and 8§ mm
for adenocarcinomas are required to cover the gross
tumor and microscopic disease with 95% accuracy.
Expansions for other histologic types have not been
determined, but a conservative approach would be to

Figure 2 Graphic representation of the ICRU definition GTV,
CTV, ITV, and PTV. Arrows indicate CTV motion. Abbreviations:
CTV, clinical tumor volume; GTV, gross tumor volume; ICRU,
International Commission on Radiation Units; ITV, internatl
target volume; PTV, planning target volume.

use 8mm. An appropriate CTV for mediastinal
involvement has not been rigorously determined.
An abstract in the American Society for Therapeutic
Radiology and Oncology 2006 proceedings indicated
that the maximal microscopic extension of involved
lymph node was between 0.5 and 8.9 mm (average,
3.2mm) (26). We empirically use 8-mm expansions
around involved nodes (either gross involvement or
FDG-PET positivity). Obviously, these expansions
should not necessarily be applied uniformly along all
axes and should always be individualized on the basis
of the location of the primary tumor and involved
lymph node. In the absence of radiographic proof of
invasion, the CTV of the primary lesion should not
extend into the chest wall or mediastinum. CTV
expansions of lymph node disease should not extend
into the major airways or lung, chest wall, or vertebral
body without evidence of invasion on CT and/or
magnetic resonance imaging.

PTV

It is defined as the CTV with a margin to account for
daily setup error and target motion. M.D. Anderson
have shown that when patients are immobilized with
a Vac-Loc bag and T-bar, expansion along all axes of
7mm accounts for 95% of the day-to-day setup un-
certainty. Setup uncertainty is likely both technique
dependent and institution dependent and should be
measured individually for each technique. If a daily
kV image is used, the setup uncertainty can be
reduced to 5mm. If a daily onboard image such as
CT on-rail or cone-beam CT is used before each



GUIDELINES AND TECHNIQUES FOR IMAGE-GUIDED RADIOTHERAPY FOR NON-SMALL CELL LUNG CANCER 23

(A)

(B)

PET/CT

Figure 3 (See color insert) PET-CT guided target volume delineation. (A) A PET-CT image indicates right hilar lymph node
involvement that was not clearly evident on CT alone. (B) A PET/CT image differentiates gross tumor from collapsed lung tissue. (C)
False-positive PET-CT scans can be caused by inflammation associated with infection or pneumonitis following radiotherapy. The right
upper lobe lesion was squamous cell carcinoma; the left upper lobe lesion, however, was shown on biopsy to be inflammation.
Abbreviations: CT, computed tomography; PET, positron emission tomography.

fraction of radiotherapy, day-to-day setup uncertainty
can be reduced to 3mm.

Tumor Motion

Tumor motion consideration is critical for lung cancer
radiotherapy. Our 4D-CT study showed that >50% of
the tumor moves >5mm during treatment and that
13% moves >lcm (possibly as much as 3—4cm),
particularly for a lesion close to the diaphragm.
Thus, a new concept called the internal target volume
(ITV) was introduced by the ICRU in 1999; the ITV
combines the respiratory or other intrafractional
target motion margin and the CTV (Fig. 1).

Tumor motion is best assessed individually for
each patient. For patients with tumor motion of
<5mm, simple expansion for the GTV margin is adeq-
uate. However, for patients with substantial tu-
mor motion, particularly >1cm, an individualized
tumor motion margin should be considered. The
treatment machine can be gated with the patient’s res-
piration, the patient can use an assisted breath-hold

technique, or an ITV-based approach can possibly be
used (see below). A commercially available system
can be used to gate the linac (27). This technique uses
an externally placed fiducial marker that is tracked as
the patient breathes. The beam can be triggered at a
chosen point in the respiratory cycle, typically at end-
expiration because this is the longest and most
reproducible portion of the respiratory cycle. This
technique requires patients to breathe slowly in a
regular pattern (see Chapter 5 for details).

ITV is an expansion of CTV in which target
motion is explicitly measured and taken into account
as defined by ICRU62. Using new technologies such as
multislice detectors and faster imaging reconstruction,
it is now possible to image patients during real-time
breathing and assess organ motion using 4D-CT. When
4D-CT is available for treatment planning, we propose
a new concept called internal gross tumor volume
(IGTV, Fig. 4), which is the volume containing the GTV
throughout its motion during respiration. To delineate
IGTV from 4D-CT images, the tumor volume that is
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(See color insert.) Breath evaluation and tumor-motion consideration using 4D-CT. (A) Evaluation of the tumor location during

10 breath cycles shows a left lobe lesion that moved >2 cm. If the patient breathes regularly, this tumor should be treated at the end of
expiration (red line) using respiratory-gated radiotherapy. However, if the patient cannot breathe regularly, the ITV approach should be
used. (B) Maximal intensity projection image covers the envelope of the tumor motion path as the IGTV (red line). Abbreviations: 4D-CT,
four-dimensional computed tomography; IGTV, internal gross tumor volume; ITV, internatl target volume.

outlined on the expiratory phase of the 4D images is
registered on other phases of the images to create a
union of target contours enclosing all possible posi-
tions of the target. Another method is to create an
image of maximal intensity projection by combining
the data from the multiple CT data sets with that from
the whole breath cycle. In this case, the ITV should
consist of the IGTV plus a margin to allow for
microscopic disease (8 mm). The same principle can
be applied to the images acquired with inspiration and
expiration breath-holds. Attention should be paid to
irregular breathing and variation in the breathing
pattern over the course of the treatment and to the
effects of these irregularities on the ITV margin.

If 4D-CT is not available, alternative approaches,
such as those that follow, should be used so that
tumor motion is taken into consideration.

ITV based on breath-hold spiral CT

When ITV is based on breath-hold spiral CT, images
are acquired with use of the standard extended
temporal (ET) thoracic CT protocol. This imaging
protocol requires the patient to breathe normally. The
ET-CT images should be acquired at the beginning of
the simulation; the isocenter is then set. Subsequently,
patients should be imaged using a fast CT simulation
protocol while at 100% tidal volume (end of inspira-
tion) and 0% tidal volume (end of expiration). The
traces from the RPM system should be recorded.
Separated GTVs and CTVs should be delineated by a

physician on both the 100% tidal volume CT image set
and the 0% tidal volume image set. An ITV is then
generated by combining these two CTVs on the ET CT
scan and by forming an enveloped ITV that includes
the entire path of the CTV as it moves from inspiration
to expiration. A 3-mm margin should be added for the
uncertainty of tumor motion and image registration.
Normal tissues should be contoured in the ET CT
images. The IVT should be superimposed on the slow
CT images, which will serve as the basis for treatment
planning.

Respiratory gating

We use the RPM system (end of expiration, Fig. 1B) to
gate respiration. Our study showed that respiratory-
gated therapy was the most beneficial for patients
with a tumor volume of <100cm?® (usually <5cm in
diameter if the tumor is almost round) and a tumor
motion of >1 cm. In general, tumors in the lower lobes
of the lung move more than those in other locations
during breathing. A 5-mm margin is recommended to
allow for the uncertainty of day-to-day tumor local-
ization from gating (28-30).

Slow CT simulation (single-slice helical scanner)

If a patient is not treated with either the respiratory-
gating or ITV technique, slow CT simulation is
recommended. Our recent study of tumors of differ-
ent sizes and locations (31) revealed that 95% of
tumors moved <6 mm from left to right (L to R) and
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anteriorly to posteriorly (A to P); 95% moved <6 mm
superiorly to inferiorly (S to I) if the tumor was
located in the highest quadrant of lung. For tumor loc-
ated in the two middle quadrant of lung, 95% moves
<13mm with tumor diameter <50 and <7mm with
tumor diameter >50mm. However, 95% of tumors
that were <50 mm and located in the lowest quadrant
of lung moved <18 mm S to I. We therefore recom-
mend 6-mm tumor-motion margins from L to R and
A to P in all cases and from S to I for tumor located
in the highest quadrant of lung regardless tumor size
or middle two quadrant of lung with tumor dia-
meter >50 mm. For tumor with diameter <50 mm and
located in the middle two quadrant of lung, or tumor
with diameter 50-80 mm located in the lowest quad-
rant of lung, we recommend 13mm tumor-motion
margin. We further recommend a 18-mm margin for
lowest quadrant of lung lesion with diameter <50 mm.

Summary of Recommended Margins for Target
Delineation Using Different Techniques

GTV: Based on image information using CT or
PET-CT.
IGTV:  Envelope of GTV throughout the entire 4D-

CT data set or a specified part of the data
set (when gated treatments are delivered).
The IGTV is obtained from the GTV either
by manually delineating the GTV in all the
data sets that make up the respiratory cycle,
or by automatically propagating the GTV
through all the data sets that make up the
respiratory cycle, or from the GTV as
imaged on a maximal intensity projection
reconstruction. If 4D-CT is not available,
the GTV that combines volumes from the
end of inspiration and the end of expiration
using fast spiral CT with breath-hold
should be used.

CTV: GTV + 8-mm margin (to account for micro-
scopic disease). CTV margins may be
manually reduced if there is confidence
that microscopic disease does not exist in a
specified region.

ITV: IGTV + 8-mm margin (for microscopic
disease), or CTV + location/size-specific
tumor-motion margin (see above) when
explicit motion is not demonstrated.

PTV: ITV + 3-mm margin (for motion uncertain-
ty) + 7-mm margin (for setup uncertainty).
If daily image-guidance techniques are
used, setup uncertainty can be reduced to
3 mm for CT on-rail or cone-beam CT and to
5mm for kV image-guided setup. If the ITV
approach is not used, the patient can be

treated with respiratory-gated therapy or
with slow CT simulation with a location/
size-specific tumor-motion margin.
Respiratory gating for PTV: CTV + 12-mm
margin (7-mm setup uncertainty + 5-mm
gating margin for residual motion or other
uncertainty).

Slow CT simulation for PTV: CTV + 7-mm
setup uncertainty + location/size-specific
tumor-motion margin.

As discussed above, for 4D-CT simulation, PTV =
IGTV + 18-mm margin (8 mm + 7mm + 3mm); for
respiratory-gated treatment, PTV = GTV at the end of
expiration + 20-mm margin (§ mm + 5mm + 7 mm);
for slow CT simulation, PTV = GTV + 15mm (8 mm +
7mm) + location/size-specific tumor-motion margin.

Several important points need to be noted in
defining target volume:

1. If the tumor moves >lcm and the GTV is
<100 cm®, respiratory-gated radiotherapy may
spare substantial amounts of normal structures.

2. Compared with slow CT, the 4D-CT-based ap-
proach spares more normal structures and re-
duces the chance of missing the target.

3. If dose escalation is intended for gross disease but
not for microscopic disease, we may prescribe a
higher dose to an IGTV plus setup uncertainty
margin. We propose a new concept of the
planning IGTV (PIGTV). The PIGTV = IGTV +
3-mm margin (for motion uncertainty) + 7-mm
margin (for setup uncertainty). Appropriate re-
ductions may be made in setup uncertainty if the
daily image guidance is used. In this case, the
final PTV should be covered by at least 50 Gy for
microscopic disease.

4. In clinical practice, if the patient has very poor
pulmonary function or a very large GTV, we need
to consider radiation toxicity in addition to
optimal tumor coverage. Clinical judgment
should be applied to balance these two issues. In
addition, biologic cytoprotectors such as amifos-
tine may be considered if the lung V20 (the
volume of total lung that received at least 20 Gy) is
>40% or the patient exhibits poor pulmonary
function (32).

At this time, several techniques for the planning
and delivery of radiation are being investigated for
their possible future use in the treatment of lung
cancer. These include explicitly incorporating motion
and setup uncertainty into the calculation of radiation
doses and tracking the motion of a moving target for
the delivery of radiation.
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RADIOTHERAPY GUIDELINES AND TECHNIQUES
FOR PATIENTS WITH STAGE | OR Il NSCLC

Surgical resection by lobectomy with mediastinal
lymph node dissection or sampling is considered the
standard treatment for early-stage NSCLC, with
65-70% (stage I, T1-2 NO MO) and 35-50% (stage II;
T1-2 N1 MO, T3 NO MO) 5-year overall survival rates.
Adjuvant platin-based chemotherapy has been re-
cently reported to prolong overall survival rates in
patients with stage II disease (33-35). Adjuvant
radiotherapy decreases local recurrence but not length
of survival. In addition, it is indicated only for close or
positive margins or positive multiple hilar lymph
nodes (see “Postoperative Radiotherapy” section).

Definitive Radiotherapy for Stage I/l NSCLC
Indications for definitive radiotherapy include patient
refusal of surgery and/or a patient who is medically
unable to undergo surgery because of a condition
such as poor pulmonary function, recent myocardial
infarction, or bleeding tendency.

Radiotherapy strategy and design

A dose of 60-66Gy delivered in 30-33 fractions is
considered the standard according to RTOG 73-11.
However, this regimen provides a biologically
effective dose (BED) of 70.2 Gy, resulting in 3 years
of 30-50% local control (36) and a 5-year cause-
specific survival rate of 13-31% in patients with
medically inoperable stage I NSCLC (T1-2 NO MO0)
(12,36); this local control rate was worse than the
>70% rate seen in patients with stage I disease who
underwent surgical resection. However, significant
understaging occurs because of the lack of adequate
imaging such as PET, mediastinal lymph node
dissection, or sampling, particularly for T2 and
higher lesions. Tumor motion during breathing also
results in inadequate treatment of the tumor. Finally,
60-66 Gy may not be a high enough dose to kill all
the cancer cells. An uncontrolled locoregional tumor
is a major source of continuous seeding to distant
organs and causes eventual treatment failure.
A 30-40% distant failure rate was also noted. Thus,
eradication of the locoregional tumor is an essential
step for cure.

A dose-response relationship for disease-free
survival in stage I NSCLC has been reported.
Dosoretz et al. (10,11) showed that the actuarial
disease—free survival rates at 2 years were 50%, 33%,
22%, and <20% with 70 Gy (n = 4), 60-69 Gy (n = 116),
50-59 Gy (n = 26), and <50 Gy (n = 6), respectively. In
a dose-response relationship for local tumor control,
the actuarial risks for local failure at 3 years were 33%,
60%, and 58% for >70Gy (n = 4), 60-69 Gy (n = 91),
and 50-59 Gy (n = 19), respectively.

Recommendations

PET or PET-CT should be used for stage work-up to
rule out distant metastasis and hilar/mediastinal
lymph node involvement (see “Specific Guidelines
and Techniques for Patients with Stage III NSCLC”
section).

1. If there is any doubt about hilar/mediastinal
lymph node involvement, medianoscopy or an-
other diagnostic procedure should be considered.
However, PET should be used only for staging;
PET should not be used for target delineation for
stage I disease because of a possible mismatch of
the PET image except if average CT is used for the
PET-CT attenuation correction (37). The GTV
contour should be based on the CT image.

2. The tumor motion, particularly for lesions close to
the diaphragm, should be considered to individu-
alize treatment. If the tumor moves >1 ¢cm and the
patient breathes regularly, respiratory-gated ra-
diotherapy is preferred.

3. Without more clinical data, a dose of approx-
imately 70 Gy delivered as 2 Gy/fraction should
be considered for patients with stage I/1I NSCLC.
Adjuvant chemotherapy may be considered
for stages Ib and II disease if the patient can
tolerate it.

Stereotactic Body Radiation Therapy in Selected
Patients with Stage I or Il NSCLC
The conventional radiotherapy dose (60-66Gy) for
patients with early-stage NSCLC is associated with a
>50% local recurrence rate. Our and others’ recent
research has shown that hypofractionated stereotactic
body radiotherapy (SBRT) provided promising local
control (>85%) and survival rates with minimal
toxicity in selected patients with stage I (T1-2 NO
MO) or stage II (T3 NO M0) NSCLC because of higher
BEDs and accurate targeting (38-41). According to
Onishi et al. (39), BEDs of 2100 Gy are associated with
better local control (91.9% vs. 73.6%) and survival
rates (88.4% vs. 69.4%) than are BEDs of <100 Gy.
Our preliminary clinical experience supports the
efficacy and safety of SBRT. The optimal dose regimen
for SBRT, however, is controversial. In general, a BED
of >100Gy is required. Peripheral lesions tolerate
higher BEDs, but centrally located lesions may
develop considerable long-term toxicity if SBRT with
a very high BED is delivered. At M.D. Anderson,
patients with stage I or T3 (chest wall involvement)
NO MO NSCLC receive SBRT as a total dose of 50 Gy
delivered as 12.5Gy/fraction to the PTV for four
contiguous treatments. Daily onboard imaging using
on-rail or cone-beam CT is required before each
fraction (see Chapter 6 for details).
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Radiotherapy Guidelines and Techniques for

Patients with Locally Advanced Stage IIIA

or 11IB NSCLC

Concurrent chemotherapy and radiotherapy has been
considered the standard treatment for patients with a
good performance status and inoperable stage IIIA
(T3 N1 MO, T1-3 N2 MO) or IIB (TX N3 M0, T4 NX
MO0) NSCLC. RTOG 94-10 and other studies (2,42,43)
using 2D radiotherapy have shown that concurrent
chemotherapy and radiotherapy provides better
locoregional control and overall survival rates than
do sequential chemotherapy and radiotherapy. How-
ever, levels of toxicity associated with chemoradio-
therapy have been significantly higher than levels
seen with sequential chemotherapy and radiotherapy
(50% vs. 30% grade >3 toxicity levels). It has been
reported that 3D-CRT reduces toxicity levels and
allows a dose escalation from 60 Gy (in RTOG 94-10)
to 74 Gy (44—46). Our preliminary data showed that
intensity-modulated radiation therapy (IMRT) may
further reduce lung and esophageal toxicity levels by
decreasing V20, V10, and the total mean dose to the
lungs and spare more esophageal and heart tissues
(47,48). Although radiation doses of approximately
60 Gy have been considered standard for decades for
patients with stage III NSCLC, this dose has been
associated with 40-50% locoregional failure and the
need for dose escalation. Several studies has shown
the potential benefit in local control and survival
rates with image-guided 3D-CRT dose-escalated
radiotherapy (44-46).

Induction chemotherapy followed by

chemoradiotherapy or chemoradiotherapy

followed by adjuvant chemotherapy?

Full-dose induction chemotherapy may improve
clinical outcome by decreasing distant metastasis,
whereas concurrent radiotherapy with a dose of a
radiation-sensitizing chemotherapeutic agent may
further improve clinical outcome by increasing
locoregional control. A recent phase II randomized
study (the LAMP study) (49) compared induction che-
motherapy followed by radiotherapy, concurrent
chemotherapy and radiotherapy followed by adju-
vant chemotherapy, or induction chemotherapy fol-
lowed by concurrent chemotherapy and radiotherapy.
The preliminary data showed that patients who
received concurrent weekly paclitaxel, carboplatin,
and thoracic radiotherapy followed by consolidation
chemotherapy experienced the best outcome,
although this schedule was associated with greater
toxicity.

If patients have already undergone induction
chemotherapy, we usually give concurrent chemo-
therapy and radiotherapy. If patients cannot tolerate
these therapies concurrently, we give 2 or 3 cycles of

induction chemotherapy followed by radiotherapy
alone. If the patient can tolerate no chemotherapy, rad-
iotherapy alone may be considered.

For patients with pathologically proven stage III
N2 NSCLC, induction chemotherapy followed by
surgery has resulted in better overall survival rates
than has surgical resection alone (50,51). Induction
chemoradiotherapy followed by surgery has also
yielded better disease-free survival rates than has
definitive chemoradiotherapy (52). These approaches
have been actively investigated by the RTOG. The
principle and radiation target volume delineation for
induction therapy followed the same guidelines with
definitive treatment except that the dose was
45-50 Gy.

Specific Guidelines and Techniques for
Patients with Stage Ill NSCLC

Radiation doses in combined modality treatment

In RTOG 94-10, the locoregional failure rate after the
concurrent use of chemotherapy and a standard
radiation dose of approximately 60Gy was about
34-43%. To improve the local control rate, three
groups (RTOG, the North Central Cancer Treatment
Group, and the University of North Carolina) sepa-
rately performed radiation dose—escalation trials for
this population, and their results supported the safety
and efficacy of using 74 Gy concurrently with chemo-
therapy in patients with stage III NSCLC (44—46). In a
recent dose-escalation study, Schild et al. (45) reported
that the maximal tolerated dose was 74 Gy when
used with weekly carboplatin and paclitaxel in
patients with stage III NSCLC.

On the basis of promising local control rates and
survival data and an acceptable toxicity level obtained
using 3D-CRT to a dose of 74Gy with concurrent
chemotherapy, RTOG is planning to conduct a phase
III study to compare the conventional 60-Gy dose of
radiotherapy with 3D-CRT to a dose of 74 Gy used
concurrently with weekly paclitaxel and carboplatin
in patients with stage IIIA or IIIB NSCLC. Image-
guided radiotherapy is strongly recommended for the
study. IMRT will be allowed if tumor motion has been
taken into consideration, and consolidation chemo-
therapy is required.

Recommendations

1. For patients with stage IIl NSCLC, radiotherapy at
doses of 60-70Gy delivered as 1.8-2 Gy/fraction
with concurrent chemotherapy should be consid-
ered off protocol. This regimen should be fol-
lowed by 2—4 cycles of adjuvant chemotherapy if
the patient can tolerate it.

2. Induction chemotherapy followed by concurrent
chemotherapy and radiotherapy is another
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option, particularly for a very bulky lesion. If the
patient cannot tolerate chemotherapy or chemo-
radiotherapy, 66-74Gy delivered in 33-35
fractions (1 fraction/day) may be considered.

3. For a superior sulcus tumor, 69.6 Gy delivered as
1.2 Gy/fraction twice a day with concurrent chem-
otherapy is recommended to spare the spinal cord
and bronchial plexus.

Specific Points for Target Volume Delineation in
Patients with Stage Ill NSCLC

The GTV includes the primary tumor and all nodal
disease documented in image studies, including CT
and/or PET scans. The pulmonary extent of a lung
tumor should be delineated on lung windows, and the
mediastinal extent of the lung tumor should be
delineated using mediastinal windows. PET-CT in a
simulated position is strongly encouraged. The GTV
should be delineated on the basis of 4D-CT images,
and a PET scan should be used as a guide. If the
results on PET are positive but there is no CT
correlation, the physician should consult with a
diagnostic radiologist. However, if a CT image meets
the criteria of pathologic change in a lymph node
(Icm in the shortest axis) but the results on PET are
negative, the physician may include the lesions as a
GTV on the basis of his or her clinical judgment.

For patients who have obstructive atelectasis,
PET-CT should be considered to exclude the atelecta-
sis from the GTV. Both CT and PET imaging can be
considered as guides to exclude the atelectasis (Fig. 2).
Re-simulation should be considered 3—4 weeks after
treatment in case the lung has expanded.

Contralateral mediastinal, contralateral hilar, or
superior clavicular lymph nodes should be included
as GTV only when they are positive for disease in PET
and/or CT images. According to a surgical analysis
(53), if subcarinal lymph nodes or mediastinal lymph
nodes are involved, a plan should be considered for
delivering a 45-50 Gy dose for microscopic disease to
the ipsilateral hilum. For the right mid lobe or right
lower lobe, left lingular, or left lower lobe lesion, if a
mediastinal lymph node is involved, the ipsilateral
hilar and subcarinal lymph nodes should be eval-
uated to receive 45-50 Gy. For a left upper lobe lesion,
the anterior—posterior window lymph node should be
evaluated to receive 45-50 Gy if there is mediastinal
lymph node involvement, including subcarinal lymph
nodes.

For patients who receive induction chemother-
apy followed by chemoradiotherapy, the GTV should
include the lung extent of the GTV after chemother-
apy, abnormal lymph node stations before chemo-
therapy. If the patient has a complete response after
chemotherapy, the areas of the lymph node station

and of lung parenchymal disease before chemo-
therapy should be included as CTV and treated with
at least 50 Gy. If disease progresses during chemo-
therapy, the GTV should cover the area of progressed
disease.

Postoperative radiotherapy

Postoperative radiotherapy (PORT) is indicated for
patients with close or positive margins and/or
resected N2 disease. If results from the resection
margin are negative and those from the mediastinal
nodes are positive, 2—4 cycles of adjuvant chemo-
therapy should be given, followed by radiotherapy.
If results from the resection margin are positive,
PORT should be given first, followed by adjuvant
chemotherapy. The role of PORT in positive N1
disease remains controversial. Because of the potential
long-term survival of the patients, chronic toxicity
associated with PORT should be considered. For
positive or close margins with no N1 or N2 invol-
vement, the target volume should be limited to only
the site of the positive margin. The dose should be
60-66 Gy. For gross positive margins (subtotal resec-
tion), patients should receive definitive therapy with
chemoradiotherapy. For patients with N2 disease
that has been surgically resected, the target volume
should be limited to the positive lymph node station
plus or minus the ipsilateral hilar and subcarinal
lymph nodes, depending on the location of the prim-
ary cancer and whether a full lymph node dissection
was performed during surgery. The dose should be
limited to about 50 Gy delivered in standard fraction
sizes.

Indications for PORT

B any positive N2 node,

m any T4 disease except for separate nodules in the
same lobes or malignant pleural effusion,

m close or positive microscopic surgical margins,

m gross residual disease,

m positive hilar node (debatable).

A patient treated with induction chemotherapy
followed by surgery has the same indications for
postoperative treatment. PORT improves local control
and possibly disease-free survival duration for pa-
tients with pathologic N2 disease (54). Adjuvant
chemotherapy has been shown to improve survival
duration in patients with stages Ib to III NSCLC and
should be considered standard therapy (33-35).
Interestingly, a secondary analysis of Adjuvant
Navelbine International Trialist Association random-
ized study showed improved overall survival using
PORT in patients with N2 disease (Douillard, ASTRO
2006 plenary presentation).
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Technique for PORT

Dose: Complete the resection with negative margins
and then deliver 50 Gy in 25 fractions of 2 Gy/fraction
every day, off protocol.

Positive extra-capsule extension: 54 Gy /fraction.

Margin positive for microscopic disease: 60 Gy delivered
in 30 fractions.

Gross residual disease: 66 Gy delivered in 33 fractions or
63-70Gy delivered in 35 fractions with concurrent
chemotherapy.

Target volumes

GTV: Usually, there is no GTV in the adjuvant
setting except in some clinical situations
such as uncompleted resection with either
gross positive margins or even gross resid-
ual disease as indicated by CT, PET,
operative note, or pathologic report.

CTV: GTV plus 8-mm margin. For patients who

receive induction chemotherapy, the 8-mm
margin should also be considered. In most
cases, the CTV includes just the involved
lymph node stations as described below.
The margins that are positive for micro-
scopic disease or a very close margin in the
surgical stump should also be considered to
be in the CTV. It is very important to discuss
the high-risk areas with surgeons. Ideally,
we should ask the surgeon to review target
volumes at the treatment-planning work-
station.
The Ipsilateral hilum should be included in
the CTV if the subcarinal or mediastinal
lymph nodes are involved. For the right
mid lobe or right lower lobe or for a left
lingular left lower lobe lesion, if the media-
stinal lymph nodes are involved, the sub-
carinal lymph nodes should be included in
the CTV. For a left upper lobe lesion, the
anterior-posterior window nodes should be
included in the CTV if there is mediastinal
lymph node involvement, including the
subcarinal lymph nodes.

If the patient has only a pathologically
positive hilar lymph node, the CTV should
cover the ipsilateral hilum. If the patient has
only positive surgical margins with no
nodal involvement, the CTV should cover
the site of the positive margin. However,
if there is no mediastinal lymph node
dissection or adequate mapping, the ipsi-
lateral hilar and ipsilateral mediastinal
lymph nodes should be considered as in
the CTV.

PTV: CTV + 7-mm margin for setup uncertainty
and 3-mm margin for tumor motion. If the
patient has gross residual disease in the
mediastinum, the treatment technique
should follow the recommendations as
described for the definitive cases.

Intensity-Modulated Radiation Therapy

The use of IMRT in patients with lung cancer has been
delayed because of general concerns and the assump-
tion that IMRT may deliver low yet damaging doses
to a larger volume of normal lung tissue. Moreover,
the possible movement of a tumor due to respiration
introduces another level of complexity to both the
IMRT dosimetry and the technique used.

We investigated dosimetric improvement with
respect to target dose, tumor conformity, and normal
tissue sparing, comparing IMRT with 3D-CRT for
patients with early-stage and locally advanced
NSCLC (47,48). We found that IMRT may be more
suitable than 3D-CRT treatment planning for patients
with advanced-stage disease with a larger GTV and
thus a greater volume of normal lung involvement.
Using IMRT, the median absolute reductions in the
percentage of lung volume irradiated at >10 and
>20Gy were 7% and 10%, respectively. This corre-
sponded to decreases of >2 Gy in the mean total lung
dose and of 10% in the risk of radiation pneumonitis.
The volumes of the heart and esophagus irradiated to
about 50 Gy and of normal thoracic tissue irradiated
to >10-40 Gy were reduced using the IMRT plans. In
contrast to common belief, the integral dose delivered
to the patient was also reduced with IMRT in certain
cases. There was a marginal increase in the spinal cord
maximal dose and lung volume of >5Gy in the IMRT
plans in half the patients, which could have been
caused by the substantial increase in monitoring units
and thus leakage dose in IMRT for the sliding window
delivery technique used in these studies.

Although IMRT may be effective in reducing
normal tissue toxicity and improving tumor coverage,
its high-dose gradient and conformity require a high
level of precision in dose delivery and tumor local-
ization. In the meantime, the complexity introduced
by tumor motion must be recognized when using
IMRT. Unlike 3D-CRT, IMRT treats only a portion of
the target volume at a particular time. There is a great
deal of concern as to whether target motion and
collimator motion during IMRT delivery have sub-
stantial interplay, thus degrading the planned dose
distributions. For IMRT to be feasible and more
effective in treating NSCLC, motion-reduction techni-
ques should be explored further, such as breath
holding and tumor tracking. Our preliminary clinical
data indicated that IMRT may reduce toxic effects in



30 CHANG

(©

(A) (B)
Dose volume histogram

1.0 =] o _.I

0.9

0.8 '—J’
o 07 =
E 0.6 Todlig
S 05 Fmrgn o]
E
S 04— Hean =
2 03\‘;'_' e

: — Cong -l[

0.2 P

0.1 b= I

0.0 =

0 1000 2000 3000 4000 5000 6000 7000 8000

(D) Dose (cGy)

(E)

Figure 5 (See color insert) Onboard image-guided IMRT for superior sulcus cancer treated with concurrent chemotherapy; 69.6 Gy
was prescribed and delivered as 1.2 Gy/fraction twice a day. Because of the proximity of the tumor to the spinal cord and brachial plexus,
only the GTV plus the setup uncertainty margin (3 mm using daily onboard cone-beam CT) received 69.6 Gy, whereas the spinal cord
dose was kept to <45 Gy and the brachial plexus dose to <66 Gy. The clinical tumor volume received a minimal dose of about 60 Gy, and
the PTV received a minimal dose of about 50 Gy. Isodose distribution of transverse (A) sagital (B) and coronal (C) images; Dose volume
histogram (D) and on-board cone beam CT (E) before each fraction of radiotherapy. Abbreviations: CT, computed tomography; GTV,
gross tumor volume; IMRT, intensity-modulated radiation therapy; PTV, planning target volume.

normal tissue in selected patients, particularly for
tumors that move <l0mm, and may allow further
dose escalation (55). We have recently developed
IMRT guidelines for patients with NSCLC using
image-guided radiotherapy (56).

4D planning is more important for IMRT than
conventional 3D planning because of the high degree
of dose shaping and conformity created in the IMRT
plans. The logical extension of 4D planning is to
incorporate interfractional change of the anatomy into
the planning process so that we can estimate the
actual delivered dose for the entire course of treat-
ment and can adjust the treatment if the patient’s
anatomy changes significantly during the course.
Such anatomic changes can be caused by physiologic
fluctuation and tissue response to the radiation or
chemoradiation. Frequent imaging may be needed
to guide the treatment planning and delivery. The
scope of 4D planning should thus include both
interfractional and intrafractional uncertainties and

address such changes appropriately for the improve-
ment of the treatment outcome.

Guidelines for Lung Cancer IMRT Treatment

IMRT for lung cancer treatment may have the potential
to reduce the normal tissue toxicity levels and allow
dose escalation in high-risk regions. However, more
data, particularly a long-term clinical study, are
needed before IMRT can be used routinely in the
community hospital. On the basis of our research and
reports published by others, we recommend the
following guidelines for IMRT lung cancer treatment.

Patient selection and immobilization

Not every patient will benefit from IMRT treatment.
On the basis of published data, patients with a tumor
located in the superior sulcus or close to the
esophagus or spinal cord or those with positive
lymph nodes may benefit more than other patients
from IMRT treatment (Figs. 5 and 6). Earlier-stage
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Figure 6 (See color insert.) Image-guided therapeutic efficacy evaluation for stage 1l NSCLC treated with IMRT. (A) Before and after
IMRT computed tomographic scans. (B) Before and after IMRT positron emission tomographic scans. At 3 months after IMRT, a
complete clinical response was seen in this patient, who had bulky disease in the left upper lobe lesion and contralateral mediastinal and
superior clavicular lymph node involvement. (C) IMRT isodose distribution. The white line indicates the prescription line at 63 Gy. The
patient was treated with concurrent chemotherapy and radiotherapy and achieved a clinical complete response with grade Il esophagitis.
Abbreviations: IMRT, intensity-modulated radiation therapy; NSCLC, non—small cell lung cancer.

small mobile tumors may not be good candidates for
IMRT treatment unless motion-mitigation techniques
are involved. In addition, the conformal dose distri-
bution and high-dose gradients in IMRT mandate
improved patient immobilization.

Target volume and tumor motion consideration
IMRT for lung cancer requires a detailed understand-
ing of chest radiographic anatomy, including both
tumor volume and critical structures such as normal
lung, esophagus, heart, and spinal cord. PET-CT is
recommended for target delineation.

Organ motion during treatment must be consid-
ered and addressed individually. Patients should be
evaluated for regularity of breathing, responsiveness

to feedback guidance, and breath-holding capability.
On the basis of this evaluation, a treatment-delivery
technique should be selected from free-breath, breath-
hold, or other alternatives. A 4D-CT study is recom-
mended for treatment-planning purposes. At a
minimum, tumor motion should be assessed with
fluoroscopy.

If the tumor moves <10 mm, the patient can be
treated with free-breath IMRT using the ITV technique
with an adequate margin. However, if consider-
able tumor motion is anticipated, the patient should
be treated with breath-hold, respiratory-gated therapy
or other means of tumor tracking if such techniques
can be used to freeze the tumor position at reprodu-
cible positions.
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Tissue heterogeneity consideration

Because heterogeneity affects some beamlets more
than others, resulting in substantial differences in
dose distribution, heterogeneity should be corrected
for in all IMRT lung cancer treatment plans.

Plan evaluation and quality assurance

IMRT may cause cold spots or hot spots in unexpected
locations that may not be reflected by dose volume
distribution. Therefore, the isodose distribution
should be inspected on every image slide. To reduce
the potential for low-dose (<10Gy) delivery to the
normal lung, the use of fewer beams (5-7) is recom-
mended, in particular to reduce the beam-delivery
time and improve patient comfort. Experienced IMRT
planning and delivery are necessary, which means
that physicians need to balance dose inhomogeneity
and lung tissue sparing; in addition, strict quality
assurance is required for both mechanical and
dosimetric accuracy.

TOXICITY OF NORMAL TISSUE AND
DOSE VOLUME CONSTRAINTS

It is extremely important to not exceed the maximal
doses tolerated by sensitive intrathoracic structures
such as the lung, bronchus, esophagus, spinal cord,
and heart. Radiation-induced toxic effects in normal
tissue are related to both dose and volume. In
addition, the spatial arrangement of the functional
subunits (FSU) in normal tissue is critical. In those
tissues in which the FSUs are arranged in series, such
as spinal cord, esophagus, trachea, bronchus, vessels,
and nerves, the integrity of each FSU is important for
organ function, and the elimination of any FSU may
result in serious toxicity. In this case, we should
minimize the hot spots, particularly those caused by
very high doses, to these organs, even for a small
volume. In contrast, in tissues in which the FSUs are
arranged in parallel, not serially, such as in the lung,
the integrity of each FSU is less important; instead, the
volume irradiated or spared plays a major role in
complications in these tissues.

Emami et al. (57) published partial-volume
irradiation parameters for various organs derived
from a National Cancer Institute-designated task
force. The parameters were derived from a review of
the literature and from clinical opinions of experi-
enced radiation oncologists. These data have served
us for the past decade by defining partial-organ
tolerances. Toxicity end points are a 5% complication
rate at 5 years (TD 5/5) and a 50% complication rate at
5 years (TD 50/5) for different volumes irradiated.
However, these toxicity parameters are incomplete
and were based on clinical data from patients
who received 2D radiotherapy alone without

chemotherapy. The most important complication from
radiotherapy in lung cancer is toxicity of the lung and
esophagus. The current clinical data concerning this
toxicity, based on 3D-CRT with dose-volume histo-
graphic analysis, is discussed in the following section.

Lung Toxicity

Radiation-induced pneumonitis, when it occurs,
usually appears after completion of radiotherapy,
peaks at 2 months, and stabilizes or resolves within
6-12 months. It can be treated with corticosteroids,
such as prednisone, at 20-60mg/day. Pulmonary
fibrosis can occur a few months after radiation and
can become chronic. Emerging clinical data based on
3D-CRT in lung cancer have shown that the mean
lung dose (MLD), V5, V13, V20, and V30 are correlated
with pulmonary radiation injury. Graham et al. (22)
recommended a cutoff point of V20Gy at 40% with
radiotherapy alone, at which point 36% of patients
developed grade >2 pneumonitis. They also reported
that a total MLD of >20 Gy is associated with a 24%
occurrence rate of grade >2 pneumonitis. Yorke et al.
(58) reported that grade >3 pneumonitis correlated
well with the MLD and V20. At an MLD of 20Gy,
about 28% of patients developed grade >3 pneumo-
nitis. In addition, Yorke et al. reported strong
correlations in the lower portion of the lungs and
the ipsilateral lung. In a further analysis using a 3D-
CRT dose-escalation study (from 70.2 to 90 Gy), they
found a significant correlation between grade >3
pneumonitis and total, ipsilateral, and lower lung
V5 to V40. When using a 20% rate of grade >3
pneumonitis as a cutoff, the V5, V10, and V20 of the
total lung were estimated to be 58%, 48%, and 36%,
respectively. Our data from M.D. Anderson support
these estimations (59,60). Currently, we recommend
an MLD of <20Gy and V5, V10, and V20 (GTV is
excluded from lung volume calculation) of <65%,
<45%, and <35%, respectively, as our cutoff threshold
for lung cancer radiotherapy when concurrent chemo-
therapy is given (Table 1). These cutoffs are based on
currently available information, and further modifi-
cation may be needed when more mature data are
available. Based on our experience in mesothelioma
treated with extraplural pneumonectomy, we recom-
mend an MLD of <8.8 Gy and V20 <10% for patients
who have undergone pneumonectomy (61).

Esophageal Toxicity

The radiotherapeutic management of thoracic malig-
nancies often exposes the esophagus to high levels of
ionizing radiation. After 2-3 weeks of conventionally
fractionated radiotherapy, patients often experience
dysphagia and/or odynophagia that usually worsens
toward the end of radiotherapy and peaks at the first
week after completion of radiotherapy. This acute
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Table 1 Dose—Volume Constraints for Normal Tissues Using Standard Fractionation to Target Volume

Chemo and RT

RT alone Chemo and RT before surgery
Spinal cord?® 50 Gy 45 Gy 45 Gy
Lung® MLD <20 Gy MLD <20 Gy MLD <20 Gy
V20 <40% V20 <35% V20 <20%
V10<45% V10<40%
V5 <65% V5 <55%
Heart V40 <50% V40 <50% V40<50%
Esophagus Dmax <75 Gy Dmax <75 Gy Dmax <75 Gy
V60 <50% V55 <50% V55 <50%
Kidney® 20 Gy (<50% of combined both Same as RT alone Same as RT alone
kidneys or <75% of one side of
kidney if other kidney is
not functional)
Liver 30 Gy (<40%) Same as RT alone Same as RT alone

“The treated volume size of the spinal cord should be considered. The chance of spinal cord damage is increased as the treated volume is increased. Physicians
should consider off the cord earlier if a substantial amount of spinal cord has received a constrained dose. In general, the spinal cord should not receive >60
Gy, even in a very limited volume. A higher fraction size of radiation or a higher daily dose decreases the tolerance. If the patient is treated with 3 Gy/
fraction, the constrained dose to the cord should be approximately 40 Gy (based on the BED calculation).

®V20 = the effective lung volume (total lung volume — gross tumor volume) that received >20 Gy. If the patient undergoes pneumonectomy before

radiotherapy, we recommend an MLD of <8.5 Gy and a V20 of <10%.

“Consider a kidney scan if a large volume of one kidney will be treated with a high dose.
Abbreviations: chemo, chemotherapy; MLD, mean lung dose; Dmax, maximal dose; RT, radiotherapy.

reaction to radiation can cause considerable morbidity
from dehydration and weight loss and can lead to
treatment interruptions. The late reactions of the
esophagus to radiation generally involve fibrosis of
the organ that can lead to strictures. Patients may
experience various degrees of dysphagia and may
require endoscopic dilation. As with the acute reaction,
rare cases may involve perforation or fistula formation.

The clinical and dosimetric predictors of acute
and late esophagitis have become particularly impor-
tant in the era of radiation-dose escalation and
concurrent chemotherapy and radiotherapy. Emami
and colleagues (57) reported that TD 5/5 and TD 50/5
values in 2D radiotherapy for stricture and perfora-
tion of the esophagus are 60 and 72 Gy in one third of
the volume, respectively. Emerging clinical data based
on 3D-CRT indicated that in general, the tolerance of
the esophagus is approximately 60 Gy; however, the
volume (particularly the length of the circumference
involvement) is very crucial. Singh et al. (57) reported
that the threshold maximal esophageal point dose for
grade 3-5 esophagitis was 58 Gy when concurrent
chemotherapy was given. The esophageal surface area

receiving >55Gy, the esophageal volume receiving
>60 Gy (V60), and the use of concurrent chemotherapy
were the most statistically significant predictive
factors for acute esophagitis (62). For all grades of
late toxicity, the length of 100% of the circumference
receiving >50 Gy, the V50, the percentage of surface
area treated with >50 Gy, and the maximal percentage
of circumference receiving >60Gy are predictive
(63, 64). About 32% of patients developed Ilate
esophageal toxicity if the V50 was >32% or the length
of 100% of the circumference was >3.2cm. Patients
who received >80 Gy to any portion of the esophageal
circumference have an approximately 50% risk for late
toxicity. Of note, acute esophagitis (grade 2-3) is
correlated significantly with V40-V70 (65). In clinical
practice, it is difficult to avoid esophagitis totally
when the target volume is close to the esophagus.
Attention should be paid to minimize grade >3
toxicity. On the basis of available dose-volume histo-
graphic data, to avoid severe acute and chronic
toxicity, we suggest thresholds of V55 <50% and a
maximal dose of <75 Gy if concurrent chemotherapy is
given (Table 1).
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INTRODUCTION

In the United States, approximately 40,000 persons were
expected to receive a diagnosis of small cell lung cancer
(SCLC) during 2006, accounting for 20-25% of all lung
cancer cases (1,2). Among those patients with SCLC,
only one-fourth of them will be expected to have limited
disease in the thorax because the majority already has
disseminated disease in the thorax or extrathorax.

One important aspect of the management of SCLC
is distinguishing its cytology or histology from that of
non-small cell lung cancer (NSCLC) (Table 1). SCLC and
adenocarcinoma of the lung are characterized by
positive transcription thyroid factor-1 (TTF-1). On the
other hand, squamous cancer does not express TTF-1.
Cytokeratins 5/6 are highly positive in squamous
carcinoma, but not in SCLC (Table 1). Table 2 shows
markers that distinguish SCLC and NSCLC based
on endothelial growth factor receptor, chromosome
3 deletion, Leu-7 antigen, radiation sensitivity, blc-c/
C-myc status, inactive rhabdomyosarcoma, p53 muta-
tion, and other related markers, including a related
peptide hormone and neuron-secreting elase.

Physical examination of patients with SCLC
aims to identify prognostic indicators and clinical
manifestations, such as paraneoplastic syndromes, to
distinguish them from patients with NSCLC (Table 3).
Patients with SCLC often manifest inappropriate
antidiuretic hormone secretion, ectopic adrenocorti-
cotropic hormone-producing syndrome, gynecomas-
tia, or Eaton-Lambert hormone syndrome. Yet neither
hypercalcemia nor osteoarthropathy is a common
manifestation among patients with SCLC. Hyper-

coagulaopathy is common to any type of lung cancer
(Table 3). This is essential for determination of the
type of treatment modality, aggressiveness of treat-
ment, and other supportive management. When
combined thoracic radiation therapy (TRT) and
chemotherapy are given, conformal radiation therapy
is used to reduce such normal tissue toxicities as
esophagitis, pneumonitis, pericarditis, and myelitis.
This is essential for patients with limited-stage SCLC
(LSCLC) and good performance status who will need
to tolerate acute toxicities during TRT/chemotherapy
without break of TRT or modification of the dose
of chemotherapy and/or TRT. Prophylactic cranial
irradiation (PCI) has become a part of the standard
management for patients with LSCLC who have
achieved complete response.

PATHOLOGY

The World Health Organization classification subdi-
vides SCLC into three cell types (pure or classic,
variant cell, and mixed), although there is no sign-
ificant difference in outcome by subtype. Pure SCLC
is more sensitive to chemotherapy and radiation
therapy than is the variant cell type, although there
is some controversy about whether the variant cell
type significantly affects patient outcome. Aisner et al.
(3) reviewed a series of 577 patients with LSCLC
treated by chemotherapy and radiation therapy on an
Eastern Cooperative Oncology Group (ECOG) proto-
col. There were 24 cases (4.4%) with the variant cell
type. Complete response rates were 27% for patients

Table 1 Poorly Differentiated Adenocarcinomas Compared with Other Types of NSCLC and SCLC and Related Biomarkers

Immunohistochemistry

SCLCllarge cell

marker Adenocarcinoma (%) Squamous carcinoma (%) neuroendocrine carcinoma (%)
TTF-1 96 0-6 87

Cytokeratin 7 98 ~20 70 (LCNEC)
Cytokeratins 5/6 Negative 100 10

Surfactant apoprotein A 46 Negative Negative

Note: Data were not available for all patients from all participating institutions for all characteristics.
Abbreviations: SCLC, small cell lung cancer; NSCLC, non—small cell lung cancer.
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Table 2 Markers for Identifying SCLC

SCLC

Marker/characteristics Classic Variant NSCLC
Endothelial growth factor receptors - - +
Chromosome 3 deletion + + _
Leu-7 antigen + + -
Radiation sensitive Sensitive Resistant Resistant
B-lymphoid cell-2 (blc-2)/C-myc oncogene - + +
Inactive retinoblastoma + 4 _

p53 mutation
Boombesin-like immunoreactivity/gastrin ++ -

receptor peptide
Neuron-specific enolase ++ + -
Creatinine kinase BB ++ 4+ —
Neurotensin ++ - _
Peptide hormone ++ + _
Bombesin-like receptors + — _

Abbreviation: SCLC, small cell lung cancer.

with the variant cell type and 19% for patients with
classic cell type (P =0.45). The mixed-cell type should
be treated as NSCLC rather than SCLC because its
chemotherapeutic sensitivity and radiosensitivity are
similar to those for NSCLC rather than SCLC.

PROGNOSTIC FACTORS

The most important prognostic factor for SCLC is
stage (limited vs. extensive). Limited disease (LSCLC)
is confined to the hemithorax, although the presence
of malignant pleural effusion will affect the outcome
adversely. Patients who present with pleural effusion
have poorer outcomes than those without pleural
effusion. However, the patients who have negative
cytology of the pleural effusion do have better
outcomes than those with positive cytology.
Extensive SCLC extends beyond the hemithorax, such
as disease in both lungs or extrathoracic extension
often to the brain, leptomeninges, spinal cord, bone,
bone marrow, adrenal gland, liver, pancreas, kidneys,

Table 3 Lung Cancer: Paraneoplastic Syndromes by Cell Type

small bowel, or pelvis. Patient factors influencing
outcome are performance status and sex. Age is not a
significant prognostic variable in patients with LSCLC
(4). However, patients older than 80 years old will
have limitations on the aggressive systemic treatment.
Continuation of smoking will adversely affect the
outcome. Other prognostic factors indicating an
adverse effect on outcome are elevated lactic dehydro-
genase and alkaline phosphatase levels, low sodium
level, and possibly the presence of paraneoplastic
syndromes, which include the syndrome of inap-
propriate antidiuretic hormone, adrenocorticotropic
hormone-producing syndrome, and Eaton-Lambert
syndrome.

STAGING

The workup to define SCLC is similar to that of
NSCLC. The history and physical examination need to
include any signs and symptoms related to one or
more paraneoplastic syndromes. It is also important

Syndrome Small cell Large cell Squamous Adenocarcinoma
Inappropriate antidiuretic +++

hormone secretion
Ectopic adrenocorticotropic +++

hormone production
Gynecomastia ++ +
Eaton-Lambert ++
Hypercalcemia (nonmetastatic) +++ 4+
Hypertrophic osteoarthropathy 4+ o+
Thrombocytosis ++ ++ ++ ++
Hypercoagulable stage ++ ++ 44 4+

Note: Data were not available for all patients from all participating institutions for all characteristics.
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Figure 1 In these CT scans of the chest of a 71-year-old woman who presented with syndrome of inappropriate antidiuretic hormone,
bulky and extensive lymph node involvement is evident pretreatment (leff) and an excellent response to chemoradiotherapy is evident

posttreatment (right). Abbreviation: CT, computerized tomography.

for all patients to undergo magnetic resonance
imaging to rule out metastatic disease. Patients who
achieve a complete response to the chemotherapy and
radiotherapy are candidates for PCI. For patients with
limited-stage disease, bone scan and bone marrow
aspiration or biopsy are indicated if the lactic
dehydrogenase level is elevated, and thoracentesis is
indicated if pleural effusion is present. Follow-up
imaging studies and other work-up should be ordered
as suggested by the Oncology Practice Guidelines of
the National Comprehensive Cancer Network (5).
Positron-emission tomography scanning to evaluate
the extent of lung cancer, including mediastinal nodal
involvement, has become fairly accurate with the
assistance of computerized tomography (CT) in
NSCLC and may help in SCLC (6).

STAGE-BASED TREATMENT GUIDELINES

Early-stage SCLC is diagnosed in less than 5% of
patients with SCLC. For patients with clinical stage I
(T1-2, NO), complete resection with a lobectomy with
mediastinal nodal dissection or sampling may be
considered. However, mediastinoscopy should be
performed to rule out occult nodal disease prior to
resection. Postoperative chemotherapy should be
considered even if surgical pathology shows no
lymph node involvement. For patients with positive
lymph node involvement after surgical resection,
postoperative chemotherapy and radiotherapy should
be considered. In all cases, PCI should be considered.

Most patients with SCLC present with bulky and
extensive lymph node involvement (Fig. 1). Manage-
ment of this group of SCLC cases has evolved from
employing single chemotherapeutic agents in the
1940s and 1950s to using multichemotherapeutic
agents with TRT and PCI for LSCLC in the 1990s (7).
Feld et al. (8) reviewed eight series published between
1979 and 1987 and reported a rise in 2-year survival
rates from a range of 10-15% to a range of 25-30%.
Most if not all of the improvement in outcome was
attributed to more effective combination chemother-
apy regimens. Locoregional therapy alone, achieved
with either surgery or radiation therapy, improved
the short-term survival only slightly, primarily for a
subset of patients with limited-stage disease with very
rare 5-year survival. In a landmark trial conducted by
the Medical Research Council in the 1960s, patients
who were considered candidates for surgical resection
by the standards of the time were randomized to
thoracotomy with the intent of tumor removal or to
definitive irradiation of the primary tumor and
regional lymphatics (9). Radiation therapy resulted
in slightly better mean survival duration (6.5 vs. 10
months, P =0.04) with 1-, 2-, and 5-year survival rates
of 22%, 10%, and 4%, respectively, compared with
21%, 4%, and 1% for the surgery arm (Table 4). Of
interest, the one 5-year survivor in the surgery arm
was unable to undergo surgery and was given
radiation therapy. These studies led to the abandon-
ment of surgery as a primary modality of treatment of
SCLC with the possible exception of patients with
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Table 4 LSCLC Surgery Compared with Radiotherapy

Patients alive (%)

Median
Treatment N 1 year 2 years 5 years survival (days)
Radical surgery 71 15 (21%) 3 (4%) 1 (1%) 199
Radiotherapy 73 16 (22%) 7 (10%) 3 (4%) 300

Abbreviation: LSCLC, limited small cell lung cancer.

solitary pulmonary nodules (10). A more recent
approach is concurrent chemotherapy and TRT
followed by aggressive systemic chemotherapy sup-
ported by granulocyte colony-stimulating factor,
antibiotics, management of electrolytes, and erythro-
poietin-stimulating agent.

CHEMOTHERAPY FOR SCLC
Standard Chemotherapy

A major step in the systemic treatment of SCLC was
reported in 1969 when alkylating agents were com-
pared to an inert compound in about 2000 lung cancer
patients at a group of Veterans Administration hospi-
tals (11). Antitumor effects of chemotherapy were
analyzed according to cell type, and improvement in
survival was the sole criterion of drug activity.
Although the 4-month median survival for patients
with SCLC on alkylating agents was only slightly better
than the 1.5-month median survival of patients treated
with inert compound (P = 0.0005), the trial was the first
to show a statistically significant survival benefit of
chemotherapy in lung cancer. Cyclophosphamide be-
came a cornerstone in successful SCLC treatment, just
as the nitrogen mustard in mechlorethamine, vincris-
tine (Oncovin®), procarbazine, and prednisone chemo-
therapy was in Hodgkin’s disease.

Although the magic combination never emerged,
the power of chemotherapy was clearly improved
with multi-agent chemotherapy. Many permutations
and variations of protocols containing five drugs
(cyclophosphamide, doxorubicin, vincristine, etopo-
side, and cisplatin) or their analogues have been
reported, and a number of regimens have been used
in phase IIl studies. In 1975, Einhorn et al. (12)
combined cyclophosphamide, doxorubicin, and vin-
cristine (CAV) and produced not only high response
rates but also complete responses in 20% of cases. It is
notable and somewhat disconcerting that the CAV
regimen and cyclophosphamide, doxorubicin, and
etoposide regimen have persisted as standard combi-
nations for thirty years. Interest in the combination of
etoposide and cisplatin (EP) (13) was stimulated after it
was shown to produce tumor regression in patients
whose cancers had progressed following initial drug

treatment with a cyclophosphamide-based regimen
(14). The consistent performance of EP or carboplatin
and etoposide in clinical trials plus the bonus of its
compatibility with radiotherapy has made it a stand-
ard of such durability that it persists as the treatment of
choice (15).

Investigational Chemotherapy

Extensive-stage SCLC (ESCLC) remains impervious
to chemotherapy innovations. At the most basic
level, it was easily demonstrated that monotherapy
was inferior to combination chemotherapy (16,17).
However, beyond that, it has not been shown con-
clusively that any innovation of chemotherapy has
been associated with a consistent improvement in
survival. Major areas of research have been chemo-
therapy diversity, quantity of drugs administered
(dose, dose intensity, duration of chemotherapy),
and introduction of new agents. New drug develop-
ment has included testing in previously untreated
extensive disease without apparent detriment to sur-
vival, but the need is for agents that cause response in
disease resistant to standard therapy. Unfortunately,
no such agents loom on the horizon.

Drug diversity is a fundamental principle govern-
ing the use of combination chemotherapy that attempts
toavoid or minimize the development of resistant clones
(18). Models of drug diversity acquisition include
altering the standard regimen by adding drugs, sub-
stituting drugs, alternating combinations, and creating
complex weekly regimens. An informative study by the
Southeastern Cancer Study Group that compared
sequential CAV, sequential EP, and alternating CAV
and EP showed no statistically significant differences in
response rates or survival for ESCLC (19). Additionally,
this trial demonstrated that an iso-effective result could
be generated with four cycles of EP compared with six
cycles of CAV or CAV/EP. The CODE (cisplatin,
vincristine, doxorubicin, and etoposide) regimen incor-
porated both drug diversity and a doubling of dose
intensity but failed to improve survival for ESCLC when
compared with CAV/EP (19).

Occasional examples exist of an incremental but
statistically significant benefit of adding a third drug
to a two-drug protocol in ESCLC, such as adding
ifosfamide to the EP regimen (20), but the small



survival gain weighed against the toxicity/logistical
cost has not changed practice. Other drug addition
regimens, such as the addition of paclitaxel and
granulocyte colony-stimulating factor to EP (TEP),
which has been compared with EP, have clearly had
no impact on survival in ESCLC (21). The addition of
paclitaxel to EP did result in added toxicity. Renal
toxicity, motor-sensory neuropathy, and hearing loss
were more common in the arm undergoing positron-
emission tomography. The toxic death rate was three
times as high in patients receiving the triplet
combination (6.5% vs. 2.4%). The Greek Lung
Cancer Cooperative Group also conducted a prospec-
tive randomized trial of TEP versus EP (22). The trial
was closed early because of unacceptable toxicity in
the three-drug arm.

In a different type of drug addition study, ECOG
randomized ESCLC patients who were stable or
responding to four induction courses of EP to four
cycles of maintenance or consolidation chemotherapy
with topotecan or a control group (23). Progression-
free survival was trivially better for the topotecan arm
than the observation arm (3.6 vs. 2.3 months).
However, there was no difference in median survival
(8.9 vs. 9.3 months, P=0.43), and topotecan added
substantial toxicity. In this study, it is poignant that
even when patients with ESCLC are selected for
chemotherapy-responsive biology (patients with pro-
gressive disease were not randomized), maintenance
treatment beyond four cycles of EP with putatively
non—-cross-resistant properties failed to improve
survival.

Randomized trials (24-28) of dose intensification
have consistently been negative in ESCLC, as was a
meta-analysis of dose intensity (29). Although trials of
high-dose chemotherapy with stem cell support for
SCLC are still under way in Europe, the failure of this
approach to overcome drug resistance in epithelial
cancers in general has marginalized this difficult line
of investigation to enthusiasts.

With respect to the introduction of new chemo-
therapy agents, a phase III trial from Japan (30) was
stopped early when the combination of irinotecan and
cisplatin demonstrated survival superiority to the EP
combination in ESCLC. Median survival was typical
in the EP arm at 9.4 months versus 12.8 months for the
irinotecan-treated arm (P=0.002). At 2 years, the
percentage of patients surviving was 19.5% versus
5.2%. At the 2005 meeting of the American Society of
Clinical Oncology, a phase III trial of a different
schedule (days 1, 8) of irinotecan and cisplatin
generated identical outcomes compared with the EP
regimen (31). A confirmatory phase III trial by the
Southwest Oncology Group (50124) has been de-
signed to reproduce the clinical data of the Japanese
trial in a larger population (620 patients) and also
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investigate pharmacogenomic end points predictive
of toxicity or efficacy of irinotecan and cisplatin.
Additionally, this study will examine polymorphisms
of genes associated with drug metabolism (UGT1A1)
and excision repair genes for platinum (ERCC-1,
XRCC-1). In the largest phase III trial ever conducted
for SCLC, Eckardt et al. (32) randomized 859 patients
to EP versus cisplatin with oral topotecan. Response
rates, median time to progression, and overall
survival were not statistically significantly different.
The negative results of the two North American trials
(31,32) testing the utility of the substitution of
topoisomerase I inhibitors for etoposide in a platinum
protocol have generated a pall of pessimism that
combinations with this drug class are capable of
displacing EP as standard therapy for ESCLC.

Other new drugs such as pemetrexed (33) and
amrubicin (34) are active and undergoing testing in
combination with a platinum agent in ESCLC.
However, like advanced NSCLC, it is increasingly
unlikely that the plateau in the power of treatment for
ESCLC will be changed with the introduction of new
cytotoxic agents.

Impact of Chemotherapy Innovations

While chemotherapy alone cures a small proportion of
patients with LSCLC (35), long-term survivors in the
ESCLC population are uncommon (1%). This differ-
ence makes LSCLC a model of a curable neoplasm in
which incremental improvements in chemotherapy
efficacy can be more easily detected than in palliative
ESCLC patients. This effect has been shown in several
clinical trials using several chemotherapy variations.

The most notable example comes from Norway
where Sundstrom et al. (36) randomized 436 patients
with SCLC to either cyclophosphamide, epirubicin,
and vincristine or EP for five cycles. Two hundred
eighteen patients with LSCLC were to receive thoracic
irradiation (TI) between the third and fourth course of
chemotherapy to a dose of 42 Gy. For ESCLC patients,
there was no significant survival difference between
the treatment arms. However, for LSCLC, the median
survival time was 14.5 versus 9.7 months in the EP
and CEV arms, respectively (P=0.001). The 2- and
5-year survival rates of 25% and 19% in the EP arm
compared with 8% and 3% in the CEV arm (P =0.001).
This trial provides compelling evidence that cyclo-
phosphamide/anthracycline regimens are inappro-
priate frontline regimens for LSCLC.

In a drug substitution trial, Reck et al. (37)
compared CEV to paclitaxel, etoposide, and carbo-
platin (TEC)—the experimental arm. The 608-patient
study included 302 patients with LSCLC, and ran-
domization was stratified by stage. Patients with
LSCLC received TI after 6 cycles of chemotherapy.
Median survival for patients in the TEC arm was
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superior to that achieved by patients in the CEV arm
(12.7 vs. 11.7 months), and the hazard ratio of death
was statistically significantly higher in the CEV arm
(hazard ratio=1.22; P=0.02) than in the TEC arm.
When analyzed by stage, the median survival
advantage of TEC over CEV was confined to LSCLC
patients (17.6 vs. 16.6 months); the difference in 3-year
survival appears more impressive but was not cited
in the paper. There was no difference in outcome
for ESCLC, for which the median survival rate
was 9.8 months in one arm and 10.0 months in the
other.

In a trial of dose intensification, Thatcher et al.
(38) randomized 403 patients to a standard six cycles
of doxorubicin, cyclophosphamide, and etoposide
(ACE) at 3-week intervals versus the same regimen
given every 2 weeks with granulocyte colony-stim-
ulating factor support. The patient population had
predominantly limited stage disease (77%), and all
patients had good prognostic factors as defined by
this group. Survival was longer in the group receiving
intensified therapy (hazard ratio=0.80; 95% confi-
dence interval [CI], 0.65-0.99; P =0.04). At 24 months
survival was 13% versus 8% in favor of the more
intensive regimen. The same group examined a
patient population with a higher proportion of
LSCLC patients (87%) and favorable prognostic
factors with a randomization between ICE-V (ifosfa-
mide, carboplatin, etoposide, and vincristine) versus
standard chemotherapy (mainly CAV) (39).
Consolidation TI and PCI was recommended after
chemotherapy was complete. The median survival
was 15.6 months in the ICE-V group and 11.6 months
in the control group, and the 2-year survival rates
were 20% and 11% respectively (P =0.0049).

These randomized trials of LSCLC patients with
good prognostic factors suggest that small but statisti-
cally significant survival gains can be achieved from
chemotherapy innovations for this group. However,
there is a problem. Unless profound differences exist
in prognostic factors or staging methods that make
these patients incomparable to other recently pub-
lished LSCLC results, the median and long-term
survival outcomes of all these trials are clearly inferior
to what would be expected from early concurrent EP
and TI. With initial concurrent chemoradiation, the
median survival times exceed 20 months: 2-year
survival is more than 40% and actual 5-year survival
rates of more than 20% are fairly consistently reported
(40-42).

Concurrent administration of full doses of EP
and TI can be accomplished with manageable toxi-
city without reduction of either modality. However,
when chemotherapy is manipulated by dose intensi-
fication or addition of drugs that are less compatible
with TI, the fidelity of both modalities of treatment is

impaired by increased hematological and nonhemato-
logical toxicity. As an example, a recently reported
Radiation Therapy Oncology Group (RTOG) phase 1I
study that incorporated paclitaxel with EP and twice-
daily TI (45Gy in 3 weeks) showed a favorable
median survival of 24.7 months and a 2-year survival
rate of 54% (43). Four- and five-year survival was
about 20%. Grades 3 and 4 esophagitis was 32% and
4%, respectively, and 6% of patients died of toxicity.
After due consideration, the authors concluded that
this three-drug protocol was unlikely to improve
the results in LSCLC compared with the standard EP
chemotherapy regimen and that this line of inves-
tigation would be pursued no further.

The demographic patterns of patients diagnosed
with LSCLC are not conducive to increasingly toxic
combined modality protocols. Gaspar et al. (44)
examined a National Cancer Data Base including four
patient cohorts diagnosed with LSCLC in 1985
(N =2123), 1990 (N =279), 1995 (N =7815), and 2000
(N =2123). The proportion of older patients (age >70
years) increased significantly over time, from 31.6% in
1985 to 44.9% in 2000 (P < 0.001). Moreover, SCLC
patients are generally physiologically aged beyond
their chronological age at least in part because of
heavy smoking. This analysis identified the continued
need for the evaluation of new treatments in this
group of patients, but more aggressive chemotherapy
in combined modality protocols is unlikely to enhance
the therapeutic index.

COMBINED MODALITY THERAPY

Thirteen randomized studies, including 2140 patients,
have investigated the role of thoracic radiotherapy in
LSCLC. Two meta-analyses (35,45) have been pub-
lished that examine these trials. Both show a modest
improvement in survival rates in those patients given
thoracic radiotherapy in addition to chemotherapy.
Survival benefit becomes evident at about 15 months
after the start of treatment and persists beyond 5 years.
At 3 years, 8.9% of the chemotherapy-only group is
alive compared with 14.3% of the combined-modality
group. The relative risk of death in the combined
modality group as compared with the chemotherapy
group was 0.86 (95% ClI, 0.78-0.95; P =0.001), corre-
sponding to a 14% reduction in the mortality rate.
The analysis of local control showed a 2-year local
failure rate of 23% for irradiated patients versus 48%
for nonirradiated patients (P =0.0001). These benefits
were obtained at the cost of an increase in treatment-
related deaths of 1%.

The meta-analyses (35,45) have been a valuable
addition to the oncology literature, and the principal
conclusion that chemotherapy combined with TI
is superior to chemotherapy alone is undoubtedly



correct. However, the meta-analyses underestimate
the absolute long-term survival contribution of state-
of-the-art integrated chemoradiation. Most studies in
the meta-analyses commenced before 1981, and none
delivered cisplatin and etoposide, either as initial
treatment or concurrently with TI. Investigators
reported relative risk of death rather than the pro-
portion of long-term survivors, which masked the
contribution of radiotherapy. Even the survival curve
is initially better for chemotherapy alone, but at about
one year the curves cross, showing a clear benefit of
combined modality therapy on long-term survival.
Chemotherapy prescriptions from a previous era that
administer concurrent chemoradiation with cyclo-
phosphamide, doxorubicin, and nitrosoureas are
associated with problematic hematological and non-
hematologic toxicity. Reliable delivery of both chemo-
therapy and radiotherapy is uncertain. The negative
impact of chemoradiation using incompatible chemo-
therapy regimens can be seen in two subgroups
reported in the meta-analysis of Pignon (35).
Subgroup analysis on the basis of age indicated
that the benefit from radiotherapy on mortality was
greatest for patients younger than 55 years of age
(P=0.01). The relative risk of death in favor of
combined modality therapy was 0.72 (95% CI,
0.56-0.93) for patients younger than 55 years and
1.07 (95% CI, 0.70-1.64) for patients older than 70
years of age. This adverse effect of age on the benefit
of combined modality therapy has been contradicted
by two recent studies (4,46) that examined treatment
effects in older patients (=70 years of age) versus
younger patients (<70 years of age) in studies that
administered early EP with TI. The two groups were
similar for baseline patient characteristics; treatment
field sizes, toxicity, response rates, and overall
survival. These analyses conclude that age does not
appear to have an impact on the delivery, tolerance, or
efficacy of radiotherapy when used with platinum
and etoposide in patients with LSCLC. A plausible
explanation of the discrepancy would be that toxicity
of concurrent chemoradiation as used in the trials
examined in the meta-analysis had a disproportionate
effect on elderly patients. Clearly, fit elderly patients
should not be denied the benefit from chemoradiation
for LSCLC based on the meta-analysis (35). The same
meta-analysis examined the question of the timing of
TI (sequential, alternation, and concurrent), and no
statistically significant differences were found among
the various treatment schedules (35). However, 3 of
the 4 trials that showed a significant survival
advantage for combined modality therapy employed
a concurrent or alternating scheme, whereas seven of
the nine trials that did not demonstrate a survival
advantage employed a sequential plan. Comparisons
between sequential and concurrent therapy depend
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on compatibility of chemotherapy and radiotherapy;
in fact, the alternating methodology was employed as
a way to get around the excess toxicity of concurrent
therapy with an anthracycline. The use of anthracy-
clines and alternating therapy has faded into the past,
but rises with each evidence-based assessment and
review of these studies. The survival advantage of TI
becomes important 2-5 years postdiagnosis in LSCLC
when the proportion of cured patients becomes
manifest (40).

Sequencing and Timing of Thoracic Radiotherapy
Although investigation of TI timing is reported in
seven randomized trials (41,42,47-51) of varying
structure, size, and vintage, sequence and timing
continue to generate controversy. Recently, a meta-
analysis performed according to the Cochrane
Collaboration Guidelines examined randomized con-
trolled clinical trials comparing different timing of
chest radiotherapy in patients with LSCLC (52). Early
chest irradiation was defined as beginning within 30
days after the start of chemotherapy. Seven random-
ized trials were eligible (41,42,47-51). A weighted
estimate of the typical treatment effect across studies
was computed for 2-year survival data as well as the
5-year survival data, local control, and toxicities. The
odds ratio (OR) was used as the effect measure.
Taking all seven studies into account, the overall
survival at 2 years (OR, 0.84; 95% CI, 0.56-1.28) or at
5 years (OR, 0.80; 95% CI, 0.47-1.38) was not
significantly different between early and late chest
radiotherapy. When the one trial that delivered
nonplatinum chemotherapy concurrently with chest
radiation (49) was excluded, the OR at 5 years was
significantly in favor of early chest radiotherapy (OR,
0.64; 95% CI, 0.44-0.92, P =0.02). When studies with
an overall treatment time of chest radiation of less
than 30 days were considered (41,42,47,48,50), the
5-year survival was even better (OR, 0.56; 95% CI,
0.37-0.85; P=0.006). As expected, esophageal and
pulmonary toxicity was worse with initial concurrent
chemoradiation, but severe leukopenia was more
frequent in patients receiving late chest radiotherapy
(P=0.0004).

Although a conclusion in favor of early con-
current chemoradiation for LSCLC is not definitive,
analysis of relevant subsets of the data is rational.
Exclusion of nonplatinum chemotherapy is supported
by a meta-analysis showing superiority of SCLC
regimens containing cisplatin (53) and a conclusive
phase III trial showing better survival of patients on
the EP regimen than that of those on a cyclo-
phosphamide/anthracycline-based regimen (36).
Early TI cannot be expected to perform well unless
it is coupled with a chemotherapy regimen compat-
ible with concurrent radiotherapy and efficacious
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LIMITED SCLC: SCHEMA

Irradiation

Figure 2

In a study of LSCLC, Murray et al. (42) compared early Tl at week 3 with late Tl at week 15. After completion of all

chemotherapy, including CAV and EP, and thoracic radiotherapy, complete responders received prophylactic cranial radiotherapy of
25Gy in 10 fractions over 2 weeks beginning at week 19. Abbreviations: CAV, Cyclophosphamide, doxorubicin, and vincristine; EP,
etoposide and cisplatin; LSCLC, limited-stage small cell lung cancer. Source: From Ref. 42.

enough to improve control of micrometastases out-
side the TI volume. Parenthetically, it is important to
note that the odds ratios adduced in favor of early
concurrent TI versus delayed TI (0.80, 0.64, 0.56) in the
meta-analysis by Pijls (52) are more favorable than the
OR of 0.86 calculated in favor of combined modality
therapy versus chemotherapy alone (35).

Another factor that influenced the less-than-
robust statistics of the meta-analysis on the timing of
TI is that the prognostic factors of the patients in the
trials appear different. If a poor prognosis LSCLC
population (as evidenced by a short median survival)
is studied, the proportion of patients who can have
their prognosis improved by better integration of
chemoradiation will be low and the benefit of early TI
timing will be diluted by having a majority of
incurable cases. That the study populations in the
Perry (49,54), Work (51), and James(47) trials, which
failed to show superiority of early chemoradiation,
contained more patients with a poorer prognosis is
strongly suggested by the short median survival times
reported. The average median survival of all patients
(both arms) in these trials was 13.75 months for the
Perry trial, 11.25 months for the Work trial, and
14.3 months for the James study. In the trials that
support early concurrent chemoradiation, the average
median survival of all trial patients was 18.6 months
for the Murray study (42), 23.5 months for the Takada
trial (41), and 30 months for the Jeremic trial (48).
These are rather large differences (range of factors,
1.3-2.6).

The National Cancer Institute of Canada clinical
trial group (42) compared early against late TRT in a
randomized trial. Three hundred eight patients were

randomized to receive early TRT (40 Gy in 15 fractions
over 3 weeks) to the primary site with concurrent
alternating EP and CAV or to receive late TI at week
15 with the same radiation therapy dose and same
concurrent chemotherapy. After completion of all che-
motherapy and TRT, complete responders received
PCI (25 Gy in 10 fractions over 2 weeks) (Fig. 2).
Although complete response rates did not signifi-
cantly differ between the early and late TRT groups,
progression-free survival (P =0.036) and overall sur-
vival (P = 0.008) (Fig. 3) were significantly better in the
early thoracic group. Patients in the late thoracic
radiation group had significantly higher rates of brain
metastases (P = 0.006). Results indicated that the early
administration of TRT with concurrent chemotherapy
improved survival, possibly by reducing the last
clonogens in the primary.

Selection of patients for combined modality
trials of stage III NSCLC requires that the patient
population be carefully staged and has favorable
prognostic factors. Similarly in LSCLC, patients who
benefit from early concurrent chemoradiation are
those with good prognostic factors and a reasonable
chance of being cured.

The Chemoradiation Package: Optimally

Integrating Modalities

Peters and Withers addressed the concept of the
“chemoradiation package” in discussion of the treat-
ment of head and neck cancers (55). Most sequential
combined modality protocols emerged as pragmatic
grafting of chemotherapy onto a course of radio-
therapy. The failure of induction chemotherapy to
improve results in the combined modality treatment
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In their comparison of early and late Tl with chemotherapy, Murray et al. found that complete response rates did not

significantly differ between the groups, but progression-free survival (P = 0.036) and overall survival (P = 0.008) were significantly
better in the group undergoing early TIl. Abbreviation: Tl, thoracic irradiation. Source: From Ref. 42.

of head and neck cancer can be explained by the
hypothesis that the cell kill produced by induction
chemotherapy is offset by tumor cell regeneration
occurring during the prolonged overall course of
treatment (56).

Duration of the Chemoradiotherapy

The duration of the chemoradiation package for
LSCLC may be defined as the time elapsed from the
first therapeutic intervention until the completion of
the radiotherapy treatment. The use of this definition
does not presume that additional chemotherapy
cycles after completion of radiotherapy are unimpor-
tant, but that the rapid tumor destruction caused by
combined modality therapy is crucial and markedly
influences the probability that treatment will even-
tually eliminate the last tumor clonagen. That initial
concurrent chemoradiation is the most efficient way
to rapidly destroy cancer cells is self-evident. Based
on data from in vitro assays of radiosensitivity of
human SCLC lines (57), numerically, more cancer
clonagens are eliminated locally by the first 2-Gy
fraction (surviving fraction at 2 Gy, or SF2) than by the
entire remainder of the radiotherapy course. When
initial concurrent systemic chemotherapy is added to
the radiotherapy effect, inhibition of tumor repopula-
tion and metastatic events by rapid tumor destruction
will be greater than when radiotherapy is delayed
during protracted induction chemotherapy. The the-
oretical basis of the superiority of initial chemo-
radiation is discussed in detail elsewhere (58). This

concept has been recently been statistically evaluated
by De Ruysscher et al.(59) from the Netherlands. The
hypothesis was that the overall treatment time
available for accelerated proliferation of tumor cells
could be a major determinant of tumor outcome in
LSCLC. They performed a systematic overview and
identified six published phase III trials (404248,
51,60) combining chest irradiation and platinum-
based chemotherapy in the primary management of
LSCLC and reporting 5-year survival. The following
parameters and their influence on local tumor control,
survival, esophagitis, and pneumonitis were ana-
lyzed: the total radiotherapy dose, the overall treat-
ment time of chest radiotherapy, and the day of the
start of radiotherapy as an indicator of early versus
late radiation, the SER (start of any treatment till the
end of radiotherapy), concurrent versus sequential
radiotherapy and chemotherapy, the study period
measured by the year the trial was initiated, and the
equivalent radiation dose in 2-Gy fractions, corrected
for the overall treatment time of chest radiotherapy
(EQD,,T). The definition of SER and the chemo-
radiation package are the same.

Using meta-analysis methodology, the SER was
the most important predictor of outcome. There was a
significantly higher 5-year survival rate in the shorter
SER arms (OR, 0.60; 95%CI, 0.45-0.80; P =0.0006),
which was more than 20% when SER was less than
30 days. Although no significant relation between the
SER and local tumor control was found (OR, 0.73; 95%
CI, 0.46-1.14; P =0.16), local tumor control was higher
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with increasing EQD,,T radiation doses (P=0.02).
This suggests that for local tumor control, both time
and radiation dose are important factors. A lower
SER was associated with a higher incidence of
severe esophagitis (OR, 0.47; 95% CI, 0.33-0.66;
P < 0.001). SER was not statistically associated with
pneumonitis (too few events), severe leukopenia, or
thrombocytopenia.

The authors concluded that a short SER (less
than 30 days) results in improved survival for patients
with LSCLC. This novel parameter, taking into
account accelerated proliferation of tumor during
both radiotherapy and chemotherapy, may facilitate
a more rational design of combined modality treat-
ment in rapidly proliferating tumors.

Thoracic Radiotherapy Target Volume
Selection of target to treat has evolved because of CT
and treatment planning systems that allow more
accurate definition of structures that warrant treat-
ment and distinguish them from normal tissue. Global
mediastinal and supraclavicular irradiation domi-
nated thoracic radiotherapy ports through the trials
of the 1980s, including the Intergroup trial (40), in
which regional nodal irradiation encompassed the
entire mediastinum. Relapse patterns rarely report
regional nodal failure as first or ultimate site of
relapse, and this is especially true of supraclavicular
nodal regions. As with other occult positive disease,
managing sites with systemic chemotherapy is fea-
sible, treating uninvolved nodes with radiotherapy
may not be necessary, and exposing radiographically
normal nodal stations to radiation beams may add to
toxicity. Diminishing mediastinal irradiation only to
areas of bulky nodes reduces exposure to the
esophagus, the lung, and other sensitive normal
tissues and reduces esophagitis and pneumonitis.
Target size can be challenging with initial
concurrent therapy if a tumor’s initial bulk is too
large for a reasonable radiotherapy port. This fact may
influence sequence of therapy. A cycle or two of
chemotherapy may reduce volume sufficiently to
more facilely apply radiation without excessive
irradiation to lungs. The target can then become the
residual mass after reduction by chemotherapy. The
volume of TRT to encompass prechemotherapy or
postchemotherapy fields has been controversial. In
the 1980s, there were significantly different survival
rates if the prechemotherapy volumes had not been
encompassed. More recently, however, studies by
Arriagada et al. (61), Kies et al. (62) (Table 5), and
the Mayo Clinic (63) have not shown any significant
difference in survival when patients received post-
chemotherapy volume encompassed by TRT com-
pared with prechemotherapy volume irradiated.
However, prechemotherapy CT scan should be

Table 5 Volume of TRT

Intrathoracic

Patients Recurrence
Reference (N) (%) P
Mantyla et al. (1985) (89)
Original tumor 28 18 0.003
volume
Reduced tumor 24 58
volume
Perez et al. (1981) (90)
Adequate portals 40 33 0.02
Inadequate portals 13 69
White et al. (1982) (91)
Fully evaluable or 34 0.04
minor variations 38
Major variations 16 69
Kies et al. (1987)
Wide volume 93 32
radiotherapy NS
Reduced volume 98 28
Radiotherapy
Image-guided radiotherapy
Adequate coverage 12 33 0.86
Inadequate coverage 50 36

Abbreviation: TRT, target radiotherapy.
Source: From Ref. 61.

reviewed to include the originally involved lymph
node regions in the target volume. Three-dimensional
conformal radiotherapy (3D-CRT) should be used to
reduce normal tissue toxicity yet offer an adequate
dose to the target volume.

Data supporting this approach are limited, but an
analysis from the Mayo Clinic (63) shows support for
the tactic of targeting postchemotherapy residual
disease or at least indicates no clear hazard is posed
by not encompassing the initial bulk. This issue has not
drawn sufficient attention to prompt construction of a
prospective clinical trial to test volume-related issues.

Nodal structures that measure 1cm or larger on
CT scan, clinically palpable nodes in the supra-
clavicular fossa, and disease found by bronchoscopy
constitute an appropriate target. Elective treatment of
uninvolved nodes does not have a good rationale, and
the risk of normal tissue exposure with toxicity of
esophagitis and reduction in lung function militates
strongly against expansive volumes. Since SCLC is a
chemoradiosensitive tumor, after a couple weeks of
treatment, boost fields can be applied to avoid normal
tissue toxicities. Such an approach produced a
remarkable response to chemoradiotherapy after 14
1.8-Gy fractions: the gross target volume was reduced,
which reduced the volume of V20 to the total lung
from 24% to 18% and the maximum spinal cord
dose from 46 to 42Gy. V40 of the esophagus was
reduced from 50% to 40% (Fig. 4).
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Figure 4 This pretreatment (left) and posttreatment (right) chest CR scan is that of a 56-year-old woman who was treated on RTOG
0239. Post-treatment view shows results after 2.5 weeks of radiotherapy, indicating almost complete resolution of the gross tumor.
Patients underwent concurrent therapy, 61.2 Gy in 5 weeks and three courses of chemotherapy. Therefore, resimulation was performed
to reduce radiotherapy fields. Abbreviation: RTOG, radiation therapy oncology group.

Concurrent Thoracic Radiotherapy

and Chemotherapy

The potential advantages from concurrent chemo-
therapy and radiation therapy are early use of both
modalities, patient expectation and acceptance of
greater toxicity, ability to plan radiation therapy more
accurately, short overall treatment time (high-dose
intensity), and possible sensitization of the tumor. The
disadvantages are enhanced normal tissue toxicity
(potentially moderated by dose modification and/or
treatment breaks) and an inability to assess response
to either modality separately. In the 1970s, concurrent
chemotherapy (CAV) and TRT was tried at the
National Cancer Institute, which successfully treated
patients with LSCLC, although the mortality rate from
the treatment was 20% (64). Because of this high
mortality, the use of concurrent TRT and doxorubicin
was abandoned.

Other strategies of concurrent radiation therapy
and chemotherapy have been tried. McCracken et al.
(65) reported results from a Southwest Oncology
Group phase 1II trial in which two courses of cisplatin,
etoposide, and vincristine were given with concurrent
radiation therapy using one fraction of 1.8 Gy per day,
5 days per week, to a total dose of 45Gy. Additional
chemotherapy with vincristine, methotrexate, and
etoposide, alternating with doxorubicin and cyclo-
phosphamide for 12 weeks, followed the concurrent
therapy. They evaluated 154 patients, and with a
minimum period of observation of 3 years, the 2-year
survival rate was 42% and the 4-year rate was 30%.
Updated, this study showed a 5-year survival of 26%
(66). Johnson et al. (67,68) and Turrisi and associates
(69) reported a small series of patients treated with
concurrent cisplatin and etoposide with accelerated
fractionation: a dose of 1.5Gy twice daily, 5 days
per week, was given for 3 weeks for a total dose

of 45Gy. Two-year survival rates were 57% and 65%
for the Turrisi (69) and Johnson (64,68) studies,
respectively. Updated 4-year survival rates by Turrisi
(40) were 36%.

The Japanese Clinical Oncology Group (70)
reported a prospective randomized study for patients
with LSCLC treated by sequential or concurrent
chemotherapy. Two hundred thirty-one patients
younger than 75 years of age with LSCLC and good
performance status were enrolled. Chemotherapy
consisted of paclitaxel (80 mg/m?® on day 1) and
etoposide (100mg/m* on days 1-3) every 3 weeks.
Radiation therapy consisted of 45 Gy given in 1.5-Gy
fractions twice daily, 5 days per week. The concurrent
arm started chemotherapy and TRT on day 1, and the
sequential arm started TRT after two cycles of
chemotherapy. Chemotherapy was given for a total
of four cycles. The group’s data showed significant
improvement of survival with concurrent chemo-
radiotherapy compared with sequential chemother-
apy and radiotherapy (Table 6).

Fractionation

According to several phase II trials that have used TI
twice daily with concurrent chemotherapy, median
survival ranged from 18 to 27 months and 2-year
survival rates ranged from 19% to 60% with local
control from 32% to 91% (68,69). Intergroup Trial 0096
was conducted through ECOG and RTOG to inves-
tigate whether accelerated hyperfractionated radiation
therapy could outperform daily fractionation of radi-
ation therapy with concurrent cisplatin and etoposide
in LSCLC (Fig. 5) (40). The total dose for TRT was 45 Gy,
with concurrent cisplatin and etoposide for four cycles.
The cisplatin dose was 60mg/ m? on day 1, and
etoposide was given intravenously at a dose of
120mg/m? on days 1, 3, and 5. This course was
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Table 6 Concurrent Radiotherapy Compared with Sequential
Radiotherapy for LSCLC

Table 7 End Point Intergroup Trial 0096: ECOG Trial 3588/
RTOG Trial 88-15

Sequential Concurrent
Characteristic radiotherapy radiotherapy
Patients 114 114
Complete 33 (29%) 42 (37%)
response
Partial response 71 (62%) 70 (61%)
Median survival 20.8 31.3
(months)

Note: Data were not available for all patients from all participating
institutions for all characteristics.

Abbreviation: LSCLC, limited small cell lung cancer.

Source: From Ref. 70.

repeated every 21 days for four cycles. The daily
fractionation group (arm 1) received a single 1.8-Gy
fraction daily, with a total tumor dose of 45Gy over
5 weeks compared with accelerated hyperfractionated
radiation therapy (1.5-Gy fractions twice daily with a 4-
to 6-hour interfractional interval (arm 2). Total tumor
dose was 45Gy in 30 fractions in 3 weeks. Those
patients who achieved complete response were con-
sidered eligible to receive PCI (2.5Gy in 10 fractions).
Overall, median survival for the group receiving
hyperfractionation was 23 months with a 2-year
progression-free survival of 47% compared with the
daily fractionation group showing 19 months and 44%,
respectively, without a significant difference (Table 7).
Overall, concurrent chemotherapy and radiotherapy
can be tolerated and efficacious, according to this study,
which shows a 2-year survival rate of 40% by a large

SMALL CELL LUNG CARCINOMA

Performance
Status DDP/VP X 4 Cycles
Std RT: 45 Gy/25 Fx/5 Wks

Sex

DDP/VP X 4 Cycles
AFX RT: 45 Gy/30 Fx/3 Wks

S
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t
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y

Weight Loss

RT Day 1; DDP 60 mg/M® IV Day 1
VP 120 mg/M* IV Days 1 - 3

]’Q 3 Wks

Figure 5 Selection of target to treat has evolved because of CT
and treatment planning systems that allow more accurate
definition of structures that warrant treatment, limiting the
exposure of other anatomy to radiation. The EGOG and the
RTOG conducted an Intergroup study comparing accelerated
fractionation (Fx) of radiotherapy (AFX RT) over 3 weeks (Wks)
with standard fractionation of radiotherapy (Std RT) over
5 weeks. Patients also received concurrent cisplatin (DDP) and
etoposide (VP) every (Q) 3 weeks. Abbreviations: AFX-RT,
accelerated fractionation of radiotherapy; EGOG, Eastern
Cooperative Oncology Group; RTOG, Radiation Therapy Oncol-
ogy Group. Source: From Ref. 40.

Treatment,
outcomes, and RTOG trial
side effects Arm 1 Arm 2 0239 goals
Total radiotherapy 45 Gy 45 Gy 61.2Gy
Duration (weeks) 5 3 5
Median survival 19 23 30
(months)
Survival
1 year 63% 67% 74%
2 years 44% 47% 60%
5 years 16% 26%* 36%
LF 53% 36% ° 20%
Grade 3 esophagitis 11% 27%° 20%

Note: Data were not available for all patients from all participating
institutions for all characteristics.

4P =0.04.

®P=0.07.

‘P=0.01.

Abbreviations: ECOG, RTOG, radiation therapy oncology group.

Source: From Ref. 40.

cooperative group, which is a rate twice as good as that
of a decade ago. After 5 years, survival rates of the two
groups were statistically significantly different (Fig. 6)
(Table 7), with accelerated hyperfractionation (26%)
outperforming daily fractionation (16%) by 10 percent-
age points (P =0.043) (40) demonstrating remarkable
improvement in 5-year survival rates in this nation-
wide randomized study.

Toxicities in the two arms were identical with
the exception of acute grade 3 esophagitis, seen in 27%
of the patients treated by accelerated treatment and in
11% of the daily fraction group (Table 7). There has
not been a significant difference in late toxicity of the
esophagus. The treatment-related death rate was 2%.
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Figure 6 In Turisi et al.’s Intergroup study, 5-year survival was
26% in the group undergoing radiotherapy twice daily (BID) in a
hyperfractionated schedule and 16% in the group undergoing
daily (QD) standard fractionation, and the difference was
statistically significant (P = 0.043).



Dose of Thoracic Radiation

The radiation dose to the thorax is another contro-
versial area (71,72). The duration of overlapping
chemotherapy and thoracic radiotherapy may influ-
ence tolerability and survival as well as toxicity. In the
1980s, the issue for thoracic radiotherapy was whether
it was needed at all, and the responsiveness of SCLC
to either radiotherapy or chemotherapy was so great
that higher doses were not contemplated. Doses
commonly recommended were in the range of
40-50 Gy. Because of concern for spinal cord tolerance,
simple techniques, such as a posterior shield, were
used to ensure spinal cord tolerance. The fact that the
spinal cord shield also blocked tumor centrally was
considered a necessary problem. Since that time
treatment planning techniques allow delivery of dose
to targets defined by radiation oncologists without
concern for spinal cord tolerance. Toxicity to the lung
and esophagus are more practical concerns. Modern
planning allows delivery of doses higher than ever
considered 25 years ago either by once- or twice-daily
treatment.

The National Cancer Institute of Canada re-
ported an important study to show a dose-response
relationship in the thorax (73). These researchers
found a clear dose-response relationship with in-
creased thoracic progression-free survival by giving
37.5Gy in 15 fractions in 3 weeks and comparing that
schedule with 25 Gy in 10 fractions in 2 weeks, which
was used as a consolidation therapy after completion
of EP and CAV alternating or sequential chemo-
therapy. In Canada, 40 Gy in 3 weeks is still widely
used (42). We really do not know that longer
treatments or higher doses are better for local control
or survival, but we are now able to deliver doses up to
70Gy in 7 weeks (74) without a clear signal that
higher doses are superior.

Arriagada and associates at the Institute of
Gustave-Roussy published a report of 173 patients
with LSCLC treated in three consecutive trials (61).
The total dose of thoracic radiotherapy increased from
45Gy (15-15-15) to 55Gy (20-20-15) to 65Gy (20-20-
25), which was given by split courses interdigitating
with chemotherapy. Their 3-year local control rates
were 66%, 70%, and 70%, respectively, and 5-year
survival rates were 16%, 16%, and 20%, respectively.
There was a 10% rate of lethal toxicity without a
significant difference, depending on the dose. The
authors concluded that there was no significant
difference in local tumor control or survival with
treatment between 45 and 65Gy when effective
chemotherapy was given.

By evidence, the standard dose and treatment
for LSCLC is 45Gy delivered in 3 weeks in 30
fractions of 1.5Gy, administered concurrently with
cisplatin plus etoposide (40). The North Central
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Cancer Treatment Group Study (75), which also
studied twice-daily treatment, failed to show differ-
ences between the twice-daily treatment and once-
daily treatment. However, both arms had delayed
initiation of chemoradiotherapy after induction che-
motherapy, and the duration of radiotherapy was not
different despite a twice-daily scheme. The trial
intentionally interrupted treatment midcourse on the
twice-daily arm, but that resulted in a reduction of
toxicity. There was no significant difference in
survival. The interruption muted any effect of twice
daily treatment. While some cast doubt that twice-
daily treatment is superior because of this trial, the
interruption of and protraction of treatment dimin-
ished the intensity of the radiotherapy. Thus, the
midcourse interruptions and course extension of the
twice-daily schedule may blunt esophagitis, but they
also blunt any effect on survival as well.

The Massachusetts General Hospital group (76)
has consistently endorsed a policy of higher doses of
once-daily treatment, and have slowly escalated the
dose in successive cohorts of patients to 70Gy.
Survival plots of patients treated at higher doses
show no inferiority and possibly a slight benefit for
protracted, high-dose treatment. Both Cancer and
Leukemia Group B and Massachusetts General
Hospital data sets use induction chemotherapy and
postchemotherapy target volumes. American cooper-
ative groups have escalated LSCLC thoracic radio-
therapy doses to doses of 61-63 Gy paralleling doses
used for stage III NSCLC. However, none of these
doses appears superior to 40-45Gy in 3 weeks, and
lengthy, high-dose treatments over 6-7 weeks are
associated with a long SER. Additionally, protracted
TI overlaps with more chemotherapy cycles, leading
to more dose reductions and delays. There is no
evidence from controlled trials that demonstrates
benefit to higher dose TI, and no such study has been
approved.

It is difficult to go to a higher dose by accelerated
hyperfractionation without increasing acute esopha-
gitis. Although local failure was almost 60% with
45 Gy in 5 weeks, it fell to 40% with the hyper-
fractionated and accelerated TRT from the Intergroup
study, but a high esophagitis rate—27% of patients
had severe grade 3 esophagitis—prevented attempt-
ing a higher dose of TRT with concurrent chemo-
therapy. Therefore, Komaki et al. developed a phase I
study (RTOG 97-12) to increase TRT dose during boost
treatment by reducing the treatment field for the
second daily fraction (Fig. 7) (77). The dose was
escalated from 50 to 64.8Gy with concurrent oral
etoposide and intravenous cisplatin. According to this
study maximum tolerated dose (MTD) was 61.2 Gy in
5 weeks. Therefore, a phase II study (RTOG 0239) was
opened in June 2003 and closed in May 2006, accruing
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RTOG 97-12 Protocol Dose Schedule
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Figure 7 In order to increase dose without increasing toxicity,
Komaki et al. (77) undertook a six-arm phase | study (RTOG
study 97-12) in which the thoracic radiotherapy (XRT) dose
(1.8Gy) was hyperfractionated (vertical bar, large field; x,
boost), and the second daily fraction (1.8 Gy) was delivered to
a reduced lung treatment field that did not include the spinal
cord. Patients also received chemotherapy (upright arrow) of
cisplatin and etoposide and PCI after completion of radiotherapy
and chemotherapy (not shown). Cisplatin was administered at
60mg/m2 on day 1, and etoposide was given intravenously at
120mg/m2 on day 1 and by mouth at 240 mg/m2 on days 2
and 3. Chemotherapy was administered every 22 days for four
cycles. Maximum tolerated dose was 61.2Gy in 5 weeks.
Abbreviations: PCI, Prophylactic cranial irradiation; RTOG,
Radiation Therapy Oncology Group. Source: From Ref. 77.

a total of 72 patients (Fig. 8). Radiation was given once
daily (1.8 Gy to large fields in 16 fractions followed by
large fields in the morning and off-cord boost fields
(1.8 Gy) in the afternoon with a 5- to 6-hour interval
on days 17-20, and then off cords in twice a day 1.8 Gy
for the last 5 days (Fig. 9). Figure 7 shows the
chemotherapy (EP) dose starting on day 1, which was
repeated every 3 weeks for 4 cycles. There were four
grade 5 toxicities, including two cases of hematolog-
ical complications (neutropenic fever and low platelet
count), one case of pulmonary complications, and one
case of dehydration), but response was noteworthy in
its scope and rapidity (Fig. 4). We are still waiting for
the analysis of efficacy.

A Cancer and Leukemia Group B study also
showed promising results: 36% of patients had 3-year
survival with 70 with 2Gy per fraction of radio-
therapy with concurrent chemotherapy. To this point,
the optimal dose of radiotherapy in SCLC using
modern 3DCRT with concurrent chemotherapy re-
mains controversial. Off protocol, 45Gy with 1.5Gy
per fraction given as a twice-a-day regimen is
considered standard (78).

RADIATION THERAPY ONCOLOGY GROUP
0239 Phase Il Schema

Radiation
» Large field 28.8 Gy: 1.8 Gy/fx/5 days x 16 fx
* Boost with second treatment (bid) just in pm @
1.8 Gy/fx on days 17-20 (use anterior-posterior/

posterior-anterior fields in am @ 1.8 Gy/fax)
« Then boost with 1.8 Gy bid x last 5 days

Total dose: 61.2 Gy in 5 weeks

Chemotherapy

Chemotherapy will be started on day 1 of thoracic
radiotherapy ( 24 hr)
- Cisplatin: 60 mg/m? intravenously day 1
- Etoposide: 120 mg/m? intravenously day 1
» Etoposide: 240 mg/m? by mouth/day on days 2 and 3
Repeat cycle every 3 weeks x 4 cycles

Figure 8 A phase Il study, the RTOG 0239 trial evaluated the
effectiveness of hyperfractionated radiotherapy in a total dose of
61.2 Gy paired with a concurrent 3-week chemotherapy course
repeated for four cycles. Abbreviation: RTOG, radiation therapy
oncology group.

In RTOG 0241, a phase I dose escalation study,
Langer et al. tested 45 Gy in 30 fractions (twice daily)
(arm A) against 70 Gy in daily fractions for 7 weeks
(arm B) with dose escalation of irinotecan from 40 to
60mg/m?> (79). Dose of cisplatin was constant at
60 mg/m?. The chemotherapy was initiated on day 1
and repeated every 3 weeks, and a total of four cycles
were given (Fig. 10). Thirty-six patients were accrued
to this study: 21 patients in arm A and 15 patients in
arm B. Acute toxicities attributable to reaching MTD
were not seen in arm A; however, MTD was reached at
50 mg/m? in arm B. Three out of the three developed
grade 3 or higher nonhematologic acute toxicities.

RTOG 0239 Dose Schedule

DOSE SCHEDULE
Large Field (1.8 Gy/fx) Bonsl!LEG!ﬁTtl: off cord)
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Figure 9 The RTOG 0239 study, which enrolled 72 patients
between June 2003 and May 2006, administered total doses of
61.2Gy over 5 weeks. Standard large (L) field and boost (B)
radiotherapy (XRT) fractions were 1.8Gy each, and patients
received cisplatin (C) and etoposide (E) as indicated. During
boost phase, fractions were delivered twice daily (B, or BID),
avoiding the spinal cord (off cord). Abbreviation: RTOG, radiation
therapy oncology group.
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RTOG 0241

SCHEMA (1/12/04)

This is a non-randomized dose escalation study in which patients are assigned in a sequential fashion,
alternating between treatment sequences. Treatment assignment will begin with Sequence A, Level 1 and

after enrollment of 6 patients, will progress to Sequence B, Level 1.

Dose escalation will follow this pattern

to the next level until the MTD in both treatment sequences is reached

*Sequence A (Arm 1)

Irinotecan Cis
Level mg/m2 mg/m?2 # of Pts.
1 40 60 6
2 50 60 6
3 60 60 6

Irinotecan: day 1, day 8 for 1 cycle
Cis: 60 mg/m2day 1 for 1 cycle
**Concurrent RT: 1.5 Gy, BID, M-F, in
30 fractions for a total of 45 Gy

*Sequence B (Arm 2)

Irinotecan Cis
Level mg/m?2 mg/m?2 # of Pts.
1 40 60 6
2 50 60 6
3 60 60 6
Irinotecan: day 1, day 8 q3 wks for 2

cycles
Cis: 60mg/m2 d1 g3 wks for 2 cycles

**Concurrent RT: 2.0 Gy, once daily, M-F,
in 35 fractions for a total of 70 Gy

v

v

*Post-RT Chemotherapy: for 3 cycles
Irinotecan: 60 mg/m2d 1, 8 q3 wk
Cisplatin: 60 mg/m2d 1 g3 wk

*Post-RT Chemotherapy: for 2 cycles
Irinotecan: 60 mg/m2d 1, 8 q3 wk
Cisplatin: 60 mg/m2d 1 g3 wk

/

Restage

Prophylactic

’ cranial XRT

Figure 10 The RTOG study 0241, a phase |, dose escalation study to determine MTD, was intended to enroll 18 patients (Pts) in each
arm, but enrolled 21 in arm A and 12 patients in arm B. Therapy included cisplatin (Cis), irinotecan, and radiotherapy (RT) twice daily
(BID) Monday through Friday (M—F). Chemotherapy was initiated on day 1 (d1), and in arm 2 patients were treated with drugs every
3 weeks (q3wk) for two cycles. After restaging, patients underwent prophylactic cranial radiotherapy (XRT). Abbreviations: MTD,

maximum tolerated dose; RTOG, radiation therapy oncology group.

When we consider altering dose fractionation
and duration of the TRT, biological effective dose
(BED) needs to be considered. The alpha-beta ratio for
the esophagus or tumor response to radiation is 10.
Potential tumor doubling time is 3 or 7 days for SCLC,
since tumor cells are not homogeneous. Five-year
survival based on BED assuming a 3-day tumor
doubling time (Fig. 11) and 7-day doubling time
(Fig. 12) is shown. Does the probability of the 5-year
survival rate increase beyond 45Gy at BED (3-day
tumor doubling time) or beyond 60 Gy at BED (7-day
tumor doubling time)? This is unknown because of
concurrent chemotherapy, which might increase nor-
mal tissue toxicities, compromising 5-year curability.

PROPHYLACTIC CRANIAL IRRADIATION

The role of PCI has been controversial because of the
lack of definitive input for improvement of overall
survival and previously reported late neurotoxicities.
However, the risk of brain metastasis from SCLC is
correlated to the length of survival, and as more
effective treatment extends life, a higher risk of brain

metastasis has been observed (80). An autopsy series
by Nugent et al. found that 80% of patients who died
2 years after completion of treatment had metastases
in the central nervous system (CNS), including the
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Figure 11 The 5-year survival rate is plotted against the
corrected BED based on 12 fractionation schedules and a
potential tumor doubling time of 3 days. Because of the
possibility of concurrent chemotherapy increasing normal tissue
toxicity, it is unknown whether the 5-year survival rate would
increase with doses greater than 45Gy. Abbreviation: BED,
biological effective dose.
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Figure 12 The 5-year survival rate is plotted against the
corrected BED based on 12 fractionation schedules and a
potential tumor doubling time of 7 days. Because of the
possibility of concurrent chemotherapy increasing normal tissue
toxicity, it is unknown whether the 5-year survival rate would
increase with doses greater than 60 Gy. Abbreviation: BED,
biological effective dose.

brain parenchyma, base of the skull, leptomeninges,
or spinal cord (Fig. 13) (81). Better and less toxic
treatment has been sought. Factors contributing to
decreased late neurotoxicities include a lower total
dose (24-30Gy), smaller fraction size (2.0-2.5Gy),
timing of PCI, no concurrent chemotherapy, and less
neurotoxic chemotherapy (82). Clinical brain meta-
stasis occurs in up to 50% in 24 months after
completion of treatment for LSCLC with the incre-
ment of 3% in every month after completion. PCI has
reduced intracranial recurrence of SCLC down to
10%; however, extracranial central nerve system
recurrence became more obvious (detected in up to
20% of patients) once intracranial metastasis had been

Total
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&
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£
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controlled (Fig. 14) (83). Baseline and follow-up
neuropsychological tests showed that 83% (25/30) of
patients with LSCLC had evidence of cognitive
dysfunction before PCI, and no significant differences
were found from pretreatment tests after PCI (84).

PCI has reduced brain tumor recurrence signifi-
cantly among the long-term survivors without ob-
vious neurotoxicities, although the majority of studies
have been done retrospectively (85,86).

Recently, the NCI reported excellent results
when 38 patients with LSCLC were treated with EP
with concurrent hyperfractionated radiation therapy
(1.5Gy twice daily with a total dose of 45Gy over
3 weeks) (67). The 1-year actuarial survival was 83%,
and the 2-year survival was 43%. The 5-year survival
rate and median survival were 19% and 21.3 months,
respectively. However, the CNS was the only site of
initial relapse in 34% (13/38) of the patients, and all of
these patients died of CNS metastasis. This study
concluded that combined chemotherapy and radia-
tion therapy for LSCLC resulted in a 2-year survival of
43%. However, the main cause of death among the
patients was relapse of the original cancer, and
isolated CNS metastasis caused more than 30% of
the cancer deaths.

A meta-analysis reported in 1999 of seven
prospective, randomized clinical trials found a
disease-free survival and overall survival advantage
in those patients who underwent PCI compared with
those not receiving PCI (Tables 8 and 9) (87). Several
problems with that report include the fact that four of
the seven trials analyzed had fewer than 100 total
patients, which may undercut the validity of the
statistical analyses. Also, approximately 14% of all 987
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Figure 13 (See color insert.) Nugent et al. (81) analyzed an autopsy series and found that 80% of patients who died 2 years after
completion of treatment for small cell carcinoma of the lung (SCCL) had metastasis in the CNS, including the brain parenchyma, base of
the skull, leptomeninges, or spinal cord. Abbreviations: CNS, entral nervous system; SSLC, small cell lung cancer. Source: From Ref. 81.
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Figure 14 Once PCI helped control intracranial metastasis,
extracranial nervous system metastasis was recognized as
representing 20% of cases in metastatic SCLC. Abbreviations:
PCI, prophylactic cranial irradiation; SCLC, small cell lung
cancer. Source: From Ref. 80.

patients had extensive rather than limited disease. In
addition, the dose fractionation of those patients who
received PCI was not uniform. There was, however, a
trend in the reduction of brain relapses in the subset of

Table 8 Characteristics of 987 Patients with Complete
SCLC in Remission

Group
treated Control
with PCI group
Characteristic (N=526) (N=461)
Male sex—no. (%) 403 (77) 352 (76)
Age
Median—yr 59 59
Range—yr 26-80 21-79
<55 yr—no. (%) 147 (28) 158 (34)
55-64 yr—no. (%) 250 (48) 185 (40%)
>65yr—no. (%) 129 (25) 118 (26)
Performance status—no. (%)?
0 212 (67) 215 (66)
1 96 (30) 105 (32)
2-3 7 (2) 6 (2)
Extensive initial 62 (12) 78 (17)
disease—no. (%)
Induction treatment with 314 (77) 248 (74)

chemotherapy plus
thoracic radiotherapy—
no. (%)

Note: Data were not available for all patients from all participating

institutions for all characteristics.

“0 denotes asymptomatic, 1, symptomatic and fully ambulatory, 2
symptomatic and in bed less than 50% of the day, and 3 symptomatic
and in bed 50% or more of the day.

Abbreviation: PCI, prophylactic cranial irradiation.

Source: From Ref. 87.
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PCI patients who were treated with at least 36 Gy of
total radiation dose at the conventional 2-Gy fraction.
The short-term neurotoxicities were not increased by
PCI. Finally, this meta-analysis made no attempt to
determine the risk of long-term neurotoxicity in those
receiving and not receiving PCI. The optimal dose for
PCI remains unclear. RTOG is conducting a phase 11/
III randomized study to compare different regimens
of PCI—25Gy in 10 fractions, 36 Gy in 18 fractions,
and 36 Gy in 24 fractions given as twice a day (1.5 Gy
twice daily) for patients with LSCLC who have
achieved complete clinical response.

To investigate which patients receive more
benefit from PCI without high risk of neurotoxicity,
we developed a decision-analytic model to compare
quality-adjusted life expectancy (QALE) in a cohort of
SCLC patients who did or did not receive PCI by
varying survival rates and the frequency and severity
of PCl-related neurotoxicity (88). Sensitivity analyses
were applied to examine the robustness of the optimal
decision. At current published survival rates (26%
5-year survival rate with PCI and 22% without PCI)
and a low neurotoxicity rate, undergoing PCI offered
a benefit over not undergoing PCI (QALE =4.31 and
3.70 for mild neurotoxicity severity; QALE =4.09
and 3.70 for substantial neurotoxicity severity,
respectively).

With a moderate neurotoxicity rate, undergoing
PCI was still preferred. If the PCI survival rate
increased to 40%, PCI outperformed not undergoing
PCI with a mildly severe neurotoxicity. However, not
undergoing PCI was preferred over undergoing PCI
(QALE=5.72 vs. 5.47) when the severity of the
neurotoxicity was substantial. Two-way sensitivity
analyses showed that having PCI was preferred for
low neurotoxicity rates, mild neurotoxicity severity,
and low long-term survival rates. No PCI was
preferred otherwise (Fig. 14).

We concluded that the current data suggest
undergoing PCI offers better QALE than not undergoing
PCI in patients with LSCLC who have achieved
complete response. As the survival rate for SCLC
patients continues to improve, the neurotoxicity rate
and neurotoxicity severity must be controlled to main-
tain a favorable benefit-risk ratio for recommending PCIL.

SUMMARY

For LSCLC, concurrent chemoradiotherapy should be
considered. Radiotherapy should be delivered to 45 Gy,
(given in 1.5-Gy fractions twice a day) with concurrent
cisplatin and etoposide chemotherapy. Patients should
be encouraged to participate in research protocols
using newer chemotherapy and/or dose escalation/
escalation radiotherapy. PCI should be considered for
complete clinical responders with a dose of 25-36 Gy.
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Table 9 Results of PCI in Patients with SCLC in Complete Remission

Rate in the
Treatment Control control group over Absolute benefit

End point group group p a 3-year period at 3 years
Overall survival 526 461 0.01 15.3 +5.4
Disease-free survival 526 461 <0.001 13.5 +8.8
Cumulative incidence of brain 524 457 <0.001 58.6 -25.3

metastasis
Cumulative incidence of other 325 332 0.37 45.6 -3.8

metastases
Cumulative incidence of local or 323 334 0.84 45.1 -1.0

regional recurrence

Note: Data were not available for all patients from all participating institutions for all characteristics.

Abbreviations: PCI, prophylactic cranial irradiation.
Source: From Ref. 87.

Some evidence exists that incremental survival
gains may be seen when dose-intensive or more
complex regimens are administered before delayed
TI. However, the best reported results for LSCLC are
achieved with initial concurrent EP chemotherapy

and TI. More intensive protocols or regimens that add
another chemotherapeutic agent to the EP motif have
not prospered in investigations of LSCLC because of
safety concerns and fidelity of chemotherapy and

radiotherapy delivery.
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INTRODUCTION

It is increasingly being recognized that treatment targets
and the intervening and surrounding normal tissues are
subject to substantial inter- and intrafractional variations
in shape, volume, and position. The causes of such
variations include respiratory motion, non-rigidity of
the body, weight loss, and radiation-induced changes
such as tumor shrinkage. These variations can signifi-
cantly affect the outcome of treatment.

It is assumed implicitly that the treatment targets
and anatomy identified by initial imaging remain static
during a radiotherapy (RT) treatment fraction and
throughout the course of RT. State-of-the-art planning
and delivery of RT are based on the use of computed
tomography (CT) images (often supplemented with
information derived from positron emission tomogra-
phy and magnetic resonance images) acquired before the
course of treatment. In the current practice, treatment
fields with large margins, derived from population-
based studies, are used to ensure coverage of the disease,
exposing excessive volumes of normal tissues to
unwanted radiation. The use of large margins also limits
the opportunity for RT dose escalation, particularly
when concurrent chemotherapy is given. This limitation
is important because the current standard dose of
60-66 Gy is not considered to be adequate. Further-
more, even with such large margins, marginal misses of
moving and shifting target volumes is likely. These
factors may, in part, be responsible for the poor outcome
of RT for lung cancers. Thus, techniques to accurately
target lung cancer, to reduce margins, and to allow
radiation dose escalation to higher levels may be vital to
achieve optimal outcomes.

The goal of image-guided radiotherapy (IGRT)
for lung cancer is to mitigate the detrimental effects of
inter- and intrafractional variations in anatomy.
Generally, image-guided interventions (IGIs) in RT
are based on types of images. (1) Four-dimensional
CT (4D-CT) images may be used to choose the appro-
priate IGI strategy, to design the initial treatment plan,

and to establish treatment parameters. A 4D-CT image
is a sequence of 3D-CT images spanning the phases of
the breathing cycle. Repeat 4D-CT images, acquired
on different days, may then be used to adapt treat-
ment plans to interfractional anatomic changes occur-
ring during the course of RT. (2) Gated static X-ray
images may be used for accurate daily setup of the
patient’s anatomy. A gated image is obtained by
triggering the image acquisition at a certain point in
the breathing cycle, for example, at the end of
exhalation. (3) Fluoroscopic images (or appropriately
correlated_surrogates) may be used for real-time
tracking and targeting of moving tumors.

Numerous preclinical imaging and treatment
simulation (treatment planning) studies are being con-
ducted to evaluate the current practices and potential
of IGRT, and limited implementation of essential IGRT
is now taking place. Eventually, IGRT strategies based
on the patient’s specific anatomy and tumor character-
istics will be used. For a typical lung cancer IGRT
process, a 4D-CT image and a breath-hold CT image
will be acquired for each patient, and then an appro-
priate IGI strategy and treatment plan will be designed
to match/account for the characteristics of the patient
and the tumor. For example, if the tumor motion
assessed by 4D-CT is significant, then during each RT
fraction, the data from 4D and/or breath-hold images
would be correlated with the 2D fluoroscopic or gated
static X-rays to set up the patient. The fluoroscopic
images (or those from an appropriately correlated sur-
rogate) may be used to automatically track and target
the tumor in real time. The irradiation may be gated
as appropriate. To account for interfractional changes
in anatomy, repeat 4D and breath-hold images may
be acquired (e.g. once a week) over the entire course of
RT. Depending on the nature and the magnitude of
the interfractional changes, the treatment plan may
be modified periodically. Ideally, the modified plan
should take into consideration the cumulative bio-
logically effective dose already delivered.
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Investigators have conducted preliminary stud-
ies (1-10) demonstrating that interfractional and
respiration-induced anatomic variations and their
dosimetric effects may be clinically significant
(11-13). Over the last 5 years, 4D-CT and positron
emission tomography-CT (PET-CT) imaging technol-
ogies have been introduced, and they are evolving
rapidly. These technologies are beginning to be used
to quantify respiratory motion-induced anatomic
variations. Studies to establish the dosimetric effects
of anatomic variations determined from 4D imaging
are at a preliminary stage. Suboptimal image accuracy
and quality due to variability and inconsistencies in
patient breathing are some of the obstacles to be
overcome through research and development.
Furthermore, sophisticated image-processing tools,
including those for deformable registration and
auto-segmentation, are evolving and are current
topics of intense research and development at The
University of Texas M.D. Anderson Cancer Center
and other institutions (14-17).

We expect that continuing preclinical imaging
and computerized treatment simulation studies will fill
numerous gaps in the knowledge of IGRT of lung
cancers. They will reveal the clinical benefits of IGRT
and form the basis for subsequent clinical trials. The
methods currently under development will also be
used to translate IGRT into clinical practice soon.
Implementing these methods will increase the preci-
sion and accuracy of radiation dose distributions,
reduce marginal misses of tumors, and spare larger
volumes of normal tissues and, therefore, improvelocal
control and reduce morbidity. In addition, in the long
run, improving the accuracy of the dose actually
delivered should improve the quality of dose-response
data, which in turn, could improve treatment designs.

In the treatment of highly conformal RT for lung
tumors, high precision technologies and strategies are
called for not only at the time of simulation but also
during the course of treatment due to uncertainties
related to patient positioning, organ motion, among
others.

This chapter summarizes the rationale for IGRT
for lung cancer, discusses several relevant aspects of
infrastructure, new approaches and their clinical
implementation as well as evaluates the usefulness
of extending imaging in 4D-CT into treatment plan-
ning and during treatment to mitigate the consequen-
ces of inter- and intrafractional variations.

TECHNOLOGY AND METHODOLOGY

4D-CT Imaging
Respiratory-correlated 4D and breath-hold CT image
data sets, and those of standard free-breathing CT, are

required to quantify the extent of intrafractional
motion and to design treatment plans for various
respiration-correlated treatment techniques. CT image
data acquired synchronously with respiration signals
are used to reconstruct a 4D-CT image composed of
a set of 3D-CT scans representing the 3D anatomy at
a sequence of respiratory phases. This collection of
3D-CT data sets describes the snapshots of a patient’s
3D anatomy over a periodic respiratory signal. The
snapshots are acquired using one of the various
multislice CT scanners equipped with appropriate
respiratory monitoring and control equipment.
Radiopaque markers, if required, may be implanted
in or near the tumor.

Respiration-induced motion may be monitored
using one of several commercially available systems,
for example, a real-time position management (RPM)
respiratory monitoring system (Varian Medical
Systems, Palo Alto, CA), strain gauge, or fluoroscopi-
cally detected internal implanted markers. Figure 1
shows the Varian system.

The respiratory signal may vary from cycle to
cycle and over the course of RT. However, it is
implicitly assumed in the reconstruction of 4D-CT
imaging that the motion is periodic and regular.
Deviations from the regular periodic motion can affect
the quality of 4D-CT images and the accuracy of the
anatomy discerned from these images. For instance,
irregular breathing may cause image artifacts. Also,
irregular breathing during an imaging and treatment
session and from one session to another may cause the
dose distribution actually delivered to be different
from the intended dose. Thus, a minimal degree of
regularity and reproducibility of breathing or breath
hold may be required for undergoing various lung
IGRT strategies. Respiratory training could help
patients meet that requirement and improve the
quality of images.

Therefore, before the respiratory-correlated CT
imaging is performed, patients may be trained with
video-feedback guidance to breathe in a manner
conducive to quality 4D or breath-hold imaging.
Audio prompting and video feedback during imaging
(and subsequent respiratory-correlated treatment) is
then provided to guide the patient on breathing in a
regular and reproducible manner.

Another important aspect of respiration-
correlated imaging and treatments is the degree of
correlation between the marker serving as a surrogate
for breathing and the position and motion of the
anatomic structures and the intra- and interfractional
reproducibility of such correlation. Since images of the
marker or markers are used to guide the setup of the
patient and to trigger the radiation beam on and off, it
is important for this correlation to be reproducible
from one breathing cycle to the next and from one
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Figure 1

lllustration of 4D-CT data acquisition (cine mode CT scanning), with signals from the RPM using a commercial 8-slice PET-

CT scanner. Multiple high-quality images are acquired in synchrony with respiration by combining respiratory sensor information with CT
images (4D-CT). A small plastic block with infrared retro-reflector dots is placed at a specified fixed location on the patient's abdomen,
and its motion is tracked by an infrared camera. The camera images are processed in real time to generate the respiration signal, which
is correlated with the free-breathing CT data acquired. The same device and its signal are also used during irradiation for the delivery of
gated or breath-hold radiation treatments. Abbreviations: 4D-CT, four-dimensional computed tomography; PET-CT, positron emission
tomography computed tomography; RPM, real-time position management.

fraction to another. The correlation of an external
marker with internal anatomy, however, may not be
reproducible from fraction to fraction. For such cases,
correlation will need to be reestablished online on the
treatment machine fluoroscopically for each treatment
fraction.

The 4D-CT data may be acquired in helical
mode, as described by Keall et al. (9,10), or in the axial
cine scanning mode, as described by Pan et al. (18). In
helical CT, the patient couch moves slowly and
continuously to allow acquisition of data in closely
spaced slices. In axial cine scanning, the patient table
is fixed to acquired data for a set of 4-16 slices and the
scanner scans the same region repeatedly (approx-
imately every 0.5sec) to acquire data over more than
the time of a complete breathing cycle. Both methods
have their advantages and disadvantages.

Real-Time Tracking
Real-time tracking of tumors is feasible when the
tumor can be easily identified fluoroscopically on a
projection X-ray or indirectly from the images of
fiducial markers implanted in or near the tumor.
Fluoroscopic tumor tracking systems are either
ceiling mounted, linac gantry mounted, or robotic. An
interesting ceiling-mounted system for real-time track-
ing has been developed by Shirato et al., at the
University of Hokkaido, in collaboration with
Mitsubishi (19,20). It uses a pair of X-ray tubes that
rotate on a circular track embedded in the floor
(Fig. 2A). Each tube has a corresponding X-ray detector
that rotates synchronously on a ceiling-mounted track.

This configuration allows avoidance of obstruction of
the patient by the treatment gantry for imaging. A
previous version of this technology employed four
fixed pairs of tubes and detectors. These X-ray tubes
have a higher capacity than the ones used for conven-
tional imaging to allow pulsed imaging interlaced with
linac pulses to treat the patient. The primary use of the
system is to set up the patient and deliver gated
treatments based on tracking the radiopaque markers
implanted in the small bronchial tubes around the lung
tumor (19). The marker images are tracked with pulsed
fluoroscopy before the beginning of treatment, and the
patient is repositioned so that the end of the track
corresponding to the least mobile portion of the motion
is within a predefined gating window. During irradi-
ation, fluoroscopy continues and the beam is automati-
cally switched on only while the detected image of the
fiducial is within the window.

An example of a ceiling-mounted system is the
Novalis Body system developed by BrainLab AG
(Heimstetten, Germany) (Fig. 2B). The Novalis Body
system is an integrated IGRT system for target local-
ization, setup correction, and delivery of high-precision
stereotactic radiosurgery and stereotactic RT. Image
guidance uses two distinct imaging subsystems: real-
time infrared tracking and kilovoltage stereoscopic
X-ray imaging. Two ceiling-mounted infrared cameras
are used to monitor the movement of infrared-reflect-
ing markers placed on the patient’s skin or on the
reference frame mounted on the treatment couch.
The marker images are automatically compared to
stored reference information and generate the initial
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(A)

(©)

Figure 2 Real-time tumor tracking systems for RT. Three-dimensional imaging and patient positioning for high-precision dose delivery
has been introduced by ceiling-mounted (A), linac gantry-mounted (B,C) and robotic systems (D). Abbreviation: RT, radiotherapy.

couch shift instruction to set up the patient. A video
camera provides additional visual feedback on the
patient’s position. The X-ray imaging guidance system
then takes over and performs further internal target
alignment based on either bony landmarks or im-
planted fiducial markers. The reference digitally
reconstructed radiographs are provided by the treat-
ment planning system. During treatment delivery, the
infrared optical tracking system and the fluoroscopic X-
ray imaging system can work together to monitor target
position and perform treatment interventions.
Research and clinical experience with this system have
been reported by various groups (21-23).

A dual fluoroscopy and flat panel system on the
gantry of a medical linear accelerator (Clinac 23 EX,
Varian Medical Systems) consisting of high-frequency
(32kW) dual X-ray generators (RAD II simulator,
Haynes Radiation Ltd.) and paired a-Si flat-panel

imagers (PaxScan 2520, Varian Medical Systems) are
shown in Figure 2C. The active area of the detector
comprises 1408 x 1888 pixels, providing an imaging
area of 17.9 x 23.8 cm. It can intrinsically recognize the
coordinates, in 3D, of the center of the implanted gold
seeds as the pixel positions in the a-Si flat panels
through computer-controlled steps. The flat panels
operate at a frame time of 33 msec; further imaging is
processed through digital video signals and video
graphic array monitors. Views are always taken from
0° of the gantry. The values are quantified as the
geographical coordinates of the markers and ex-
pressed as digital figures. This system’s accuracy,
stability, and clinical use have been reported (24-26).

Onboard fluoroscopic X-ray imaging can be
used for tracking implanted fiducials and, possibly,
tumors in high-contrast regions. However, there are
technological challenges to be overcome for
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fluoroscopic imaging performed during state-of-the-
art irradiation. For instance, imaging and irradiation
must be pulsed and sequenced so that scattering from
the treatment beam does not affect the quality of the
kilovoltage image. Alternatively, the image detectors
must be located far enough away from the source of
scattering, which is not practical for gantry-mounted
systems.

Another example is the CyberKnife system
(Accuray Inc., Sunnyvale, CA), which is an X-ray
stereoscopic guidance system designed primarily for
radiosurgery applications (Fig. 2D). It is an intelligent
robotic application in RT. The radiation source is a
small X-band linear accelerator mounted on a robotic
arm, and a ceiling-mounted stereoscopic X-ray imag-
ing system is used for patient setup and tracking
target movement during treatment. The robotic arm
can move several centimeters per second, allowing it
to keep up with breathing-induced tumor motion. The
CyberKnife was the first clinical RT system to use real-
time motion compensation, and a wealth of data has
been accumulated on its performance in tracking
moving targets in many treatment scenarios (27).
Also, its use in frameless image-guided cranial (28),
spinal (26,29-32), pancreatic (33), and lung radio-
surgery (34) has been reported.

Image-Guidance Infrastructure

Development, evaluation, and implementation of
IGRT into routine clinical practice requires certain
image-processing tools. These include deformable
image registration, auto-segmentation, and high-
speed algorithms and systems for treatment planning
and optimization of 3D conformal RT and intensity-
modulated RT (IMRT).

Image registration is an essential step in all
image-guided procedures. In general, rigid-body
registration is necessary for simple geometric guid-
ance, such as couch translation to correct a patient
setup error. To quantify and track the shape, spatial,
and temporal variations in a patient’s anatomy,
deformable image registration is necessary to map
the position of each subvolume (voxel) to a reference
image. The reference image may be the original
planning CT for which the original treatment plan
was designed or a reference-phase CT image (e.g. the
end-of-expiration-phase CT) in a 4D-CT data set.
Deformable image registration can be used to map
and track radiation doses deposited in a deformed
organ over the course of fractionated treatment, which
enables adaptive planning of IGRT (35). Deformable
image registration is being extensively investigated by
various research groups (15,17,36-38). For example,
Yan et al. (35) used a finite element method to
calculate the organ deformation based on a set of

predetermined boundary points. Schaly et al. (39)
used a contour-based, thin-plate-spline technique for
mapping dose distributions from one day to another.
Lu et al. (23) proposed a deformable image registra-
tion method based on the variational principle (15),
and Wang et al. (40) proposed a modified Thirion’s
demons algorithm (41) to register a pair of CT images.

Deformable image registration may also be used
to map contours drawn on the reference CT image to
other CT images in the 4D-CT data sets or to the 4D-CT
images on subsequent days. However, other auto-
segmentation techniques that do not depend on such
prior knowledge have also been developed (36,42,43).

To adapt a treatment plan to the changed
anatomy, it may be necessary to design a new plan
or to modify the original one. The frequency of
adaptive replanning will undoubtedly depend on the
degree of interfractional changes as discerned from
repeat 4D-CT imaging. Making replanning affordable
requires fast treatment planning and optimization
techniques. Numerous such techniques are under
development. They range from those in which new
leaf positions for multiple segments of an IMRT plan
are computed directly to full-fledged reoptimization
of IMRT plans.

CLINICAL IMPLEMENTATION OF IGRT

Currently, neither control nor monitoring of motion is
widely done during routine CT imaging or daily
treatments. Previous reports have stated that the
magnitude of tumor motion during treatment cannot
be predicted before treatment and must be explicitly
measured to be ascertained (6,7). Consequently,
4D-CT has been used to explicitly measure intrafrac-
tional motion and to determine internal target
volumes (ITVs) (10,18). This technique can obtain
images demonstrating both spatial and temporal
anatomic changes at planning and delivery of RT
(44,45) and thus improve the characterization of target
mobility (46).

In order to enhance the accuracy of IGRT,
patients are trained to breathe or to hold their breath
in a regular and reproducible manner. A 4D-CT image
and a breath-hold CT image are acquired for each
patient. The patient can receive video-feedback
guidance to control his or her breathing by being
shown his or her respiratory trace on a liquid crystal
display in virtual reality video goggles. The respira-
tory trace is acquired with the aid of a respiratory
monitoring device, such as Varian's RPM system.
Figure 3 shows a patient in position for acquiring a
respiration-correlated CT image.

Respiration and RT may cause tumor motion
and size changes; so far, no conclusive data exist on



68 BRITTON ET AL.

Camera

Figure 3 A view of the RPM system. The infrared camera
tracks the position of an abdominal fiducial (infrared reflector)
visible on an optical monitor. Correlation is made with the
acquired CT images over complete respiratory cycles. Left lower
graph shows an example from the respiration signal acquired
from the system. Abbreviations: CT, computed tomography;
RPM, real-time position management.

the nature of the intrafractional motion, interfractional
changes in the intrafractional motion, or the time at
which these changes may occur. Treatment delivery
parameters need to reflect motion and shape changes
through the entire course of treatment, or overirradia-
tion of normal tissues or respiration-induced target
miss could occur and may negatively affect clinical
outcomes (35,47). In addition, because of the possibility
that as a result of the irradiation the tumor shrinks, it
may be possible to reduce the treatment portal.

Depending on the patient and tumor character-
istics (e.g. breathing performance and reproducibility
and tumor size, location, and extent of motion), a
suitable IGI strategy may be selected. A treatment
plan appropriate for the particular IGI strategy is then
designed.

Because of these changes and the high degree of
conformality in the beam configuration, beam config-
urations based on the initial 4D-CT data set may not
adequately irradiate the target during the entire
course of treatment and it may be necessary to acquire
repeat CT scans or replan the patient’s treatment.

INTER- AND INTRAFRACTIONAL VARIATIONS
IN THE MOBILITY, SIZE, AND SHAPE OF LUNG
TUMORS

Knowing the tumor position before and during
treatment is essential (48,49) because tumor position
can be affected not only by respiration but also by
body motion, extremity positions, immobilization
(50), and other factors. A number of studies have

provided evidence of image-based determination of
the excursion of lung tumors. The studies have more
recently included the use of fluoroscopy (51), serial
CT scans (52), dynamic magnetic resonance imaging
(53), real-time tumor tracking (19,48), and respiration-
correlated 4D-CT (10,18,54,55). Recent reports on the
clinical implementation of single or serial imaging
approaches during treatment have suggested that
different techniques may confer benefits in assessing
changes in the size and mobility of target volumes
(10,18,56). It is, however, impossible to either predict
or eliminate all potential sources of uncertainty
during the whole course of treatment.
Respiration-correlated image acquisition for
treatment planning has been increasingly used in most
of the major oncology centers, and tools for rapid data
management have also been developed. Once the
target volumes and other structures have been
delineated, quantification of volume and position
variations is a relatively straightforward task.
However, quantification of shape variation is more
complex. Research is in progress to use Fourier
descriptors, wavelet descriptors, and the moments of
various orders as quantitative indices of shape. Shape,
volume, and position changes will eventually be
correlated with changes in dose-volume and dose—
response indices. Such correlations could ultimately be
used to make decisions regarding the choice of the IGI
strategy and the associated margins based on imaging.

Time Trends in Tumor Mobility

Early experience at M.D. Anderson Cancer Center
suggests that typically patients fall into 1 of the
following 3 categories: (1) Patients for whom tumor
motion is small and image-guided setup for treat-
ments can reduce the positioning uncertainty to less
than 3 mm and the total margin to 4-6 mm. These tend
to be patients with tumors in the upper lobe and those
with large tumors (Fig. 4). Such patients may require
minimal or no intrafractional IGIs. (2) Patients for
whom the tumor position variation and residual
motion with image guidance are substantial.
(3) Patients who are unable to breathe regularly and
reproducibly. For this last group, the image guidance
strategies use customized ITV that integrates the full
extent of target motion. Typically for this group of
patients, the total margin for positioning and motion
may be in the range of 1020 mm. Previous reports
involving 25 patients with lung cancer (6,7,57) who
underwent end-inhale and end-exhale CT imaging
before the course of RT and at the end of the course,
we found the following: (1) Respiration-induced
intrafractional tumor motion may be significant (as
much as 2-3cm). (2) Tumor motion magnitude and
direction, tumor shape, and size may change over the
course of RT. Superior-inferior (SI) motion for one
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Figure 4 Preliminary analyses of 4D-CT data for 130 patients. (A) Histogram shows that the extent of tumor motion is less than
0.25 cm for about 20% of the patients and less than 0.5 cm for 45% of the patients. (B) Scatter plot shows that small tumors tend to move
more than larger tumors. (C) Scatter plot shows that there is a correlation between S| tumor motion and relative distance from the apex
(P =0.0001), but that there is no correlation between AP location and motion (P = 0.207) or between lateral location and lateral motion
(P = 0.346). Abbreviations: 4D-CT, four-dimensional computed tomography; AP, anterior—posterior.

patient changed from 9mm in the inferior direction,
based on pre-RT CT, to 4mm in the superior direc-
tion, for post-RT CT (3). No factor predicted tumor
motion in this small data set. (4) Synchronizing beam
gating with respiration could significantly reduce the
mass of normal lung exposed to damaging levels of
radiation.

The use of 4D-CT scans, acquired before RT, has
become the standard of practice at M.D. Anderson
Cancer Center for delineating the motion-integrated
ITV that encompasses the entire range of motion during
free breathing. A recent report from van der Geld et al.
(58) showed the advantages of deriving ITV margins
based on 4D-CT images as opposed to conventional
fluoroscopy. Mean ITVs derived using fluoroscopy were
52% larger than those derived using 4D-CT contours.

More recently, at M.D. Anderson Cancer Center,
a protocol was implemented to assess tumor motion

on a weekly basis by 4D-CT imaging (26). Magnitudes
of primary tumor excursion in the lateral direction
remained fairly stable during treatment. However, a
tendency incremental was observed in the anterior—
posterior (AP) and SI directions (Fig. 5). Within this
10-patient group analysis (83 4D datasets), motion
was significantly greater for those lesions in the lower
lobes (5 lesions) than for those in the upper lobes
(5 lesions; P<0.001). This result is consistent with
those of previous reports (50,58—60).

This study also assessed the interfractional
tumor positional variations during irradiation. The
bony anatomy of the spine was used to co-register all
scans because this structure is relatively insensitive
respiratory and cardiac motion. Tumor centroid
positions showed mean overall displacements of
0.30£0.23cm in the right-left (RL) direction,
0.45 + 0.27 cm in the AP direction, and 0.54 + 0.32cm
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Figure 5 Interfractional magnitude of variations in the position
of the GTV centroid during treatment in the RL, AP, and SI
directions, as derived from 4D-CT scans. Although slight
progressive changes occurred in all directions between treat-
ment weeks, no significant trend was identified. *Patient with
progressive pleural effusion. Patients 1 and 5 had two separate
lesion denoted as A, B. Abbreviations: 4D-CT, four-dimensional
computed tomography; AP, anterior—posterior; GTV, gross tumor
volume; RL, right-left; Sl, superior—inferior.

in the SI direction. Each treatment week, a marginally
significant (P = 0.049) increase in the 3D motion of the
gross tumor volume (GTV) centroid was observed; the
average increase was 6.3mm per week. This trend
was caused primarily by an increase in the magnitude
of tumor motion in the RL direction (P = 0.006)
rather than the AP and SI directions (P = 0.308 and
P = 0.651, respectively). However, patients with
upper-lobe tumors had slightly greater motion am-
plitudes in the AP direction than in the RL and SI
directions, and lower-lobe tumors showed signifi-
cantly greater motion than upper-lobe tumors. This
analysis was extended to the weekly spatial position
variations of the ITV centroid relative to the initial
planned position for each 4D scan.

Figure 6 displays an example of the week-to-week
variations in 3D paths of tumor centroids for two
studied patients with stage III non-small cell lung
cancer (NSCLC) in their right lower lobe. These data
were extracted from weekly 4D-CT scans acquired as a
part of our studies to quantify inter- and intrafractional
anatomic variations. Although weekly scans were
acquired, for better visualization, Figure 6 shows only
scans for weeks 0-1 (simulation), 2, 4, and 6. CT scans
were aligned using bony anatomy (vertebral bodies).
Significant variations in tumor centroid position from
week to week are seen, indicating the need for daily
image-guided setup in addition to IGI to account for
respiration-induced motion.

Another example of the interfractional variations
of an internal fiducial placed near the tumor during
irradiation with gated beams around the exhale phase
is shown in Figure 7. Systematic and random
uncertainties in patient setup and tumor motion could
cause deleterious target miscoverage and poor out-
comes, making IGIs a necessity for some patients
under gated or non gated RT. Image-guided ap-
proaches for conventional and hypofractionated lung
irradiation have mitigated tumor motion and im-
proved normal tissue sparing, specially in gated
modalities(61-63).

Positional Variation of the ITV

Positional variation of the ITV (based on target
centroid) could result from motion of the GTV.
These changes could be quantified with repeat
4D-CT imaging and tracking their 3D position relative
to initial (at simulation) positions. Initial data for
patients with NSCLC treated in the Department of
Radiation Oncology at M.D. Anderson Cancer Center
showed an overall average ITV positional variation of
0.81 £ 0.26 cm (26). The positional variations of the 3D
GTV and ITV centroids did not differ significantly
(P = 0.605), and there was not a significant time-trend
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(See color insert.) Three-dimensional paths of GTV centroid motion (at 50% phase) during inhale to exhale respiratory

phases at weeks 0—1 (simulation), 2, 4, and 6 for two selected patients (A,B) with a similar tumor volume, location, and clinical stage and
the same prescribed radiation dose. The paths for weeks 2, 4, and 6 show greater progressive changes in motion amplitudes as
compared to paths at simulation. Also, there is evidence of hysteresis (differences in paths between inhale and exhale phases) and
changes in the spatial position of the tumors. After spinal-body registration was performed, (C) improvements in the interfractional tumor
reproducibility (IGRT effect) could be obtained. Abbreviations: AP, anterior—posterior; GTV, gross tumor volume; IGRT, image-guided

radiotherapy; Sl, superior—inferior; RL, right-left.

difference between these two quantities (P = 0.516). A
higher incidence in ITV centroid positional variation
was observed during mid-treatment. A total of 4 of
the 10 patients had shifts larger than 1cm at week 3,
2 at week 4, and none at week 5. Similarly to ours,
a study conducted by Underberg et al. (56) using
weekly 4D-CT datasets for patients with stage
I NSCLC reported that similar trends were observed
for the ITV and GTV and that in 5% (2 of the 40) of the
patients, the spatial position of the ITV was greater
than 10 mm.

IGIs by repeat CT images, cone-beam CT, or real-
time tumor tracking may aid in the adaptation of dose
to target more precisely, especially in patients pre-
senting greater target volume mobility.

Time Trends in GTV Volumes
Recent data suggest that we may have to consider the
use of IGIs (adaptation) during treatment to update
treatment plans that fail to encompass the entire
target volume because of treatment-related or
motion-induced tumor displacement. An analysis of
serial 4D datasets in a cohort of 10 patients was done,
observing slight increments in tumor motion with
treatment weeks as well as anisotropic tumor volume
loss in all patients (26). Although no trends were
identified, most changes occurred from the mid to the
last weeks of treatment.

A progressive decrease in the size of the GTV was
observed for all patients. Mean volumes were similar for
drawn tumor contours at end of inspiration (56 cm?;
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Figure 7 For this patient, radiopaque markers (fiducials) were implanted in and around the lung tumor. The tumor was estimated to
move approximately 0.9-1.3cm based on weekly 4D-CT scans acquired over the course of RT. For daily treatments, the patient was
immobilized and set up using skin marks (tattoos) and lasers. Irradiation beams were gated around the end exhale. For each treatment
session, a gated electronic portal image of each beam was acquired. The error bars show the range of residual motion of the fiducial
within the gate. Each point on the graph represents a fraction and shows that, even with careful alignment, the mean position of the
moving tumor may shift significantly (~2cm for this patient) over the course of RT. Abbreviations: 4D-CT, four-dimensional computed

tomography; RT, radiotherapy.

range, 1-176 cm®) and at end of expiration (53 cm?;
range, 1-151 cm?). Figure 8 illustrates such changes at
end of inspiration and end of expiration with treatment
weeks for a single patient.

Tumor volume shrinkage over the course of
treatment can be addressed with tools in the treatment
planning system. Tumor volume assessment during
RT is valuable and has been looked at in a non-3D
context using CT or X-rays (64) and more recently in a
3D context for lung tumors (65-67). Some of the
previous studies used portal imaging (66). Erridge
et al. (66), showed that in 25 patients with stages I-IIIb
disease treated with conventional doses over
6—7 weeks, tumor shrinkage of at least 20% occurred
in 40% of the patients. In our study, a volume loss of at
least 40% occurred in 50% of the patients treated over
the same period for mainly stage III disease. Kupelian
et al. (67), studies tumor volumes in 3D with the use of
serial megavoltage imaging at the beginning and end
of treatment for stage I lung tumors treated with
conventional fractionated schedules.

Similarly, Underberg et al. (56) used 4D scans
to evaluate trends in GTV and ITV for patients with
stage I disease undergoing stereotactic RT for up to 5
weeks. They observed an initial increase in tumor

volume of 10 cm® in at least 2 of the 40 patients, which
is consistent with findings in our study. Also, volume
changes were observed after the fourth week of
stereotactic RT and 3 months after treatment. Our
serial 4D imaging study showed total volume losses
of 41% at end of inspiration and 38% at end of
expiration. A report from Bosmans et al. (68), using
respiration-correlated CT scans limited to weeks 1 and
2 of conventional treatment, showed no significant
changes in either average tumor motion or tumor
volume.

CONSEQUENCES OF INTER- AND
INTRAFRACTIONAL VARIATIONS IN THE
CURRENT PRACTICE

In the current practice of treating lung cancer with RT
at M.D. Anderson Cancer Center, we determine the
motion-integrated customized ITV on the basis of the
extent of the movement of the target discerned from a
4D-CT scan acquired before the course of RT. This ITV
is used to design radiation beam apertures for
treatment planning. It is assumed that the treatment
plan represents the real dose distribution in all phases
of a breathing cycle and throughout the course of RT,
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Figure 8 4D-CT scan of axial (A), sagittal (S), and coronal (C) sections depicting the primary GTV contours from the initial simulation
scan to the last treatment week. Primary tumor volumes at end of inspiration (white contours) and expiration (black contours) throughout
treatment show intra-/interfractional size changes. Column labeled 0 refers to the reference scan acquired prior to the beginning of the
RT course for treatment planning, and columns labeled 2—6 represent the subsequent treatment weeks and respective volume changes.
Total volume loss at week 6 of treatment was 41.3% of the initial volume. In 10 prospectively treated patients at M.D. Anderson Cancer
Center, a progressive reduction of tumor size was observed for all patients. Images shown correspond to the exhale (50%) phase of the
breathing cycle. Abbreviations: A, axial; C, coronal; GTV, gross tumor volume; Inf, inferior; RT, radiotherapy; S, sagittal; Sup, superior.

regardless of intra- and interfractional anatomic
variations.

At most other institutions, treatment planning is
based on a fast free-breathing 3D-CT scan. For such a
practice, the location of the tumor, or the portions
thereof, as captured on the image could be anywhere
over the extent of motion.

Treatment plans to simulate free-breathing treat-
ments may be designed by using the target margins of
the current standard of practice. These plans depict
what we call the perceived dose distributions.
Computation of real dose distributions, which may
actually be delivered, is a two-step process. In the first
step, the radiation beam configuration is applied to
each 3D component of the 4D-CT, and the dose
distribution for each phase will be calculated. Three-
dimensional components of the 4D image are deform-
ably mapped to one of the components chosen as a
reference (typically the one for the end-exhale phase).
The same deformation transformation is used to map
all dose distributions to the reference component. The
time-average of all dose distributions, called the 4D
dose distribution, yields the real dose distribution
expected to be delivered for that fraction.

In the second step, the cumulative dose distri-
bution expected to be delivered over the entire course
of RT is computed. The reference component image of
each fraction is deformably mapped to the reference
component of a 4D image chosen to be the overall
reference for the RT course. The overall reference
image is normally the one acquired before the course
of RT for planning purposes. The deformation trans-
formation matrices derived from the interfractional
deformable registration process are used to map the
corresponding dose distributions to the overall
reference image. Ideally, to account for the fact that
each voxel would, in general, receive different doses
for different fractions, the transformed dose distribu-
tions should be converted to biologically equivalent
dose distributions (BEDDs) using the linear-quadratic
model and the currently accepted alpha/beta values
for lung tumors and relevant normal critical struc-
tures. The resulting dose values would then be added
together to produce the cumulative BEDD. We define
the cumulative biologically equivalent dose in a voxel
as the equivalent physical dose that the voxel would
have received if it had received the same dose for
every fraction.
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Figure 9 (See color insert.) 4D-CT scans showing the intrafractional effects of tumor motion on the dose distributed by IMRT. A 10-
phase (respiratory cycle) isodose distribution is shown for the CTV. In phases 2, 3, and 4, the clinical target volume (shown by the thick
yellow line) is not adequately covered by the 70-Gy prescription dose (line in red). Abbreviations: 4D-CT, four-dimensional computed
tomography; CTV, clinical target volume; IMRT, intensity-modulated radiotherapy.

Figure 9 shows the sagittal radiation dose
distribution resulting from an IMRT treatment plan
(with an 8-mm margin to accommodate tumor motion)
applied to each of the 10 breathing phases for a patient
with lung cancer. The real dose distribution may not
be the same once the effect of internal motion had been

taken into consideration. The inferior portion of the
clinical target volume receives a lower dose, which
could affect the probability of tumor control. Figure 10
shows similar data for protons.

Previous studies have addressed the effect of
respiration and setup uncertainties on dose-to-target

Cumulative Dose Distribution After Deformable Registration

Figure 10 (See color insert.) 4D-CT scans showing a comparison of dose distributions of an IMRT plan for a patient with NSCLC. Top
row shows plan without consideration of internal organ motion, and the bottom row shows the time-integrated cumulative dose
distribution computed using M.D. Anderson Cancer Center's deformable image registration algorithm. Abbreviations: 4D-CT, four-
dimensional computed tomography; IMRT, intensity-modulated radiotherapy; NSCLC, non—small cell lung cancer.
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volumes and normal tissues. Mechalakos et al. (69)
analyzed dosimetric (D95, V95) and parameters for 12
patients with lung cancer treated with planning target
volume (PTV) margins ranging from 1 to 2 cm. Setup
errors (with a systematic component) and breathing
motion (diaphragmatic fluoroscopy movies) parame-
ters were incorporated. They showed that the combi-
nation of both uncertainties could result in a 30-40%
probability of a greater than 10% reduction in the
studied parameters (worst-case scenario). However,
without taking into account the intrafractional breath-
ing motion, this probability was reduced to less than
10%, and for the normal breathing cases, the proba-
bility was less than 4%. A recent planning study for
lung tumors by Schwarz et al. (70) also addressed the
effect of geometric uncertainties on dose distribution.
In general, their current margins of 10 mm used for
GTV-PTV were considered adequate for their 3D
conformal RT and IMRT plans when respiratory
amplitudes were less than 10 mm. Variation in the
respiratory patterns could be seen along the course of
treatment, which could hinder the delivery of ideal
prescribed doses.

IGI STRATEGIES

Image-Guided Determination of

Motion-Integrated Custom ITV

As noted above, the use of customized motion-
integrated ITV, which is determined by the range of
tumor motion using 4D-CT, became the standard of
practice at M.D. Anderson Cancer Center in 2004.
Previously, the margins for motion were typically
chosen with the provision that they cover the entire
target in >95-98% of the time for the patient popu-
lation. With customized ITV, margins can be smaller
if the respiration-induced motion is small, and on
average, a substantial reduction in normal tissues
exposed to damaging levels of radiation should be
expected. The margin width must be increased to
account for daily setup uncertainty, and treatments
may be planned and delivered as usual.

Image-Guided Target Localization

Image guidance may also be used for positioning
patients for each fraction of RT to ensure that the
target is covered fully by the radiation beam. If
breath-hold was used, IGI would involve reposition-
ing the patient on the basis of the correlation between
breath-held static X-ray images acquired on the
treatment machine and the digitally reconstructed
radiographs derived from the breath-held CT scan.
Imaging at the treatment machine is carried out
using video feedback guidance in a manner identical
to that used during initial imaging for treatment

planning. This is to ensure that the breathing pattern
or the breath hold during treatment is reproduced
from day to day and corresponds to that for initial
imaging.

For gated or free-breathing treatments, align-
ment is based on the correlation of fluoroscopic
images with digitally reconstructed “fluorographs”
(DRFs) derived from the 4D-CT scans. For gated
treatments, the beam is typically on within a 20-30%
window of the respiratory cycle near end exhale.
Repositioning for a gated treatment may use just the
end-exhale frames of the DRF and the fluoroscopic
image. Alternatively, a gated static X-ray image at
end exhale may be used. Repositioning for a free-
breathing treatment may be based on the midpoint of
the range of motions seen on the DRF and on the
fluoroscopic image.

The unpredictability of respiration-driven lung
tumor motion makes treatment planning and adapta-
tion a great challenge. Several clinically implemented
techniques to accommodate the whole range of tumor
excursion during the course of treatment have been
described in this chapter. The bony-spine alignment
method is used to reduce systematic setup uncertain-
ties during treatment. We analyzed the geometric
correlation of the PTV margins to ITV margins in the
presence of a tumor with an average motion (SI) of
1.01cm (Fig. 11). Serial imaging may help limit the
potential geometric target miss due to organ motion
and, therefore, facilitate the most appropriate image
guidance strategy.

The choice of gated, breath-hold, or free-breathing
modes depends on tumor and patient characteristics
(e.g. the patient’s ability to hold breath or the volume
of normal lung exposed to damaging levels of
radiation).

Real-Time Monitoring and Tracking

for Intrafractional Variation

Because respiratory-correlated CT imaging is not
feasible during irradiation, the following IGI strat-
egies for real-time monitoring and tracking of tumors
during irradiation should be used. Such a process
involves localizing the target using fluoroscopic
guidance (as described above) and tracking the target
or the radiopaque markers implanted in and around
the tumor volume. Just before the start of the
treatment, the respiratory monitoring system (e.g.
real-time position monitoring system) signal is corre-
lated with fluoroscopic images and with the patient
immobilized and positioned on the treatment table.
This strategy may be necessary if fluoroscopy cannot
be used during irradiation because of technical
obstacles related to the interference between irradi-
ation and imaging. Currently, this is the case for most,
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Figure 11 (See color insert.) Serial 4D-CT scan (coronal view) of a non—small cell primary lung tumor with the reference planning
target volume (PTV in cyan) geometrically correlated with the internal target volume (ITV in khaki). The PTV is the internal tumor volume
plus 1 cm. The average S| magnitude of tumor displacement was 1.01 cm. Weeks 2 and 4 showed a slight compromise in the PTV-to-ITV
coverage when datasets were registered by bony spine structures (image-guided technique for alignment). Failure to use image
guidance-based techniques before or during treatment could cause greater geographic target miss. Abbreviations: 4D-CT, four-

dimensional computed tomography; ITV, internal target volume; PTV, planning target volume.

if not all, photon and proton treatment machines.
Even if this obstacle were overcome, the proposed
strategy would be preferable to reduce the radiation
dose caused by fluoroscopy.

Modification of the Treatment Plan in Response to
Interfractional Variations (Adaptive IGRT)

In addition to image-guided setup and real-time
tracking of the target, the treatment plan may be
modified on the basis of the images acquired during
the course of RT to account for interfractional
variations. If the changes are below a threshold of
clinical significance, no modification of the treatment
plan would be necessary. Otherwise, the plan may be
modified off-line. Automated and rapid methods of
modifying IMRT and proton plans based on images
acquired online in the treatment position are neces-
sary and are being developed.

For photon and proton 3D conformal RT of lung
tumors, modifying the treatment plan may involve
only modifying the beam apertures to conform to the
new shape of the target, followed by recomputation
of the dose distribution. For IMRT and intensity-
modulated proton therapy plans, however, reoptim-
ization of intensities and recomputation of treatment
delivery parameters, such as dynamic multileaf
collimator leaf positions, would be required.

Current limitations exist for the regular applica-
tion of replanning during treatment and for the
acquisition of multiple image datasets over the course
of treatment. Although the replanning and acquisition
just mentioned is crucial for some patients, it is vital to
not underestimate the cost of such procedures. The
procedures require substantial staff involvement (i.e.
physicians, physicists, dosimetrists, therapists, and
associated personnel) and incur extra expenses for
additional imaging and planning. Also, the interob-
server uncertainties in contouring of tumor volumes
may be another factor (23).

Appropriateness of IGI Strategies

It is not clear a priori whether a given strategy would
yield clinically significant improvements compared to
simpler ones for a given patient or for a given class of
patients. Treatment simulation studies need to be
conducted to determine the appropriateness of IGI
strategies based on the criteria of clinical benefits
defined in terms of significant change in dose-volume
and dose-response indices. For each IGI strategy,
the degree of statistical correlation of dose-volume
and dose-response indices with the patient and tumor
characteristics will determine the appropriateness of
the strategy.
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CONCLUSIONS

IGRT for lung tumors offers improvements in the
setup and treatment processes in the settings of highly
conformal radiation techniques. It is increasingly been
recognized the substantial influence of inter- and
intrafractional uncertainties related to patient posi-
tioning, respiration-driven organ motion, tumor vol-
ume changes, among others, on treatment targets and
the intervening surrounding normal tissues.

The goal of IGRT for lung cancer is to mitigate
the detrimental effects of inter- and intrafractional
variations in anatomy. New approaches and techni-
ques are been implemented to accurately target lung
cancer as well as to reduce margins, and to allow
radiation dose escalation to higher levels; this is vital
to achieve optimal outcomes.

Currently, the implementation of new and
existing imaging technologies (like 4D-CT) is the topic
of ongoing preclinical and clinical research. The aim is
to determine the dependence of respiration and
treatment-related uncertainties on tumor and patient

characteristics (e.g. tumor size and location, lung
function, breathing regularity and reproducibility, and
chemotherapy) and to establish which IGI strategy is
most appropriate for specific extents and patterns of
variation, tumor and patient characteristics.

Implementing these and other methods will
increase the precision and accuracy of radiation dose
distributions, reduce marginal misses of tumors, spare
larger volumes of normal tissues and, therefore,
improve local control and reduce morbidity.

We expect that continuing imaging and compu-
terized treatment simulation studies will fill numer-
ous gaps in the knowledge of IGRT of lung cancers.
They will reveal the clinical benefits of IGRT and form
the basis for subsequent clinical trials. Furthermore,
sophisticated image-processing tools, including those
for deformable registration and auto-segmentation,
are evolving and are current topics of intense research
and development at The University of Texas M.D.
Anderson Cancer Center and other institutions.
Critical appraisal of all image-based adaptive tech-
nologies will soon establish their role in patient care.
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INTRODUCTION

Conventional radiation treatment planning is based
on the assumption that a single computed tomogra-
phy (CT) image data set, acquired up to several
days before the initiation of radiation treatment, will
accurately reflect the patient geometry during the
entire course of the radiation treatment. That is,
conventional planning techniques assume that noth-
ing about the patient or tumor will move, either
during a single treatment or from treatment to
treatment.

In reality, this is not the case. Indeed, several
types of motion occur in patients during radiation
treatment. The first type is interfractional motion, or
interfractional variation. This type of motion reflects
the daily changes that occur in patient anatomy, such
as weight gain or loss, tumor regression, and bladder
and rectal filling and emptying (1,2). Such motion can
be assessed by a variety of methods, including B-mode
ultrasonography, in-room CT, kilovoltage imaging,
and cone-beam CT. The effects of interfractional
variation and how various modalities can be used to
account for them are addressed elsewhere in this book.

The second type of motion is intrafractional
motion, or physiologic motion that occurs during the
actual delivery of a single radiation treatment.
Intrafractional motion includes such movements as
those induced by respiration, cardiac rhythms, or
peristalsis.

Respiratory motion is a particularly challenging
clinical problem, and in the past few years, many
clinical approaches have been introduced to either
account for its effects or mitigate its magnitude. One
such approach is the use of respiratory-gated radia-
tion therapy. In this chapter, we attempt to provide
answers to the following questions about this
approach:

1. What is respiratory-gated radiation therapy?

2. Why might we need respiratory-gated radiation
therapy?

3. How do we plan for respiratory-gated radiation
therapy?

4. How do we deliver respiratory-gated radiation
therapy?

5. Does respiratory-gated radiation therapy have the
potential to improve the quality of radiation
treatment?

6. Does respiratory-gated radiation therapy actually
improve the quality of radiation treatment?

7. How can we improve the quality of respiratory-
gated radiation therapy?

WHAT IS RESPIRATORY-GATED
RADIATION THERAPY?

Respiratory gating is a technique used to mitigate the
effects of respiratory motion. It works by synchroniz-
ing the delivery of radiation with a specified condition
of the respiratory cycle (3). The two types of res-
piratory gating are amplitude (or displacement)
gating, in which the delivery of radiation is gated
based on the position of either the actual tumor or a
surrogate for the tumor, and phase gating, in which
the delivery of radiation is gated based on the phase
of the respiratory cycle. Figure 1 is an illustration of
a respiratory signal gated according to the position of
an external fiducial surrogate. The horizontal lines in
the lower graph indicate amplitude-based gates.
When the motion of the external fiducial indicates
that the respiratory cycle lies within the gate, a signal
is sent to the linear accelerator, initiating beam
delivery. Similarly, when the fiducial marker moves
outside the gate, another signal is sent to the accel-
erator, terminating beam delivery.

It is important to differentiate between two terms
in common use, respiratory gating and respiratory
correlation, because they are not synonymous and
are sometimes incorrectly interchanged. Respiratory
gating is the act of synchronizing some action, typically
beam delivery, to a point or portion of the respiratory
cycle, while respiratory correlation is the act of
associating some component of imaging or treatment
with the respiratory cycle. Thus, respiratory gating is
a subset of respiratory correlation, but respiratory
gating and respiratory correlation are not the same.
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Figure1 A gated respiratory signal as indicated by an external
fiducial surrogate. The horizontal lines indicate amplitude-based
gates, and the vertical lines indicate times for opening and
closing the gates.

WHY MIGHT WE NEED RESPIRATORY-GATED
RADIATION THERAPY?

The impetus for gating the delivery of radiation is
based on the fact that lung tumors move. The extent of
motion can be marked, even exceeding 2 cm in some
cases (4-6). However, predicting the extent of this
motion is not straightforward. Recent four-dimen-
sional CT (4D-CT) studies of tumor motion have
indicated wide variability in its magnitude, with an
average vector displacement in the range of 0.5-1cm
(7). Moreover, it has been shown that neither the
magnitude nor the direction of motion can be
predicted based on tumor stage, tumor location, or
pulmonary function test results (8). Although in
general small tumors move more than large tumors
and tumors in the lower lobes move more than those in
the upper lobes, the extent and trajectory of motion
must be determined for each patient. Figure 2
illustrates a coronal image of a thorax reconstructed
using binned data from a single phase in a 4D-CT
image data set. Superimposed on this image are two
outlines of a lung tumor, one drawn on an end-
inspiration data set and the other on an end-expiration
data set. The shift in the outline indicates the how far a
lung tumor may move during respiration.

To account for respiratory motion, the standard
of practice has been to surround the clinical target
volume (CTV) with a large, isotropic margin that is
sufficient to account for both respiratory motion and
setup uncertainty. This margin has been the same
value for each patient. However, tumor motion differs
between patients. Thus, the use of a single margin
value means that for some patients with a large
magnitude of tumor motion, the radiation field may
be insufficient, resulting in inadequate tumor cover-
age, while for other patients with little or no tumor
motion, the field is likely to be too large, resulting in

irradiation of an unacceptable amount of uninvolved
lung tissue. Furthermore, since respiration-induced
tumor motion is approximately linear, isotropic
expansion of the CTV will result in the unnecessary
irradiation of even more lung tissue.

Recently, 4D-CT images, which explicitly ac-
count for respiratory motion, have been used to
calculate internal target volumes (ITV) and thereby
decrease the size of treatment portals (Balter et al.
Manuscript in progress). By gating the delivery
of radiation, it may be possible to decrease the size
of the treatment portal even more, possibly improv-
ing lung sparing (9,10). Conversely, if the treatment
portal can be reduced, then it might be possible to
escalate the dose to the tumor while keeping the dose
to normal tissue the same as that in ungated
treatments (11). Moreover, it has been hypothesized
that even if the size of the treatment portal cannot be
reduced, gating the delivery of radiation may allow
the volume of lung moving into and out of the
treatment portal to be reduced, thus reducing the
dose to normal lung.

While the potential benefits of gating for
conventional photon radiation therapy are great,
the potential benefits of gating for proton radiation
therapy are even greater due to the finite penetration
of the proton beam. Respiration may affect the
radiologic depth of the distal edge of the target
volume, with consequential effects on the range of
the proton beam. Proton radiation gating may be
designed to ensure dose administration according to
the location of dose fall-off along the central axis of
the proton beam, thus ensuring precise delivery of
the radiation.

HOW DO WE PLAN FOR RESPIRATORY-GATED
RADIATION THERAPY?

The first step in planning for respiratory-gated
radiation therapy is to acquire information about the
tumor’s motion by generating a CT image data set.
The state-of-the-art method for creating that set is 4D-
CT. This method is preferred to gated CT acquisition
because it is able to provide more reliable and detailed
data about the patient’s respiratory cycle, which is
related to the method by which the scanned images
are obtained. In gated CT image acquisition, a
respiratory signal triggers the acquisition of a CT
image in a single gantry rotation at a specified point in
the respiratory cycle. The CT scanner operates in axial
mode. When the desired phase is reached in a
subsequent respiratory cycle, projections are obtained
in another single gantry rotation and reconstructed.
This process continues until the entire desired region
has been scanned. Thus in gated CT, information is
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Figure 2 Coronal reconstruction of a 4D thoracic CT data set at end inspiration. The red area is the GTV at end inspiration, while the
green area is the GTV contoured on the end expiration data set and transferred onto the end inspiration data set. Abbreviations: 4D,
four-dimensional; CT, computed tomography; GTV, gross tumor volume.

obtained at a single phase. If information about multi-
ple phases of the respiratory cycle is desired, then the
image acquisition process is repeated with the gate set
to a different phase.

Because this process is cumbersome and yields
information about only one phase at a time, gated
CT image acquisition has largely been replaced by
4D-CT image acquisition. In 4D-CT phase-dependent
CT image data sets are obtained based on periodic
patient motion, such as respiratory motion. Because
the “fourth dimension” in 4D-CT is the phase of the
respiratory cycle rather than time, the images are
phase-dependent rather than time-dependent. A 4D-
CT data set, then, consists of a set of multiple 3D data
sets, each of which will cover a specific phase in the
respiratory cycle (8-10 phases are typically imaged).

The general approach to 4D image acquisition
involves the acquisition of a limited set of image data
at specific phases in each of several respiratory cycles.
CT information is acquired over a region limited by
the width of the CT detector. For many multislice
helical CT scanners, this width is in the range
2.5-4.0cm. Image data obtained at the same phase
but during different respiratory cycles are eventually
combined to generate the full 4D image data set.

Two approaches to 4D-CT imaging have been
developed. The first approach uses image binning (IB)
(12), and the second approach uses projection binning
(PB) (13). While it is possible to acquire 4D-CT images
using a single-slice scanner, that technique is difficult;
thus, both IB and PB require a multislice CT scanner.
Both these 4D imaging techniques also require a
device that can monitor the respiratory cycle, as
discussed in the following section.

In the IB approach, the CT scanner is operated
in cine mode. Projections are acquired for a period

of time at least equal to that of one respiratory cycle
plus a gantry rotation. After this period, the table is
indexed and the next set of projections is acquired.
At each table position, images are reconstructed at
specified time intervals, which usually are set to
equal approximately half the gantry rotation time,
thus a typical interval is ~0.25 sec. Typically,
~2000-2500 images are acquired in all. However,
adjustments may be called for. For example, the
time interval may have to be increased because of
limits on the number of CT images that can be
acquired. After image acquisition, the image acquis-
ition times are correlated to the respiratory signal
and the images are binned according to the phase of
the respiratory cycle.

In the PB approach, the CT scanner is operated
in helical mode at a very low pitch. The low pitch is
required to ensure that the table moves sufficiently
slowly that the entire width of the CT detector will be
present to image a transverse region of the patient
during an entire respiratory cycle. The relationship
between pitch and respiratory rate is given by the
following equation:

gantry rotation time (sec) x respiratory rate (min ')
60 sec/min

pitch <

Because of the low pitch, many projections are
acquired, resulting in a data file of several GBytes.
The projections are tagged at the same phase point in
each respiratory cycle, typically at end-inspiration (0%
phase). After the projections have been acquired,
phases for reconstruction (typically at 10% intervals)
are determined. The projections acquired near each
phase interval are binned together, and the images are
then reconstructed.
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Figure 3 A respiratory monitor that uses external fiducials to track respiratory motion. (A) A plastic box containing two reflectors 3cm
apart is attached to the patient’s anterior abdominal or thoracic surface. (B) An infrared light source and a CCD camera are used to track

the reflectors. Abbreviation: CCD, charge-coupled device.

To summarize, the IP approach first recon-
structs the images and then bins them, while the PB
approach first bins the projections and then recon-
structs them.

The ideal next step would be to perform a 4D
dose calculation on an appropriate subset of the CT
scans to mimic the gated beam delivery. The 4D dose
calculation would calculate the dose on each phase of
the CT data set, take the dose calculation points from
a reference phase, and then recalculate the doses to
those points on the other phases based on an
appropriate form of deformable image registration
(14). Doses accumulated on each phase would then be
summed to obtain the composite 4D dose calculation.

This technique has not yet been implemented in
commercial radiation treatment planning systems,
however, so the 4D image data set is presently used
primarily for tumor targeting. The 4D image data set
is acquired, and an ITV is determined based on the
extent of motion of the gross tumor volume (GTV) as
demonstrated in the 4D data set (15). The ITV is
expanded by a specified amount to account for
uncertainties in setup and gating position to generate
a planning target volume (PTV). The PTV is then
transferred to a composite average CT image for
treatment planning and dose calculation.

HOW DO WE DELIVER RESPIRATORY-GATED
RADIOTHERAPY?

The technology that enables gated delivery of radia-
tion is a respiratory monitor. The most commonly
used respiratory monitor tracks motion of the anterior
abdominal surface as a surrogate for respiratory
motion. One such device (RPM, Varian Oncology
Systems, Palo Alto, California) tracks the motion of a

plastic box with two reflective markers (Fig. 3A)
placed on the anterior surface of the patient’s chest or
abdomen. The reflectors’ position is tracked by an
infrared light source and charge-coupled device
(CCD) camera mounted in the treatment room
(Fig. 3B). The position of one reflector is displayed
on a monitor at the treatment console, allowing the
operator to set the respiratory gate. When the position
of this reflector passes the gate threshold, a signal is
sent to the linear accelerator, initiating beam delivery;
when the reflector moves out of the gate, another
signal is sent, terminating beam delivery. The respi-
ratory trace in Figure 1 is labeled to show how the
respiratory gate is set and when the signal initiating
beam delivery is sent.

Other types of respiratory monitors are also
used. A spirometer (Fig. 4) monitors respiration by
measuring airflow. With appropriate calibration, it can
be used to measure respiratory volume and, hence,
position in the respiratory cycle. Lu et al. (16) have
suggested that a spirometer more accurately depicts

Figure 4 A spirometer used to track respiratory motion.



the respiratory cycle than an external fiducial marker,
although the spirometer is subject to signal drift (17).
A bellows device or a strain gauge placed around the
patient’'s abdomen measures abdominal motion,
which can then serve as a surrogate for respiratory
phase. All these methods are surrogates for tumor
position, and so their accuracy must be validated (18).

More direct tracking of tumor position for gating
the delivery of radiation has been accomplished by
radiographic imaging of small gold fiducials im-
planted near tumors (19). A new technology that uses
electromagnetic tracking of implanted fiducials (20)
may have an application in tracking the motion of
lung tumors during respiration. The advantage of
electromagnetic tracking over radiographic tracking is
that the former confers no radiation dose. Limiting the
use of electromagnetic devices, however, is the fact
that current implantable transponders are substan-
tially larger (at ~1 cm long) than current implantable
gold fiducial markers (at ~3 mm long).

DOES RESPIRATORY-GATED RADIOTHERAPY HAVE
THE POTENTIAL TO IMPROVE THE QUALITY OF
RADIATION TREATMENT?

Several studies have been undertaken to determine
whether respiratory-gated radiation therapy actually
improves the quality of radiation treatment. Barnes
et al. (21) and Butler et al. (9) compared free-breathing
treatment plans with those for which GTV values were
determined from breath-hold CT scans. Barnes et al.
compared free-breathing and deep-inspiration breath-
hold plans, while Butler et al. compared free-breathing
plans to plans using breath-hold at normal end
expiration, normal end inspiration, and deep inspira-
tion. In both studies, the PTVs for the free-breathing
plans were generated by assuming isotropic expan-
sion of the CTV to allow for both setup uncertainty
and intrafractional motion. Both investigations found
that the breath-hold plans reduced the amount of
irradiated normal lung. Figure 5, taken from the work
of Butler et al. (9), shows that gating at appropriate
points in the respiratory cycle could reduce the
amount of irradiated lung by 30% in some cases.
With the introduction of 4D-CT imaging into the
radiation oncology clinic, it became possible to track
tumor motion during the respiratory cycle and
explicitly account for respiratory motion in the
delineation of the ITV. Starkschall et al. (10) compared
treatment plans for which the treatment portals were
based on ITVs obtained from explicit delineation of
tumor excursion with plans for which treatment
portals were based on breath-hold GTVs. Using V20
(the volume of lung receiving 20 Gy or more) as a
measure of lung toxicity (22), they found a reduction
in V20 by at least 10% only in patients with small
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Figure 5 Dose-mass histograms for a treatment plan based on
isotropic expansion of the CTV to generate a PTV (line labeled
“free-breathing”) and a treatment plan based on explicit
delineation of the CTV at specific phase of the respiratory cycle
(line labeled “gated at 0% TV”); the area between the lines
represents the potential reduction in the mass of lung irradiated if
gating is used. Abbreviations: CTV, clinical target volume; PTV,
planning target volume; TV, target volume.

tumors (GTV <100 cm?) that moved with respiration
(excursion >1cm), provided that the residual motion
during gating was kept small.

Recently, Lai and Starkschall (23) tested the
hypothesis that even if margins were not reduced for
gated delivery (24), the decrease in volume of lung
moving into and out of the high-dose region would
improve lung sparing. In this study, the authors
analyzed a cohort of 25 patients whose original
treatment plans had been created using 4D-CT
imaging; the investigators repeated the dose calcu-
lations using the original beam configuration on the
10 phases that comprised the 4D-CT data set using a
beta version of the treatment planning software that
supported dose calculations across multiple phases of
a 4D data set (Pinnacle®, v7.9u, Philips Medical
Systems, Milpitas, CA). The same beam configuration
was then used to calculate the radiation dose on three
phases (40%, 50%, and 60%) that simulated radiation
treatment gated at end-expiration, and the radiation
doses to the lung were then compared. Typical
reductions in V20, indicating improved lung sparing,
were in the range of 1% to 2%, certainly not a clinically
significant value.

DOES RESPIRATORY-GATED RADIOTHERAPY
ACTUALLY IMPROVE THE QUALITY OF
RADIATION TREATMENT?

The question that needs to be asked, then, is whether
or not gating actually improves the quality of
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radiation treatment. To determine the answer to this
question, Nelson et al (24) undertook a study in which
small gold fiducials (NMPE, Inc., Lynnwood, WA)
were implanted near the tumor. Fiducials were
imaged weekly during 4D-CT image acquisition and
daily during gated delivery using an electronic portal
imaging device operating in cine mode, with images
acquired in 2-sec intervals.

Nelson et al. (24) showed that residual motion
under respiratory gating could be significant (up to
0.5cm) but that setup uncertainties were at least as
large as, if not greater than, residual motion under
gating. Setup uncertainties required margins of at
least 0.7-1.0cm surrounding the measured ITV to
ensure adequate tumor coverage. Consequently, ef-
forts to reduce setup uncertainty are likely to have a
markedly greater impact on reducing margins than
respiratory gating.

It is also unclear how accurately surrogates for
respiratory motion actually represent the extent of
motion. For example, the motion of the anterior
abdominal surface is approximately linear, so external
fiducial markers that reflect this motion may not
accurately reflect the three-dimensional motion of
a tumor. On one hand, such inaccuracy may not be a
problem, especially regarding the control of gating
beam delivery at an endpoint of the respiratory cycle.
On the other hand, there may be a time difference
between the motions of the external patient surface
and the internal tumor. Although both these motions
are driven by the single motion of the diaphragm,
the elasticity of lung tissue may cause a tumor in the
upper lobe to move later than the diaphragm and the
fiducial marker. Ongoing work is seeking to under-
stand the temporal aspects of tumor and marker
motion, and planning systems soon will be able to
account for any time lags by incorporating correction

(A)

(B)

algorithms based on tumor position, patient factors,
and possibly other features.

HOW CAN WE IMPROVE THE QUALITY OF
RESPIRATORY-GATED RADIATION THERAPY?

Margins placed around the CTV to generate the PTV
arise from two major sources of uncertainty of tumor
location: uncertainty resulting from patient setup and
uncertainty resulting from residual motion. Thus, to
improve the quality of respiratory-gated radiation
therapy, both setup uncertainty and residual motion
must be reduced.

As shown by Nelson et al. (24), setup uncertainty
is the primary contribution to the need for margins
surrounding the CTV; consequently, methods for
reducing setup uncertainty should be applied before
residual motion is addressed. Setup uncertainty can
be reduced by improving patient immobilization and
incorporating image guidance into the patient setup.
Immobilization can be improved by using an ex-
tended vacuum bag indexed to the table (Fig. 6A) or
by incorporating leg immobilization along with upper
body immobilization (Fig. 6A). Image guidance can
also be used, through the use of either on-board
kilovoltage imaging (Fig. 7A) or some sort of in-room
CT scanning; the latter option may consist of a
conventional CT scanner placed on rails (25) (Fig.
7B) or a kilovoltage imaging system capable of cone-
beam CT scanning. Improvements in immobilization
can reduce margins that account for setup uncertainty
to ~3 mm.

Once setup uncertainty has been reduced, the
problem of residual tumor motion can be addressed.
One possible approach is the use of a breath-hold
maneuver, and several breath-hold techniques have
been attempted in the effort to reduce tumor motion.

Figure 6 Immobilization devices used for reducing setup uncertainty in thoracic radiation therapy. (A) An extended vacuum bag

indexed to the table. (B) A shoulder and leg immobilization device.
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Figure 7 Devices used to implement image-guided setup to reduce setup uncertainty in thoracic radiation therapy. (A) A kilovoltage
imaging device attached to the gantry of the linear accelerator. (B) An in-room CT scanner that shares a common the treatment table
with the linear accelerator. Source: Courtesy of P. Balter (A) and T. Diel (B), M.D. Anderson Cancer Center.

For example, Hanley et al. (26) have investigated the
use of a voluntary deep-inspiration breath hold to
reduce tumor motion, but this technique does not
guarantee that the breath hold occurs at the same
place in the respiratory cycle. Wong et al. (27) have
used an occlusion spirometer to force a breath hold at
a specified point in the respiratory cycle. The
experience with forced breath hold, however, has
been with patients who have tumors in locations other
than the lung, such as Hodgkin’s lymphoma and liver
cancer. It is not clear that a forced breath is effective in
lung cancer patients, whose breathing may be
compromised. Nelson et al. (28) have investigated
the feasibility of using a feedback-guided breath hold.
In this technique, the patient can view his or her
respiratory trace, typically with a set of virtual reality
goggles. The patient is then trained to effect a breath
hold in a very narrow gating window. The extent to
which residual tumor motion is reduced using this
technique has not yet been determined, however.

CONCLUSIONS

Because respiration can cause tumors to move several
centimeters, depending on the tumor location and
patient factors, gating the delivery of radiation to the
respiratory cycle can enable us to shrink treatment
margins; consequently, we may then be able to
increase the radiation dose to the tumor, decrease

morbidity, or both. However, before respiratory gating
can be deemed a useful technique in photon radiation
therapy, several conditions need to be met. The first
condition will be reflected in patient selection:
Respiratory gating appears to be useful only for those
patients with small tumors that move. The second
condition is that the surrogate for respiratory motion
must accurately reflect the tumor’s position. This
requirement may necessitate the use of fiducials
implanted near the tumor. The final condition that
must be met to make respiratory gating clinically
effective is that it be combined with measures to
reduce setup uncertainty and residual respiratory
motion. Consequently, some sort of image-guided
setup would be likely, along with the use of a breath-
hold maneuver during treatment delivery.
Respiratory gating may be particularly suited to
hypofractionated radiation therapy for stages I and II
lung tumors, as these are likely to be the small tumors
most affected by respiratory motion. Promising
applications also may occur in proton therapy, as the
range of the protons may be markedly affected by
changes in tumor or tissue positions due to respira-
tory motion, but this possibility remains to be
demonstrated dosimetrically. Finally, respiratory gat-
ing may be useful in the treatment of subdiaphrag-
matic tumors exhibiting marked respiratory motion,
such as those in the liver, although again, dosimetric
demonstration of such improvement is needed.
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INTRODUCTION

Patients with early-stage non-small cell lung cancer
(NSCLC) who cannot undergo surgery because of
their lung function, cardiac function, bleeding ten-
dency, or other comorbid conditions or who refuse
surgery should be considered for definitive radiation
therapy. Conventional fractionated radiotherapy
(60-66 Gy in 1.8- or 2.0-Gy fractions) in these patients
with stage I/Il disease has resulted in 5-year local
control rates of 30-50% and overall survival rates of
10-30% (1,2). Modern three-dimensional conformal
radiotherapy (3D-CRT), however, may improve
clinical outcome compared with two-dimensional
radiotherapy (3). Several studies have reported a
benefit from such a dose escalation, suggesting a
dose-response relationship from the standpoint of
both survival and local disease control in these
patients (1,2,4,5). Because early-stage NSCLC is not
inherently a systemic disease at the time of diagnosis
and because local control is poor after conventional
radiotherapy, research directed toward improving
survival should put more emphasis on improving
local tumor obliteration.

Three-dimenstional conformal radiotherapy and
hypofractionated stereotactic body radiation therapy
(SBRT) allow precise targeting and delivery of radio-
therapy. SBRT for lung cancer integrates elements of
3D-CRT with systems for treating tumors in motion
and for decreasing setup uncertainty through the use
of image-guided radiation therapy (IGRT) techniques.
These systems allow the reduction of treatment
volumes, facilitate hypofractionation with markedly
increased daily doses, and substantially reduce over-
all treatment time. Thus, SBRT combines multiple
beam angles to achieve sharp dose gradients, high-
precision localization, and a high dose per fraction in

extracranial locations. This approach delivers a high
biologically effective dose (BED) to the target while
minimizing the normal tissue toxicities, which may
translate into improved local control and survival
rates. Preliminary data have shown local control rates
of >85% and promising survival rates in patients with
stage I NSCLC treated with SBRT. In this chapter, we
discuss the rationale, indications, optimal BED, and
image-guided techniques for SBRT in patients with
NSCLC.

INDICATIONS FOR SBRT

In general, SBRT should be considered only for early-
stage [stage I (T1-T2, NO, MO0), selective stage II (T3
with chest wall involvement, NO, MO0)], isolated,
peripherally located recurrent or metastatic NSCLC.
Because the ablative dose will be delivered to the
target, the target should be away from critical
structures such as the main bronchus, major vessels,
trachea, heart, esophagus, spinal cord, and brachial
plexus. When an extremely high-dose regimen is
used, such as 60 Gy delivered in three fractions, the
target should be at least 2cm away from the bronchial
tree (6) (see discussion below). If a milder-dose
regimen such as 50Gy in four fractions is used, the
2-cm rule is not required.

4D-CT-BASED SBRT PLANNING

SBRT requires sophisticated 3D-CRT, IGRT, and a
reliable immobilization device. Immobilization is
crucial in SBRT to reduce daily setup uncertainty.
The appropriate immobilization should be chosen for
each patient. We immobilize patients in an arms-up
position using a commercially available vacuum
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immobilization bag (Body-Fix, Elekta Inc.), which
extends from the patient’s head to the pelvis,
combined with a wing board.

Consideration of tumor motion in SBRT is very
critical in patients whose tumor moves substantially
during radiotherapy. In a recent four-dimensional
computed tomography (4D-CT) study of 72 patients
with lung cancer, Liu et al. (7) showed tumor move-
ment of more than 1 cm during breathing in 13% of the
patients, particularly in those with small lower lobe
tumors close to the diaphragm. An individualized
tumor-motion margin should be considered for such
patients. In addition, patients should be evaluated for
regularity of breathing, responsiveness to feedback
guidance, and breath-holding capability. On the basis
of this evaluation, one of the following treatment-
delivery techniques can be selected: (1) free-breathing
approach (with or without feedback guidance), (2)
respiratory-gated approach, (3) breath-holding approach
(with or without feedback guidance), (4) abdominal
compression, or (5) a combination of the above
techniques.

For patients with tumor motion of <5mm,
simple expansion of the tumor-motion margin is
adequate (free-breathing approach). However, for
patients with considerable tumor motion, particularly
movement of >1 cm, an individualized tumor-motion
margin should be considered. A commercially avail-
able system can be used for these patients with a
respiratory-gated approach (8). This technique uses an
externally placed fiducial that is tracked as the patient
breathes. The beam can be triggered at a chosen point
in the respiratory cycle; this is typically done at the
end of expiration because this is the longest and most
reproducible portion of the respiratory cycle. This
technique requires patients to be able to breathe
slowly in a regular pattern. Active breathing control
and deep-inspiration breath-holding are two techni-
ques that have been pioneered to help patients hold
their breaths at reproducible points in the respiratory
cycle (9,10). The radiation beam is then initiated.
These two techniques limit patient respiratory
excursion to fixed volumes, and they limit diaphragm
excursion to about 5mm instead of 10-15mm. These
techniques, however, require very cooperative
patients who are able to hold their breath for at least
15sec. Abdominal compression has been used in
some institutions to reduce the diaphragm movement.

With the advent of new technologies such as
multislice detectors and faster imaging reconstruction,
it is now possible to image real-time breathing and to
assess organ motion using 4D-CT (11). This provides a
more accurate design for respiratory-gated or breath-
holding SBRT using a breathing cycle-guided proce-
dure. For most patients who cannot breathe regularly
or who cannot hold their breath, 4D-CT also provides

an individualized approach to evaluate the exact
tumor locations during the whole breathing cycle. At
The University of Texas M.D. Anderson Cancer
Center, all SBRT are conducted based on respiratory-
correlated 4D-CT images. 4D-CT data are obtained by
acquiring spatially oversampled CT data while
simultaneously monitoring the patient’s respiration.
A collection of 3D-CT datasets is then created by
either sorting or reconstructing the image data in a
series of respiratory-phase bins. This gives us the
motion of the tumor and the surrounding structures
as a function of respiratory phase (Fig. 1A and 1B).
Two abstractions are made of the 4D-CT data set: the
average CT (avg-CT, Fig. 1C) and the maximum
intensity projection (MIP, Fig. 1D). The average CT is a
3D-CT dataset created by performing a voxel-by-voxel
numerical averaging over all the breathing phases.
The MIP is a 3D-CT dataset created by assigning
each voxel the value of the highest valued voxel at
that location across the breathing phases. All 10
respiratory-phase datasets, the MIP, and the average
CT along with extended range free-breathing CT
acquired during the same imaging session are trans-
ferred to our treatment planning system. This
information is crucial for our target delineation using
the internal target volume (ITV) approach to take
tumor motion into consideration (discussed in the
following section).

SBRT Target Volume Delineation

Gross tumor volume

The gross tumor volume (GTV) should be delineated
using CT. The pulmonary extent of lung tumors
should be delineated on lung windows. PET should
be used only for disease staging.

Internal gross target volume

If 4D-CT is available, we can design the internal gross
target volume (IGTV) that is the volume containing
the GTV throughout its motion during respiration.
One method of combining the data from the multiple
CT datasets is to create a maximal intensity projection,
which can be used as an aid in contouring the IGTV
(Figs. 1 and 2). Another approach is to use a de-
formable registration technique in which the tumor
volume that is outlined on the expiratory phase of the
4D images is registered on other phases of the images
to create a union of target contours, enclosing all
possible positions of the target. In all cases the
resulting IGTV contour should be evaluated across
all phases, a very quick operation. The third approach
is to contour the GTV with the end of inspiration and
expiration breath-holding and then combine these
two volumes to form the IGTV. The last approach can
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Figure 1 4D-CT simulation demonstrated tumor motion during breath cycle. (

"N
()

) End of inspiration; (B) end of expiration; (C) average

CT; (D) MIP. In this patient, MIP image was used to design IGTV (Fig. 2). Alternatlvely, SBRT can be delivered using respiratory-gated
approach during end of expiration (B) or breath-hold approach at end of inspiration (B). Abbreviations: 4D-CT, four-dimensional CT;
IGTV, internal gross target volume; MIP, maximum intensity projection; SBRT, stereotactic body radiation therapy.

be used with regular spiral CT without 4D. All CT
datasets are transferred to the treatment-planning
system for reference.

Clinical target volume

The clinical target volume (CTV) consists of the GTV
plus an 8-mm margin that is edited as necessary to
account for physical boundaries.

Internal target volume
The ITV consists of an IGTV plus an 8-mm margin
that is edited as appropriate, as mentioned above.

Planning target volume

The planning target volume (PTV) consists of either a
CTV plus a margin for tumor motion and for daily
setup uncertainty or an ITV plus a margin for daily
setup uncertainty.

DOSE-VOLUME CONSTRAINTS

To avoid acute and chronic toxicity, it is very important
to keep the dose volume of normal critical structures
under threshold. The long-term clinical data using
SBRT in lung cancer are limited. Most dose volume
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Figure 2 (See color insert.) SBRT planning based on ITV generated by 4D-CT using MIP approach. IGTV (red-color wash) was

created based on MIP image (Fig. 1). CTV (yellow-color wash) = IGTV + 8 mm margin. PTV (blue-color wash) = CTV + 3mm margin.
50Gy (white line) in four fractions prescribed to PTV. (A) Transverse; (B) sagittal. (C) coronal; (D) dose—volume histogram.
Abbreviations: 4D-CT, four-dimensional CT; CTV, clinical target volume; GTV, gross tumor volume; MIP, maximum intensity projection;

PTV, planning target volume.

constraints have been developed based on experience
with conventional fractionation regimens and RBE
calculation. At M.D. Anderson Cancer Center, we treat
patients with early-stage NSCLC with 50 Gy in four
fractions prescribed to the PTV. With the use of this
regimen, we recommend that the maximum dose to the
esophagus, major vessels, heart, trachea, and main
bronchus should be less than 50 Gy; the maximum dose
to the spinal cord should be less than 25 Gy. Dose-
volume constraints in critical structures are as follows:

Lung: V20 < 20%

Esophagus: 40 Gy < 1cm?, 36 Gy < 10cm”

Trachea: 40 Gy < 1cm®, 36 Gy < 10cm”

Main bronchus: 48 Gy < 1cm?, 40 GX <10cm’
Heart: 48Gy < 1 cm3, 40Gy < 10cm

Brachial plexus and major vessels: 48Gy < 1cm?’
40Gy < 10cm”.

For patients who have received previous radio-
therapy, the attending radiation oncologist needs to
evaluate the previous treatment plan, particularly the
dose delivered to critical structures, and make a
clinical judgment based on BED, previous radiation
therapy, and current SBRT doses using the above
dose-volume constraints as a guide.

DAILY CT ON-BOARD IMAGE-GUIDED
SBRT DELIVERY

Because SBRT delivers a very high fraction size of
radiation each time, it is very crucial to target the
tumor accurately and avoid normal critical structures.
In such cases, very generous margins without image
guidance may cause significant late toxicity. Daily
image-guided SBRT delivery is important to ensure
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adequate tumor coverage while sparing normal
critical structures (12). Discrepancies larger than 3, 5,
and 8mm between the planned and actual tumor
position during SBRT were reported in 47%, 27%, and
8% of cases, respectively, as measured by daily cone-
beam CT images (13). In addition, displacements of
tumor position relative to the bony anatomy with
larger than 3, 5 and 8 mm were counted in 29%, 12%,
and 3% respectively (13).

At M.D. Anderson Cancer Center, all patients
treated with SBRT are imaged using either an in-room
CT (GE Medical Systems) or a linac-mounted cone-
beam CT (Trilogy, Varian Associates) before each
fraction of SBRT. These are both slow acquisitions
with respect to respiration (~1min) and provide a
randomly sampled CT (GE) or an average CT
(Trilogy). Usually, the spinal vertebral body nearest
the tumor is used as the anatomic reference structure
for patient setup. In the case of rotations, a combina-
tion of transitions in the lateral and anterior/posterior

(A)

B)

directions is generally used to achieve target coverage
(Fig. 3). If there are nearby critical structures, the
patient may have to be re-setup to eliminate the
rotation. We have also observed that some tumors
show monotonic positional changes during treatment.
The treatment isocenter is moved to ensure coverage
of these targets as they move day to day, with care
being taken to ensure sparing of critical structures.
The setup uncertainty can be kept to <3 mm using the
daily CT on-rail image. If daily CT is not available,
a larger setup margin is advised.

OMITTING PROPHYLACTIC LYMPH
NODE IRRADIATION

For many years, standard radiation therapy in the
United States, with some recent exceptions, consisted
of 40-50 Gy delivered to electively irradiated regional-
nodal areas (ipsilateral, contralateral, hilar, media-
stinal, and occasionally supraclavicular), with an

Figure 3 Daily on-board CT on-rail before each fraction of SBRT. (A) CT-rail; (B) daily on-board image for patient’s set up. (Bottom left)
daily CT for set up. (Bottom right) simulation CT. IGTV: Yellow contour. CTV: Blue contour. PTV: Green contour. Abbreviations: CT,
computed tomography; CTV, clinical target volume; IGTV, internal gross target volume; PTV, planning target volume; SBRT, stereotactic

body radiation therapy.
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additional 20Gy delivered to the primary tumor
through reduced fields. This regimen was based on
pathologic information regarding the high incidence
of hilar and mediastinal node metastases in patients
with bronchogenic carcinoma. The rationale opposing
elective nodal irradiation has been the high local
recurrence rates within the previously irradiated
tumor volume and the high likelihood of distant
metastasis; the thinking was that if gross disease
cannot be controlled, why enlarge the irradiated
volumes to include areas that may harbor microscopic
disease?

Three major factors have changed the standards
for radiation therapy in recent years: the use of
chemotherapy, the advent of 3D-CRT, and better
disease staging and target delineation with PET. In
addition, emerging clinical data have shown that
omitting prophylactic lymph node irradiation does
not reduce the local control rate for patients receiving
definitive radiotherapy who have isolated outside-
field (field of radiotherapy) local recurrence rates of
3-8%, particularly in patients with stage I disease and
in those who undergo PET for disease staging (14-16).

About 15-20% of patients with stage I NSCLC
who receive SBRT develope distant metastasis, more
commonly in those with T2 disease (17,18). Recent
studies of adjuvant chemotherapy after surgical
resection for early-stage NSCLC have shown a
4-15% survival benefit for patients with stage Ib
NSCLC or higher who received postoperative chemo-
therapy (19-21). Therefore, adjuvant chemotherapy
after SBRT should be considered in T2 disease if the
patient can tolerate it.

CLINICAL OUTCOME AND BED CONSIDERATIONS

Several studies have shown considerably improved
local control and survival rates in patients with stage I
lung cancer treated with SBRT. For example, Uematsu
et al. (22) reported their 5-year experience in patients
with stage I NSCLC treated with CT-guided frameless
SBRT. Fifty patients were treated with 50-60Gy in
5 to 10 fractions over 1-2 weeks. At a median follow-up
of 36 months, 6% of patients developed local failure.
The 3-year overall survival and disease-specific
survival rates were 66% and 88%, respectively.
However, for patients with medically operable dis-
ease, the 3-year overall survival rate was 88%. No
definite adverse effects were noted. Onishi et al. (17)
reported on the delivery of 60Gy to the PTV in 10
fractions (6 Gy/fraction) in patients with stage
I NSCLC; 6% of these patients had local progression,
and 14% had distant or regional lymph node meta-
stasis. Also, 9% experienced grade 2 or higher toxic
effects. The 2-year overall survival rates were 58% in

all patients and 83% in those with operable disease.
Additionally, Nagata et al. (18) reported on the
delivery of 48Gy to the isocenter in four fractions
(12Gy/fraction) over 5 to 13 days in patients with
early-stage NSCLC. The local control rate was 98%,
and the 5-year overall survival rates were 83% in
patients with stage Ia disease and 72% in those with
stage Ib disease. In 6.7% of these patients, disease
recurred in the regional lymph nodes, and 15-20% of
patients developed distant metastases. None of the
patients experienced grade 3 or higher toxic effects. In
a ongoing multi-institutional phase II study con-
ducted by the Japan Clinical Oncology Group,
patients with T1 NO MO NSCLC receive 48Gy
delivered in four fractions to the tumor isocenter. In
the United States, Timmerman'’s group (23) conducted
a phase I dose-escalation study using SBRT for
patients with stage I NSCLC. These researchers
prescribed radiation to the 80% isodose line and
escalated the dose from 24 to 72 Gy (delivered in three
fractions over 2 weeks). The local failure rate was 21%,
and the regional and/or distant metastasis rate was
about 30%. Most of the local failures occurred in
patients who received doses of <48 Gy. Grade 3 and
higher toxic effects occurred in patients treated with
doses of >48 Gy. Timmerman et al. (6) then conducted
a phase II clinical study of 70 patients with stage I
inoperable NSCLC treated with SBRT at doses of
60-66 Gy in three fractions over 1-2 weeks. The
median follow-up was 17.5 months; the 2-year local
control rate was 95%, and the overall survival rate
was 54.7%. However, 20% of these patients developed
grade 3-5 toxicity, most commonly patients with
centrally located lesions. This dose regimen is there-
fore considered too toxic for centrally located tumors
and should be used only for peripheral lesions
(located at least 2cm from the bronchial tree).
Currently, the Radiation Therapy Oncology Group is
conducting a phase II clinical study of 60 Gy delivered
in three fractions, as described by Timmerman et al.
(6), in patients with inoperable stage I and selective
stage II peripherally located NSCLC. Recently, Xia
et al. (24) reported results from a phase II study of SBRT
in 43 patients with medically inoperable stage I/II
peripherally and/or centrally located NSCLC. When
70 Gy was delivered at 7 Gy/fraction to the GTV, the
1-, 2-, and 3-year local control rates were 95% in all
patients. The 1-, 2-, and 3-year overall survival rates
were 100%, 91%, and 91%, respectively, in patients
with stage I disease and 73%, 64%, and 64%, res-
pectively, in those with stage II disease. Only 2.3%
(1/43) of the patients had grade 3 pneumonitis (24).
The BED is a well-accepted means of evaluating
the acute or late effects of radiation therapy. The BED
is calculated with the following linear quadratic
equation: BED = n x d [1 + d/(0a/B)] (where 7 is the
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number of fractions, d is the dose per fraction, and n x
d is the total dose delivered) using an a/f of 10 for
acute effects and of 3 for late effects. The higher the
BED, the better the chances of eliminating the cancer.
There are two ways to increase the BED: (1) delivering
a higher total dose by increasing the number of
fractions while keeping the conventional dose per
fraction, or (2) delivering a higher dose per fraction
but lowering the total dose and the number of
fractions, which is done in SBRT. As mentioned
above, however, the primary concern about SBRT is
chronic toxicity.

The optimal dose and fractionation for SBRT are
unclear. Onishi et al. (25) retrospectively evaluated
results from a Japanese multi-institutional SBRT study.
At a total of 13 institutions, 245 patients with stage I
NSCLC were treated with hypofractionated high-dose
SBRT. A total dose of 18-75Gy at the isocenter was
administered in 1-22 fractions. The median calculated
BED was 108 Gy (range, 57-180 Gy), and the median
follow-up was 24 months. Greater than grade 2
pulmonary complications were observed in only six
patients (2.4%). The local recurrence rate was 8.1% for
those given a BED of 2100 Gy but was 26.4% when the
BED was <100 Gy (P <0.05). The 5-year overall survival
rate in patients with medically operable NSCLC was
88.4% for those given a BED of >100 Gy, compared with
69.4% when the BED was <100 Gy (P <0.05). NSCLC
recurred in the regional lymph nodes in 8.2% of the
patients, and distant metastasis occurred in 14.7% of
the patients. Recently, Onishi et al. updated their
results at a median follow-up of 38 months. At 5 years,
the local failure rate was 8.4% and the overall survival
rate was 72% for patients with operable disease who
received SBRT with a BED of >100Gy (2006 SBRT
workshop in Maui, Hawaii, sponsored by the
International Association for the Study of Lung
Cancer). Their data showed that hypofractionated
high-dose SBRT with a BED up to 180 Gy was feasible
and beneficial for the curative treatment of patients
with stage I NSCLC. For all treatment methods and
schedules, local control and survival rates were better
in patients treated with a BED of >100 Gy than in those
receiving a BED of <100 Gy. Survival rates in patients
with medically operable disease treated with a BED of
>100 Gy were comparable to those of patients who
underwent surgery.

The BED, calculated with the linear quadratic
equation using an o./p of 10, was 96 Gy with the deli-
very of 60 Gy in 10 fractions, 106 Gy with the delivery of
48 Gy in four fractions, 119 Gy with the delivery of
70Gy in 10 fractions, and 180Gy with the delivery
of 60 Gy in three fractions. However, when we consider
the optimal BED for SBRT, we also need to keep in
mind the potential long-term toxicity associated with
SBRT, particularly for lesions close to critical structures

such as the trachea, bronchus, vessels, nerves, esoph-
agus, spinal cord, heart, and skin. The current
consensus is that the BED must be >100Gy and that
the volume of the critical structures receiving the high
BED (>80Gy) should be minimized. Therefore, in
general, only peripherally located disease should be
treated with SBRT. When SBRT is used for patients with
a centrally located tumor, a greater number of fractions
and/or a lower BED should be considered, until
further long-term toxicity data become available.

We reported our preliminary data for image-
guided SBRT in patients with early-stage NSCLC (12).
Thirty-seven patients with pathologically confirmed
stage I disease were treated with SBRT. NSCLC in all
patients was staged with chest CT, PET, and brain
magnetic resonance imaging. 4D-CT images were
obtained with a GE simulator with the Varian RPM
system. The IGTV was delineated using a maximal
intensity projection that was created by combining the
data from the multiple 4D-CT datasets at different
breath phases. The ITV consisted of the IGTV plus an
8-mm margin, and a 3-mm setup uncertainty margin
was added to form the PTV. Daily CT on-rail
simulation was conducted during each fraction of
radiotherapy. SBRT was prescribed at a dose of 50 Gy
to the PTV, delivered at 12.5Gy/fraction for 4
consecutive days (the BED was 112.5Gy). Critical
structures such as the main bronchus, heart, and
major vessels were excluded from the 40-Gy isodose
line. Patients were followed up with chest CT every
3 months for 2 years. PET follow-up was recommen-
ded at 3-5 months after SBRT.

The progression-free survival rate at the treat-
ment site in all patients was 100%, with a median
follow-up of 10 months. In 22 patients with stage la
(T1 NO MO) disease, the complete response rate was
66.7% and the partial response rate was 28.8%;
however, the complete response rate was 100% in 11
patients who underwent PET for post-SBRT evalua-
tion. The rate of stable disease was 4.5%. Mediastinal
lymph node metastasis and distant metastasis devel-
oped in 4% of the patients. There was no grade 2 or
higher radiation-induced pneumonitis in patients
with stage I disease, and no esophagitis was noted.
Grade II/1II dermatitis developed at the treatment site
in 9.5% of the patients. All patients tolerated SBRT
well, with no symptoms of toxicity during SBRT. More
studies with long-term patient follow-up are needed.
Figure 4 shows a representative patient with stage I
NSCLC who received SBRT and achieved a complete
clinical response as measured by PET.

ROLE OF SBRT IN OPERABLE STAGE | NSCLC

The role of SBRT in operable stage I NSCLC remains
unclear. Currently, lobectomy with mediastinal
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Before SBRT

3 months after SBRT

Figure 4 A representative patient case with stage | NSCLC who received SBRT (50 Gy in four fractions) and achieved a complete
clinical response by PET. Abbreviations: NSCLC, non—-small cell lung cancer; PET, positron emission tomography; SBRT, stereotactic

body radiation therapy.

sampling or dissection is considered the standard
treatment for this disease. Supporting this were the
findings from a study conducted by the Lung Cancer
Study Group, which consisted of a randomized
comparison of an anatomic lobectomy versus limited
(wedge or segmental) resection for peripheral T1
pulmonary carcinomas (26). The locoregional recur-
rence rate associated with limited resection was three
times that associated with lobectomy, 17% compared
with 6.4%. The potential advantages of surgical
resection include the complete removal of the in-
volved lobe, resulting in less chance of local recur-
rence, and the pathologic stage (maybe therapeutic in
some cases) of hilar and/or mediastinal lymph nodes.
If a lymph node is involved, adjuvant chemotherapy
or radiotherapy (for N2 disease) may be considered.
Compared with surgical resection, SBRT with a BED
of >100Gy achieves comparable results, with >90%
local control and <10% regional nodal recurrence.
When PET is used for staging, regional nodal
recurrence is about 5%. If cancer recurs locally or
regionally, salvage surgery and/or radiotherapy
should still be considered, although these techniques
are more challenging.

Multi-institutional phase II studies of SBRT for
stage I NSCLC have begun in Japan (JCOG0403) and
the United States (RTOG0236). Clinical data indicated

an improved therapeutic ratio for SBRT in patients
with inoperable stage I NSCLC. However, comparable
data for patients with operable disease are scarce.
To determine the role of SBRT in patients with operable
stage I NSCLC, a randomized study is warranted.
Currently, the International Association for the Study
of Lung Cancer is considering such a study.

SUMMARY

Image-guided SBRT with the delivery of a BED
>100Gy is feasible and safe in the treatment of
patients with peripherally located inoperable stage I
NSCLC. The 3- to 5-year local control and overall
survival rates for patients who receive SBRT seem to
be much better than the rates for patients who receive
conventional radiotherapy for stage I disease, and the
toxicity rate is minimal. SBRT is becoming the stand-
ard treatment for patients with inoperable stage I
NSCLC. However, its role in operable stage I NSCLC
is not clear. To balance improved targeting accuracy
with minimized treatment-related toxicity, a reliable
immobilization device and consideration of image-
guided tumor motion are crucial. The optimal dose
regimen remains unclear, but a BED >100Gy seems
warranted.
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INTRODUCTION

Radiation therapy for lung cancer has a unique set of
requirements because of the anatomy in the thorax.
First of all, lung is a very radiosensitive organ and
exhibits a greater effect of volume dependency than
other organs. Thus, designing effective radiation
beams that can reach tumors surrounded by a large
amount of normal pulmonary tissue has been a great
challenge in radiation oncology. Second, in the normal
thorax, critical structures such as the mediastinum,
heart, esophagus, and spinal cord are often very close
or adjacent to tumors. Thus the risk of developing
potentially fatal toxicity in these normal structures
poses a great concern for oncologists treating lung
cancers. Often, normal tissue complication is a major
impediment to dose escalation and further improve-
ments in therapeutic efficacy. Treatment strategies
must effectively address improving tumor control
without significantly increasing toxicity and compro-
mising quality of life in patients with lung cancers.

In the 1990s, three-dimensional conformal radi-
ation therapy (3D-CRT) quickly changed the terrain of
radiation therapy and dominated the technological
development of radiation therapy for lung cancers.
Radiation dose distributions are now shaped to
conform to target volumes by the use of 3D treatment
planning, multimodality imaging, and more sophisti-
cated beam delivery techniques, such as multileaf
collimators (MLCs). Improving the dose conformity
to the target coverage could potentially reduce
dose-volume of the irradiated normal tissues.

Along the same direction of the 3D-CRT,
intensity-modulated radiation therapy (IMRT) has
emerged as an exciting new modality for treating
lung cancers. In IMRT, the intensity of the individual
beamlets within the beams of radiation is modulated
in the process of inverse planning or treatment
planning optimization. The goals of the optimization
process are to create more conformal dose distribu-
tions and avoid exposing critical structures. From a
physics standpoint, the free parameters that can be
optimized in an IMRT treatment plan are the weights

of the beamlets in the beams and the angles of the
beams. The number of free parameters to be opti-
mized can easily exceed several thousand if beam-
angle optimization is further considered.

However, typical 3D-CRT plans have many
fewer free parameters and may include only beam
weights, wedge angles, and beam angles. We can then
easily imagine that the degree of difference between
conventional 3D-CRT versus IMRT can be dramatic in
terms of the capability to shape the dose distributions.
In fact, most of the treatment planning optimization
algorithms used in commercial planning systems
nowadays have not been able to take full advantage
of IMRT because the number of free parameters in
optimization and thus the solution space to be
explored often exceeds the capabilities of even
modern computers.

IMRT has been used successfully in treating
prostate and head and neck cancers and is quickly
becoming the standard of practice for cancers at these
sites. In treating prostate cancer, the intensity modu-
lation of IMRT can be used to create an ideal dose
distribution, one shaped around the prostate gland
and seminal vesicles, with tissue sparing in the
rectum and bladder. In treating head and neck,
IMRT is ideal for generating complex dose distribu-
tions to surround target volumes and avoid adjacent
normal structures, which typically include the parotid
gland, brain stem, and optic nerves. The effectiveness
of IMRT in managing tumors at these sites has been
demonstrated in both treatment planning studies and
clinical settings (1-4).

In principle, IMRT would be a desirable tool for
treating lung cancers because of the need to reduce
the normal tissue toxicity associated with chemo-
radiation, hypofractionated, or dose-escalated ther-
apy. However, the role of IMRT in treating lung
cancers has not been firmly established because of
several issues unique to radiation therapy for lung
cancers.

One major clinical concern is that, because of the
low dose tolerance of lung tissue, IMRT may result in
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the exposure of a large volume of normal lung to low
yet still damaging radiation doses. Clinical studies
have shown that radiation doses as low as 10-20 Gy
can be associated with injury to lung tissues (5-8). In
addition, the risk of radiation pneumonitis can
increase substantially when the volume of lung
irradiated at that dose level exceeds a certain thres-
hold. The dose and volume thresholds at which lung
injury may lead to radiation pneumonitis and other
such conditions are likely to be significantly reduced
by the use of chemoradiation and hypofractionated
radiation therapies; however, to our knowledge, very
few clinical studies have defined these thresholds.

Another practical issue is that respiration and
cardiac pulsation may cause lung tumors to move
significantly during radiation delivery. Besides using
a large margin to accommodate such motion, the
interplay between tumor and collimator motions
may still lead to unexpected dose distributions.
Nevertheless, it is debatable whether intrafractional
Iung motion has a perceptible effect on the cumulative
dose delivered using many beams and fractions (9).

The third issue is that the tissue inhomogeneity
in the thorax and use of large and highly modulated
beams for advanced lung cancers will require a high
degree of accuracy in the dose calculations for IMRT.
Approximations made in the dose-calculation algo-
rithms, which are often used to speed up IMRT
optimization, may result in artificial treatment plans
which may not be deliverable or may be associated
with large dose errors especially to critical structures.

To address these valid concerns, we began to
conduct research and implementing IMRT for lung
cancers in our clinic in the earlier 2000s. We first
evaluated the effectiveness of IMRT in a series of
retrospective treatment planning studies (10,11) in
addition to other similar studies published by other
groups (12-14). Subsequently, we sought to improve
the optimization and deliverability of IMRT treatment
plans to facilitate the clinical implementation of the
technology (15-18). In parallel, we also invested a
substantial amount of effort in developing a Monte
Carlo based dose calculation and quality assurance
program for the use of IMRT in the lungs (19). Many
interesting results were obtained from these dosi-
metry studies that will be discussed in the following
sections.

In the mid-2004, the technology of four-
dimensional computed tomography (4D-CT) was
introduced in our clinic (20) that enabled us to study
and understand the issues related to respiratory
motion and to estimate their impact on treatment
planning and delivery. The details of these studies
and findings are described in other related chapters.
Because the technology of IMRT and its clinical use
have evolved to maturity up to date, currently, nearly

half of our locally advanced lung cancer patients is
treated with IMRT in our clinic. The clinical outcome
of the treated patients is being closely followed up to
date. We are now pursuing studies on toxicities,
patient survival, and dose-response modeling of the
various clinical endpoints. Detailed information about
these studies is given in Chapter 9.

Clearly, whether high-volume of low dose or
low-volume of high dose is more detrimental to the
healthy lung is a critical question that needs to be
addressed in using IMRT. The emerging clinical data
from patients treated with IMRT will offer us
extremely valuable information to resolve this ques-
tion. Technological advancement in using image
guidance, function imaging, and biological targeting
may further enhance the effectiveness of IMRT for lung
cancers, for which clinicians are eagerly awaiting for
the actual clinical results to emerge and mature (21).

CLINICAL IMPLEMENTATION OF IMRT
FOR LUNG CANCERS

The following sections, which are organized in the
sequence considering the workflow of radiation
therapy, offer some of our experience and insights
developed in applying the new technologies related to
IMRT in the treatment of lung cancers.

Patient Selection

Appropriate patient selection is an important prereq-
uisite of using IMRT successfully in the radiation
oncology clinic. In one study on the use of IMRT for
non-small cell lung cancer (NSCLC), we found that
patients who had locally advanced diseases or
recurrent diseases may benefit most from IMRT
among the lung cancer patients (11). The conclusions
of the study are not surprising. Patients who have
earlier stage disease usually have small lesions that
are easily managed with conventional 3D-CRT, with-
out exposing a large volume of normal lung tissue to
radiation. However, patients who have more
advanced or recurrent disease typically have either
large lesions, additional lymph node involvement, or
complex anatomy that require delicate dose shaping
that can only be achieved by IMRT.

One way to understand the benefit of IMRT is to
compare IMRT and 3D-CRT treatment plans for
patients with advanced diseases, for example, adja-
cent to the mediastinum. Figure 1 shows the treatment
plans of one such patient. It has been a challenge in
using 3D-CRT to give dose in excess of 60 Gy to such a
site because of the dose—volume constraints of healthy
tissues (lung, esophagus, spinal cord, heart, etc.). If a
typical 3D-CRT beam arrangement is planned, for
example, using anterior—posterior (AP) direction plus
oblique beams, the dose-volume of exposed lung
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Figure 1 (See color insert.) Comparison of the 3D-CRT and IMRT treatment plans for a patient with NSCLC who had stage lll disease

involving the mediastinum. PET images were fused with planning CT images to show the SUV avid tumor regions. (A) Axial view of the
dose distribution of the 3D-CRT plan (left panel) and the IMRT plan (right panel); (B) coronal view of the 3D-CRT dose distribution plan
(left panel) and the IMRT plan (right panel); (C) comparison of the DVHs of the GTV, PTV, esophagus, and total lung from the 3D-CRT
plan (solid lines) and IMRT plan (dashed lines). The isodose lines are given in cGy. Abbreviations: 3D-CRT, three-dimensional conformal
radiation therapy; CT, computed tomography; DVH, dose—volume histograms; GTV, gross tumor volume; IMRT, intensity-modulated

radiation therapy; NSCLC, non—small cell lung cancer; PET, positron emission tomography; PTV, planned treatment volume, SUV,
standard update value.
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would be very large, which exposes a high risk of
developing pulmonary complication in such a patient.
In the IMRT plan, however, 5 coplanar beams were
used, with reduced dose-volume exposure to the lung
and a higher degree of dose conformity and homo-
geneity to the target volume.

Based on our experience in treating lung cancers
with mediastinum involvement and presence of
multiple lesions, IMRT can be an effective tool in
shaping dose distributions with reduced dose to the
normal lung. The question on how to select IMRT
beam angles and choosing appropriate dose—volume
constraints for normal tissues will be discussed in
more details later. For patients who have recurrent

(A)

disease or who have undergone previous chest
irradiation, IMRT can also be used to treat the present
lesions without giving an excessive dose to the
previously irradiated areas. In our clinic, we have
also used IMRT in lung cancer patients who have
moderate cardiopulmonary performance, small nor-
mal lungs, or other special clinical conditions that
need to be considered, should these patients be
managed aggressively with curative intent.
However, not all patients should be treated with
IMRT. We have found, for example, that patients who
have extensive disease in the chest may require the
entire hemithorax be irradiated to treat the lesions
with adequate beam margins. Figure 2 shows the
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Figure 2 (See colorinsert.) Isodose distribution (A) and DVHs (B) of the IMRT plan of one NSCLC patient who developed severe pulmonary
complication post-radiation therapy. The patient had disease extension from right apex of the lung to the left lower lobe of lung, with additional
involvement of the mediastinum. A large volume of the normal lung had to be irradiated which may be one of the factors triggered the onset of
pulmonary complication. Abbreviations: DVH, dose—volume histograms; IMRT, intensity-modulated radiation therapy; NSCLC, non—small cell

lung cancer.
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treatment plan of one lung cancer patient treated with
IMRT who developed severe pulmonary complication
as a result of the treatment. This patient had an
extremely complex and large lesion extending from
the right upper lobe to the left lower lobe of the lung.
Though IMRT was successfully used to create a
satisfactory dose conformation to the target volume,
a large volume of lungs had to be treated inevitably
that may have increased the risk of developing
pulmonary complication for this patient. This topic
will be discussed further in the treatment planning
section of this chapter and in Chapter 9 on dose-
response studies.

In patients who receive chemotherapy in the
form of either induction, concurrent, or adjuvant
therapy in combination with radiation therapy, they
may be at a greater risk than patients treated with
radiation therapy alone to develop cardiopulmonary
complication because of possibly additive toxic effect
from the use of chemotherapy agents. Thus, extreme
caution should be exerted in the use of IMRT for
patients who have extremely poor cardiac or pulmo-
nary performance prior to chemoradiation. Finally,
because the survival rate and life expectancy of
patients with metastatic lung cancers are very poor,
patient’s post-treatment quality of life and dose-
effectiveness of the treatment should be considered
as some of the high priorities in choosing the
appropriate forms of therapy. Clearly, IMRT does
not offer a miracle but rather another tool that can
better shape the dose distribution, provided we have a
clear understanding of the desired clinical goals to be
achieved for the patients.

Treatment Simulation

In this subsection, the topics related to patient setup
and CT simulation for IMRT will be discussed. Topics
on the use of advanced imaging technologies (4D-CT
and PET/CT) for IMRT simulation will be also
included.

Patient setup

In our clinic, treatment simulation procedure for
IMRT is very similar to that for 3D-CRT. During both,
patients undergo a routine CT simulation with
immobilization devices. In this process, patients are
instructed to lie down flat and supine, with their arms
up above the head. The immobilization devices used
to hold patients in this position typically include
a body frame, arm and leg supports, and hand
holders. During the process of implementing IMRT
and other advanced technologies such as stereotactic
radiosurgery and proton therapy in our clinic, we
evaluated several commercial varieties of the patient
setup and immobilization devices. Those devices that
can be shaped easily to the thorax and upper

abdomen, and provide comfortable yet rigid body
support are ideal choices for the use with IMRT. We
also found that because older patients usually
experience discomfort in the arms-up position, having
support for the arms and hands is important. For the
patients who have lesions in the apex of the lungs, the
arms-down position similar to those used in treating
head-neck cancers may be a preferred option to allow
treatment through the upper chest and shoulder
regions.

Using the conventional patient setup and
immobilization devices described above, we esti-
mated the daily setup uncertainty to be approximately
7-8mm in all three dimensions in our center. This
margin can be reduced by more than half if daily or
more frequent imaging is used during the treatment
course. In IMRT, because of the dose conformity and
the need to spare structures adjacent to the disease,
typically the esophagus or spinal cord, the setup
uncertainty should be kept as small as possible. In
addition, during inverse planning for IMRT, safety
margins can be created for certain organs, such as the
spinal cord, to account for uncertainty of patient
setup.

CT simulation

During CT simulation, we first choose a reference
position near the patient’s carina in the middle of the
sternum, as this position is felt to be the most stable,
considering the patient’s breathing motion and skin
movement. A high-density BB is then placed at the
reference position with a fast CT scout taken. The
patient’s body is then adjusted to align straight by
repeatedly checking the position of vertebral column
in the CT scout image. Next, two lateral BBs are placed
along each side of the patient on the same cranial-
caudal plane as the first reference BB near the carina.
The CT scan then proceeds, with the patient instructed
to perform shallow free-breathing during the scan.
Upon image acquisition, the visibility and alignment
of the three BBs are verified on the CT images. The
three BBs are used to mark the reference locations
on the CT images, which may not always coincide
with the center of the target volume. Rather, the
isocenter is usually defined in the target in the treat-
ment planning stage later on. The information on the
shift of the isocenter from the reference point is given
by the treatment planning system, which is then
provided to the treatment machines. After the CT
scanning is completed, the patient is tattooed to mark
the positions of the three BBs.

4D simulation

In addition to conventional CT simulation, 4D-CT was
added to the IMRT simulation procedure with the aim
of assessing respiratory motion for lung cancer
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patients. During 4D simulation, patients are immobi-
lized and setup in a similar way as the conventional
CT simulation. In our clinic, the CT room is equipped
with a respiratory monitoring system (RPM, Varian
Oncology Systems, Palo Alto, California), which is
consisted of a small box with two infrared reflection
markers, an infrared camera, and associated computer
hardware and software. The reflection box is usually
placed on top of the patient’'s abdomen near the
umbilicus or wherever the greatest amount of
respiratory motion is observed. The camera is
mounted at the end of the CT couch and moves with
the couch during CT scanning. Although the Varian
RPM system is simple to operate and comfortable for
patients, the principle of operation and thus the
consistency of correlation between the measured skin
movement versus internal organ motion still needs
improvement, as discussed in one of our published
study (22). A combinatory form of measurement
using both signals from spirometry and surface
movement may offer more reliable means of monitor-
ing respiration.

The respiratory trace, as measured by the
motion of the reflection box, is measured online in
real time and interfaced with the CT scanner data so
that each CT image can be associated with a
particular phase in the respiratory cycle. In our clinic,
we also evaluated the use of audio and video feedback
to help the patient regulate his or her breathing
during the CT scan, which is necessary for 4D-CT.
With audio feedback, computer-generated instruc-
tions on breathing-in and breathing-out phases are
provided to the patient continuously, and the respi-
ratory cycle may be adjusted based on the patient’s
need. In video feedback, patients typically wear
eye goggles that display real-time breathing traces,
which allows the patient to modulate his or her
breathing.

The overall simulation procedure starts with a
conventional CT simulation with the patient perform-
ing free-breathing, followed by a 4D-CT procedure.
Patients who cannot regulate their breathing or who
require special treatment techniques, such as respira-
tory gating or breath-hold, undergo additional CT
scanning as needed. The respiratory motion was
evaluated from the 4D-CT images displayed in a
cine-mode upon acquisition of the 4D images.
Afterward, all data sets are archived and sent to the
treatment planning system.

This 4D simulation procedure is dynamic and
still evolving in our clinic because of the changes in
technology and emergence of more clinical data. We
still need to demonstrate the benefits of 4D-CT as how
they are related to both dosimetry improvement and
clinical outcome. Before 4D-CT becomes a more
routine procedure, its operation must be automated

and made more efficient, because in its current form,
4D-CT simulation requires a substantial amount of
physicist support and computation resources than
conventional CT simulation procedures.

PET/CT simulation

The Positron emission tomography/computed
tomography (PET/CT) is increasingly used as an
important modality for assessing lesions in lungs,
disease staging, and treatment follow-ups. In our
clinic, it has been incorporated as a component of the
treatment simulation and planning process, although
extra precaution should be taken during thoracic
imaging (23). When PET/CT was introduced in our
clinic, the PET/CT scanner (Discovery ST, GE
Healthcare, Waukesha, Wisconsin) was configured as
a CT simulator with in-room laser and simulation
software. For patients who have combined PET/CT
and conventional CT simulation (without 4D simu-
lation), they will have immobilization devices made
first and are setup in such devices with flat bed on the
scanner couch. Next, radiation therapist aligns the
patient in a way similar to that of a traditional CT
simulation procedure. The radiology technician pro-
ceeds by acquiring a fast helical whole-body CT scan
that will be used for PET attenuation correction. This
is followed by PET acquisition which usually takes
about 20 min to complete. Both CT and PET scans are
acquired with the patient performing shallow free-
breathing to minimize breathing artifacts. The CT
images used for the PET attenuation correction are
reconstructed with the parameters needed for radia-
tion oncology applications and co-registered with the
PET images. The final set of CT images can be used
directly in treatment planning.

Because PET images are acquired with a consid-
erably longer time than the helical CT images,
respiratory motion may cause notable anatomic
mismatch in the PET images. In later phases of our
PET/CT development, we combined the 4D-CT
simulation and PET/CT to avoid such a mismatching
of anatomy (24). This procedure uses the average CT
image set calculated from the 4D-CT images as the
attenuation correction map for the PET images,
replacing the conventional free-breathing CT images.
In this procedure, patients are first instructed to
regulate their breathing during the acquisition of
4D-CT images in the thoracoabdominal region. Then,
conventional PET/CT is performed as described
above. Upon image acquisition, the respiratory
motion and image artifacts are assessed to determine
which sets of CT and PET images will be used for
treatment planning. As this chapter is written, this
PET/CT simulation procedure is still evolving. In the
near future, it may be made more automated and
efficient, and offered as a commercial product.
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Treatment Planning

In this subsection, three most important aspects of
IMRT treatment planning for lung cancers will be
discussed: Organ delineation, inverse planning, and
selection of beam angles for IMRT treatment plans.

Organ delineation

In treating lung cancer, the assessment and delinea-
tion of the target volume are critical steps in treatment
planning. In other chapters of this book, the use of CT,
PET/CT, and other function-imaging modalities to
delineate target volumes are addressed in more detail.
In this section, only issues specifically related to IMRT
treatment planning are discussed.

In the initial phase of treatment planning, we
import multimodality images (typically simulation
CT, PET/CT, 4D-CT if available, and other functional
images such as SPECT/CT if available) into the
treatment planning system. These images are first
co-registered with the reference simulation CT images
using the image fusion software in the treatment
planning system or other available tools so that the
patient coordinate system is consistent among the
various datasets.

The target volume, typically the gross tumor
volume (GTV), is outlined first. If 4D-CT images are
available, the maximum excursion of the GTV, which
we refer as the internal GTV (iGTV) is outlined. If
PET/CT images are available, the iGTV will also be
adjusted to include all the lesions demonstrated on
PET. In essence, the iGTV is the largest enclosure of
the disease extension that needs treatment from all
image modalities. The iGTV is then expanded to a
CTV by adding an isotropic margin, typically 8 mm
wide, to account for microscopic disease. This
definition of the CTV is equivalent to what is fre-
quently called the internal target volume (ITV) (25).
The CTV is then expanded to a planned treatment
volume (PTV) by adding yet another margin, typically
8-10mm isotropically, to account for the uncertainty
of daily treatment setup and respiratory motion.

On the planning CT image, we outline normal
lung (except for parts included in the GTV), esoph-
agus, heart, spinal cord, liver, and kidney, if they are
involved in the treatment fields. These organs could
be outlined either on free-breathing CT images (for
conventional CT simulations), or on one particular
phase of the 4D-CT images (for 4D-CT simulations).
For example, up to date, we have tested outlining the
normal anatomy on the average CT (averaged from
all phases of the 4D-CT images), mid-expiration or
mid-inspiration phase of 4D-CT, or on the normal
expiration or inspiration phase of 4D-CT. The mid-
expiration CT images offers a more realistic approx-
imation of the anatomy and dose distribution than
other phases considering the motion during the

respiration. However, the expiratory phase may offer
more crispy and artifact-free images, and possibly
more conservative estimation of dose distributions for
lung and other normal organs than other phases of
4D-CT images.

We further expand the outlines for the esoph-
agus and spinal cord by a 1-cm margin to account for
the patient's movement. We also create an expanded
PTV with an additional 1-cm margin referred to as the
PTV moat. The normal tissue, which is enclosed by
the skin and excludes the expanded PTV, is also
outlined for planning purposes. Other structures are
also added during the inverse planning process as
needed.

IMRT inverse planning

The IMRT inverse planning process starts with the
setup of radiation beams that can effectively treat the
target volume with a minimal involvement of critical
structures. As with the design of 3D-CRT plans,
selecting and optimizing beam angles are very
important steps in IMRT planning. Appropriately
designed beam angles can improve the effectiveness
of treatment plans tremendously and vice versa. This
subject will be discussed more extensively later on.
For lung cancers, we usually choose co-planar 6-MV
photon beams unless the target volume and lung
anatomy require a different beam arrangement and
higher photon energy. In general, higher energy
photon beams require a greater buildup distance to
reach electron equilibrium. This may be detrimental
for treating lung lesions with microscopic disease
extending into the lung parenchyma. However, if
achieving dose homogeneity in solid masses in soft
tissues such as the mediastinum or sparing skin is
clinically important, higher energy beams may be of
benefit.

The most important aspect of IMRT planning is
the understanding of the desired target coverage and
tolerance of normal structures. In our clinic, we have a
standard template of planning objectives for all lung
cancer patients (Table 1). However, this generic
template must be customized according to the clinical
situations of each patient and requirements of the
attending oncologists. In addition, keep in mind that
the planning objectives are used to direct the inverse
planning process. So they are naturally more restric-
tive and conservation than the actual clinical con-
straints. This is because in general, the optimization
process usually stops when the goals are reached, in
other words, it will not know automatically and will
not attempt to obtain a solution better than what the
planner is asking for.

Although we would ideally treat only the target
volumes, it is physically impossible to avoid irradi-
ation of other normal structures. The challenge is then



110 LIU

Table 1 Templates of Dose—Volume Objectives for Involved
Structures Used in Initial IMRT Inverse Planning

Planning Objectives (more restrictive

Structure than actual clinical constraints)
CTV Min dose > 95% prescription dose;
max dose < 120% prescription dose
PTV Min dose > 90% prescription dose;
max dose < 120% prescription dose
PTV moat® Max dose < 75% prescription dose

(used to reduce dose outside PTV)
Lungs V5 < 60%; V10 < 40%; V20 < 30%;
mean lung dose < 19 Gy

Spinal cord Max dose < 45Gy

Heart V40 < 40%

Esophagus V40 < 40%

Liver V30 < 25%

Kidney V20 < 40% (both kidneys combined)

V20 < 60% (for functional kidney if
only one left)

Other tissue Max dose < 120% prescription dose

Note: These objectives are used to direct the optimization process in
achieving satisfactory isodose distributions and DVH constraints. Thus,
the objectives listed are made more restrictive than the actual clinical goals.
#PTV moat is a structure that is a 1-cm thick ring surrounding PTV. This
structure is used to constraint the high dose from over-spilling outside the PTV.
Abbreviations: CTV, clinical target volume; DVH, dose-volume histogram;
PTV, planned treatment volume.

to make an intelligent and informed decision based on
the trade-offs associated with the conflicting goals.
Unfortunately, the tools available in current treatment
planning systems are not developed enough to equip
planners and clinicians to make such decisions easily.
Also, because the solution space for alternative IMRT
plans is often too large to be explored efficiently,
researchers are still working on optimizing multi-
objective treatment planning (17,26).

In treating lung cancers, two objectives are
directly competing with each other. Namely, main-
taining a conformal and uniform dose to the target
volume and reducing the dose-volume of the irradi-
ated healthy lung. The first goal reflects the need to
deliver a high dose to the target volume with a curative
intent. Meanwhile, radiation doses to the volume of
the healthy lung should be limited as low as possible.
The dose level at which lung damage appears is still
being vigorously debated. However, we know from
published data and clinical experience the exposed
Iung volume above 5Gy and higher, as well as mean
Iung doses have been reported to be associated with an
increased risk of radiation pneumonitis (6-8,27-29).
Lung dose-volume histograms (DVHs) clearly show
that the irradiated lung volume at these dose points
and the mean lung dose are likely to be correlated.
Thus, if we could reduce the volume of lung treated
above 5 Gy, or V5, then we would more likely be able to
reduce the amount of lung treated at higher doses (e.g.
V10 and V20) and the mean lung dose.

When dose distribution, especially low-dose
regions, are pushed away from the lung, the target
conformity and dose uniformity have to be sacrificed
to certain degree. In addition, when the volume of the
lung exposed to low-dose radiation is reduced, the
gradient of dose distribution becomes sharper near
the edge of the target, and the likelihood of creating a
hot spot (a small, isolated high-dose area) in other
normal tissues is increased. Figure 1 has shown the
example where a mediastinum target treated with
minimum exposure to the normal lung and sharp
dose gradient by the edge of the target. Here, planners
must consider the connections between the goals of
covering the target, protecting the normal lung, and
reducing hot spots.

In multiobjective optimization, where multiple
conflicting objectives are involved in the optimization
process, current treatment planning systems usually
use an approach in which a weighting factor is
assigned to each objective and the individual objec-
tives are combined into a single composite form in a
simple arithmetic way. Although the weighting factor
is sometimes called a priority or importance factor,
those terms can be misleading in finding an appro-
priate weighting factors for the treatment objectives.
Solutions to optimization problems depend on the
subobjectives and their combined form. For example,
if we assign a very high weight to the target coverage
to make it a dominant objective, then the final
plan will reflect that selection bias by paying little
attention to the lungs and other structures. Assigning
appropriate weighting factors is the key to obtaining
a satisfactory compromise among conflicting
objectives.

Based on the multiobjective nature of the IMRT
inverse planning, we have performed in-depth
research on how to achieve a reasonable treatment
plan and determine the most sensitive objectives
competing with the target coverage in a typical lung
IMRT treatment plan (17). We found that protecting
the lung is often the strongest objective in competi-
tion with the covering the target, while other
objectives, such as reducing hotspots and protecting
the heart, esophagus, and spinal cord, are easier to
accomplish. Whether any objective is more or less
competitive with the objective of covering the target
depends on the size or volume of the structure
involved and the desired dose-volume limit. The
volumes of normal tissue hot spots, the spinal cord,
and the esophagus are usually much smaller than the
target and normal lung volumes. For the heart,
the dose-volume limit is much greater than that of
the lungs. Therefore, these structures can be more
easily spared than the lungs. The same principle can
be applied to the design of IMRT plans for tumors at
other sites.
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The treatment planning system we use (Pinnacle,
version 7.4 Philips Medical Systems, Andover,
Massachusetts) is well designed and provides the
cost of individual objectives and the combined form.
The total cost is simply the sum of the costs of the
individual objectives, each multiplied by its weighting
factor. These cost values are presented at each
optimization iteration to guide treatment planners.
Therefore, we took advantage of the information
offered during the inverse planning iterations in the
Pinnacle system and developed the following iterative
process for designing IMRT plans with minimal trial-
and-error.

In this process, we first assign a template of
objectives (see Table 1) to the patient with a weighting
factor of unity to all the objectives (the weighting
procedure is updated during beam angle optimization
(BAO), which will be discussed later). Starting with a
standard, equally weighted template is a reasonable
approach, because at this point in the process, we do
not have a good idea of what can be accomplished for
the patient. Next, the optimization is run for only one
optimization iteration. At its completion, we obtain the
IMRT plan’s equivalent to a 3D-CRT plan with beam-
eye-view collimation to the target and flat intensity
within the beams. We then evaluate the cost of each
objective to determine how to assign the weighting
factors and adjust the dose-volume limits for each
objective. In the first phase of the optimization process,
the focus is to attain a reasonable target coverage with
some degree of lung protection. Therefore, we choose a
weighting factor such that the total cost for the target is
approximately three times the total cost for the normal
lungs. The other objectives, those concerning the spinal
cord, esophagus, and heart, are ignored at this stage.
The optimization is run through approximately five
iterations, based on the existing plan’s optimization
solution. The plan is then evaluated to determine
whether the weighting factors and dose-volume limits
need to be readjusted. This process is repeated until the
target is evaluated to have a reasonable coverage.

In the next phase of the planning process, which
is focused on reducing the dose—volume of the normal
lung, the weighting factors and dose-volume limits
are adjusted to make the total cost for the lung
equivalent to that for the target. The optimization is
run for another five iterations based on the existing
solution and (if necessary) repeated until the target
coverage and lung sparing reach a reasonably accept-
able compromise. The planner will need to check and
balance between the objectives of these two compet-
ing structures.

In the third phase of the planning process, we
evaluate the dose—volumes for the other structures
(spinal cord, esophagus, and heart) and determine
whether their weights and dose-volume limits need

to be adjusted. If they do, we increase the costs of their
objectives to make them more important in the
optimization. The optimization is run for several
more iterations to achieve reasonable dose-volume
sparing for these structures.

In the last phase of the planning process, we
evaluate whether any of the hot spots in normal tissue
pose a clinically significant problem. If yes, we create
additional structures in the planning program to
contour such hot spots, and add their objectives.
We then assign appropriate weights, and designate
dose-volume objectives for these hot spots to make
those objectives more important. The optimization is
run for a few more iterations until a reasonable
compromise is reached between the target, lung, and
hot spots. This will end the planning process with a
solution that can be given to a physician for evaluation.

In the above process, we always repeat the
optimization based on the existing plan without
resetting the plan from the beginning. This is because
the optimization algorithm used in the Pinnacle
system and most other commercial systems is
typically gradient-search based method that can
speed up the optimization tremendously. Thus, the
trade-off for the greater speed is an increased like-
lihood of trapping the optimization solution in the
local minimum. In a sense, the solution is always the
one closest to the starting point before optimization.
Using this shortcoming to our advantage, we adjust
the weighting and dose-volume objectives in the
iterative and adaptive processes to take control of the
optimization and achieve a reasonable compromise
among the conflicting objectives. Unfortunately, this
process has not been adopted to be an automated
procedure in the commercial Pinnacle system. A great
deal of progress must still be made to improve
the above process. Ultimately, we hope to let the
computer repeat the process and then provide the
planner with a library of candidate plans. This
approach would not demand the manual labor
required by the current process and would explore
the plan solution space in a much more efficient and
productive manner (26).

Beam angle optimization

BAO is an important prerequisite for developing an
effective IMRT plan involving the lungs. Unlike other
cancer sites, such as the prostate and head and neck,
the lungs are very sensitive to the selection of beam
angles, and a good treatment plan should always
minimize the exposure of lungs to low doses of
radiation from the spread of multiple beam angles.
Nine equally spaced beams should never be used in
treating lung cancers except in hypothetical research
situations. Such a beam arrangement may be used in
treating, for example, head and neck cancers because
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most commercial treatment planning systems lack
efficient BAO tools. However, even in treating
prostate and head and neck cancers, BAO has definite
advantages that could improve the quality of IMRT
treatment plans (30).

BAO is important in developing IMRT plans
because IMRT is an advanced and sophisticated form
of 3D-CRT, with intensity modulation added to the
beams. In a 3D-CRT plan, BAO can determine the
quality of the plan; the role of BAO in an IMRT plan is
at least equally important. However, because the
intensity modulation of IMRT beams can compensate
for inferiorly planned beam angles, some argue that
BAO is not needed for IMRT planning,.

In a previously published study (15), we
analyzed the role of BAO in lung IMRT planning
and means of expediting the process for routine
clinical operations. We learned that using fewer IMRT
beams does not sacrifice the plan quality and that a
general agreement exists between the best angle sets
optimized in 3D-CRT and IMRT plans. In essence, the
beam angles favored in 3D-CRT plans are generally
preferred angles for IMRT plans as well, and BAO can
be applied in a multiresolution setting (i.e. with
various degrees of intensity modulation and angle
resolution in the three-dimensional search space).

In IMRT plans for lung tumors, we found that
the angles favoring the target volumes and normal
tissues are usually more spread around to create more
uniform dose distributions for these structures.
However, the normal lung has sets of distinctively
different angles that can be used to offer tissue
protection. These angles in general are aligned in the
AP direction, which minimizes the lung’s exposure to
radiation. Straight-lateral angles tend to pass through
more lung tissue than AP beams. Thus, lateral beams
should be avoided unless the target volume’s location
particularly calls for lateral beams.

Figure 3 shows a comparison of the IMRT plans
generated using either five optimized beams versus nine
equally spread beams. The isodose distributions indicate
that the IMRT plans using fewer optimized beams can
achieve essentially the same plan quality as those using
more beams. However, the risk of low-dose radiation
exposure to the lungs and thorax can be reduced using
fewer beams. Also, with more beams, the monitor unit
efficiency or the number of MUs for each beam is likely to
be reduced, thus leading to more leakage from the MLCs
and increased mechanical wear of the MLCs.

The complexity of BAO comes from another factor
that the optimized angles and plans depend on the
selection of the optimization objectives. It is apparent
that if the planner puts more emphasis on certain
structures, such as the target volume, the beam angle
optimized will reflect that goal. Because each structure
favors its own sets of angles, planners need to under-
stand, again, the importance of balancing the competing
structures when optimizing beam angles. In lung IMRT
plans, as we have mentioned above, the target volume
and normal lung are the two most heavily weighted
competing structures; thus, the selection of beam angles
must include consideration for these two structures,
particularly the lungs, which are more sensitive to the
beam selection than the target volume.

To make BAO a routine clinical operation, we
developed the following procedure for the treatment
planning process (manuscript in preparation):

1. A pair of equally weighted AP/PA parallel-
opposed beams are set up to treat the PTV with
appropriate beam eye view (BEV) collimation.

2. The dose and DVHs are calculated for this
simple plan so that the minimal amount of the
lung that must be exposed at various dose levels
can be determined and the DVHs for other
normal structures can be evaluated.

Figure 3 (See color insert.) Comparison of the isodose distributions of the IMRT plans using either five optimized beams (left panel) or
nine equispaced beams (right panel). Fewer optimized beams can achieve essentially the same plan quality as more beams. However,
the risk of spreading low-dose radiation exposure (e.g. 5Gy) to the lungs and thorax can be reduced by using fewer beams.
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A 3D template of beams is set up to treat the PTV
with appropriate BEV collimation. This template
consists of either 15-17 coplanar equispaced
beams or additional non-coplanar beams in the
anterior direction. We favor the coplanar beam
arrangement unless the anatomy of the target
volume calls for the non-coplanar arrangement,
which typically happens with tumors located
exclusively in the mediastinum with minimal
lateral extension into the healthy lung.

With equal beam weights assigned to the 3D
beam template, the doses and DVHs are
calculated.

BAO objectives are created and include:
Minimum coverage of the PTV, for example, 95%
of PTV covered by the prescribed dose; max-
imum allowed V5, V10, and V20 for the lungs;
and mean lung dose. These criteria should come
from the AP/PA plan that was initially evaluated.
This approach uses the achievable limits from the
AP/PA plan instead of requiring treatment
planners to take a blind guess. Objectives for
other structures can be entered, but usually are
not necessary at this time.

Beam weight optimization (not intensity optimi-
zation) is performed for the 3D beams using the
above objectives, with an equal weighting factor
having been given to each objective. During the
optimization process, the weighting factors for
each objective can be adjusted to reflect the
importance of each objective. The solution
depends on the appropriate selection of the
weighting factors for the objectives.

The beam weights for all the 3D beams are
evaluated. The beams with the highest weights
are those that favored by the current objectives.
The angle arrangement is evaluated to determine
its appropriateness and whether reoptimization
is required.

All the beams with small weights are deleted and
the 5 or 6 beams with the largest weights are kept.
If necessary, beam angles are fine-tuned and
readjusted to avoid excessive overlap. For
example, if a planner puts too much emphasis
on sparing the lung, the beams with the largest
weights may all end up aligned in the AP/PA
direction, which may create too many hot spots
and sacrifice more target conformity than neces-
sary in order to spare the lungs. Slightly spread-
ing the beams around the AP/PA direction can
help balance the needs of target coverage and
lung sparing.

Optimization is then run with intensity modu-
lation added to the selected beams, making the
process similar to the one discussed in the
previous section.

Our current experience using BAO for the lungs
indicates that most plans can be achieved using 5-7
beam angles. In fact, we limit the number of beams to
fewer than six except in extraordinary cases. By using
fewer beams, we will be able to control low-dose
spread to the lungs and thorax. Here again, the
conflict among many objectives—sparing the lungs,
covering the target, and avoiding hot spots in normal
tissues—must be considered. The closer the beams are
arranged together, the more likely hot spots near the
target will be created and target conformity will be
sacrificed. This leads to a better sparing of the lungs.
In some cases in which sparing the lung while
attaining appropriate target coverage was difficult,
we have had some success by adding one or two non-
coplanar beams to spread the dose more, particularly
for mediastinum targets that do not have much
overlap with normal lung tissue.

Dosimetry Verification

When IMRT technology was introduced for treating
lung cancer in our clinic, an in-depth dosimetry
verification program was carried out to evaluate the
accuracy of the dose distributions computed by the
treatment planning systems. As mentioned earlier,
IMRT for lung cancer has a set of requirements
different from those for cancers at other sites. First, the
dose-volume constraints for normal lung tissue
require that the low dose in the Iungs be calculated
relatively accurately. Second, the lungs have low
tissue density, which requires accurate heterogeneity
correction in the thoracic region.

Our routine clinical IMRT QA program, which is
carried out in the same way for cancers at all sites,
consists of measuring the doses at several points in
the high-dose target region using ion chambers and
verifying intensity profile using radiographic film. In
the first component, ion chamber measurements are
taken in the center of a water phantom that mimics
patient treatment conditions. In the second compo-
nent, film measurements are taken using a solid water
phantom that lets the IMRT beams incident perpen-
dicularly on the phantom surface (31). This QA
program has been replaced recently by a somewhat
more efficient procedure that integrates the taking of
chamber and film measurements using a single solid
water phantom.

It is known that IMRT QA is time consuming and
has many limitations, mainly caused by the fact that
delivered doses are both time- and intensity-modu-
lated. This requires that dosimeters have both high
spatial and temporal resolutions. In addition, because
of the variations in dose and energy spectra in an
IMRT field, dosimeters that exhibit strong energy
dependency, such as radiographic films and diodes,
may over-respond in the low-dose region (manuscript
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under preparation). Therefore, in the high-dose region,
where the dose gradient is relatively small, ion chamber
dosimetry is a reasonable option. In the low-dose
region, where the dose gradient can be high, extra
precautions must be taken to ensure measurements
are meaningful, because ion chambers can give
misleading results due to partial volume and other
effects (32).

Because of the limitations of dosimetry measure-
ments for IMRT QA, we also developed a full-scale
Monte Carlo dose calculation system that was
commissioned for clinical use (19,33). This Monte
Carlo system was integrated with our existing treat-
ment planning system and can be invoked within the
Pinnacle planning system. Our system’s components
include: the conversion of Pinnacle beam parameters
through Dicom-RT and other interfaces; the prepara-
tion of Monte Carlo simulation parameters; the
completion of dose calculations on a Linux computer
cluster; the conversion of doses to Pinnacle format; and
the use of visualization and other data analysis tools.
The accelerator heads are simulated with phase space
data generated at a plane under the flattening filter.
Later, MLCs and collimator jaws are simulated for
specific IMRT fields by using an MLC model developed
in-house (33). Dose calculations are performed in a
patient phantom based on a patient’s CT images.

The development of this Monte Carlo system
required a great deal of effort to model the MLCs and
understand the effect of MLCs on IMRT dose
distributions. The results of our studies point to the
fact that doses in IMRT fields are determined by three
components: primary fluence that passes through the
opening of the MLC leaves; secondary fluence (trans-
mission and leakage) that passes through the MLC

Pinn

leaves; and tertiary fluence that is scattered from the
MLC leaves by multiple Compton interactions.

In a typical 3D-CRT field with MLC collimation,
the dose inside the field comes mainly from the
primary fluence, while the dose at the penumbra and
outside the field comes from the secondary and
tertiary components. In an IMRT field, however, the
contribution of the last two components depends on
the degree of fluence modulation or MU efficiency
(defined as the dose delivered to the target normal-
ized by the number of MUs), as well as the size of the
IMRT field. In a large IMRT field with a high degree of
fluence modulation or low MU efficiency, the con-
tribution from the transmission and leakage can be
very high, while the dose at the penumbra and
outside the field can be greatly increased by the
presence of scatter from the MLC (34).

In a study that compared the dose distributions
for thoracic IMRT plans from two treatment planning
systems (the Pinnacle and Corvus systems) by using
doses measured with ion chambers, TLDs, and films
and by using Monte Carlo calculations (19), we found
that the dose calculation accuracy of the commercial
treatment planning systems in the high-dose target
volume is more likely to meet clinical requirement.
However, in the low-dose regions, such as in the
normal lung tissue, a high degree of underestimation
could occur because of the lack of sophisticated MLC
modeling and therefore failure to account for MLC-
contributed doses in such regions. Meanwhile, we
found that the tissue heterogeneity effect was less
important than the role of MLC modeling, even in the
thoracic regions.

In a separate study, in which we focused on
the low-dose regions of IMRT treatment plans

Figure 4 (See color insert) Comparison of the dose distributions from the Pinnacle calculations (left panel) to the Monte Carlo
calculations (right panel) for one patient with lung cancer who was treated with IMRT. The difference in the dose distribution, which either
exceeded 5% in local dose or 5 mm in distance-to-agreement (because of the dose—gradient effect), is highlighted in yellow. The isodose
is given in Gy. Abbreviation: IMRT, intensity-modulated rediation theraphy.
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Table 2 Comparison of Dose to PTV, Mean Lung Dose, V5, V10, and V20 to Lung in IMRT Plans

Parameter Monte carlo Ratio or difference
PTV
Dose to 95% volume (Gy) Mean Range Mean Range Mean (Range)
Lung (with complication) 61.8 44.9-69.9 63.2 45.2-70.7 0.99 (0.96-1.02)
Lung (without complication) 65.5 60.3-70.0 66.0 61.7-70.1 0.99 (0.98-1.00)
Mesothelioma (Pinnacle) 45.0 42.9-54.2 45.2 44.3-54.2 0.99 (0.97-1.00)
Mesothelioma (Corvus) 46.7 44.4-52.6 48.3 47.2-52.0 0.97 (0.94-1.01)
Mean lung dose (Gy)
Lung (with complication) 23.2 18.6—26.1 224 18.0-25.7 1.04 (1.01-1.06)
Lung (without complication) 9.1 8.3-10.2 8.7 7.9-9.5 1.05 (1.04-1.07)
Mesothelioma (Pinnacle) 9.7 8.7-9.9 8.4 7.8-8.8 1.15 (1.11-1.19)
Mesothelioma (Corvus) 9.5 9.3-10.0 8.7 8.1-9.3 1.09 (1.07-1.15)
V5 (%)
Lung (with complication) 75.1 60.5-79.4 72.0 56.3-75.2 3.7 (1.6-7.2)
Lung (without complication) 33.8 29.5-34.2 31.7 28.5-33.0 1.2 (1.0-2.1)
Mesothelioma (Pinnacle) 771 61.0-97.3 54.5 42.4-72.3 22.5 (12.6-25.0)
Mesothelioma (Corvus) 94.7 83.7-99.2 83.4 62.9-93.8 11.3 (5.5-20.8)
V10 (%)
Lung (with complication) 57.1 37.7-65.8 55.0 35.0-63.6 2.4 (-0.6-4.0)
Lung (without complication) 21.9 19.3-27.4 21.5 18.9-26.2 0.4 (0.4-1.2)
Mesothelioma (Pinnacle) 26.1 22.1-30.2 20.2 18.7-25.6 3.4 (2.5-7.4)
Mesothelioma (Corvus) 25.3 24.5-31.9 19.6 19.3-25.8 5.9 (4.9-6.1)
V20 (%)
Lung (with complication) 38.5 28.9-44.5 37.0 28.3-43.7 0.9 (0.3-2.2)
Lung (without complication) 12.8 12.1-15.3 12.9 11.9-15.3 0.0 (—0.1-0.2)
Mesothelioma (Pinnacle) 8.4 6.1-10.3 7.8 6.1-9.4 0.6 (0.0-1.1)
Mesothelioma (Corvus) 7.7 4.9-8.8 7.2 4.7-8.5 0.5 (0.1-3.6)

Note: IMRT Plans computed by either Monte Carlo or commercial treatment planning systems (TPS, Pinnacle system version 7.6 or Corvus system version
5.0.). The ratio in case of PTV dose and mean lung dose, or difference in the lung DVH in case of V5, V10, and V20 for lung between the two different ways of
dose calculations are listed. Four types of cases were studied: NSCLC cases with radiation pneumonitis developed (with complication) or without (without
complication); Mesothelioma cases planned using the Pinnacle or Corvus treatment planning systems.

Abbreviations: PTV, planning target volume; V5, V10, V20, irradiated volume more than 5, 10, 20 Gy, respectively; TPS, treatment planning system;
Difference, Monte Carlo-TPS; Ratio, Monte Carlo/TPS data presented as the mean value.

(manuscript under preparation), we found consistent
and interesting results indicating how MLC scatter
contributes to low-dose spread outside planned IMRT
fields. For example, in comparing dose distributions
from either Pinnacle or Corvus to distributions
calculated in Monte Carlo systems, we found that
the commercial systems underestimated the V5 for
the normal lung (Fig. 4), particularly outside the IMRT
beam penumbra. This underestimation was caused
by ignoring the MLC scatter in the IMRT fields,
which contributes to the low dose near the beam
penumbra and outside the beams. Table 2 summarizes
the results from this study, showing the treatment
planning- and Monte Carlo-computed doses for lung
cancer cases and mesothelioma cases that would be
treated with IMRT. The degree of underestimation of
V5 for the lungs depended on the size of the PTV and
somewhat on the MU efficiency used in the beam
delivery.

Although it is debatable whether such under-
estimation of low doses has clinical significance, for
example, in terms of toxic effects on normal tissue, it
is well established that low-dose spread to a large
volume of normal tissue is detrimental and should

thus be avoided in any IMRT treatment. In addition,
for studies focused on the biological effects of IMRT
treatments (e.g. secondary malignancies), dose esti-
mation in low-dose areas far away from the main
fields that nonetheless receive radiation due to scatter
from the MLC and head-leakage will be important.

In reviewing the above results, we believe that
clinics implementing IMRT for lung and thoracic
cancers should examine the dose distributions
obtained from the treatment planning systems care-
fully, particularly for IMRT fields with high fluence
modulation and large target sizes. This explains why,
in the treatment planning section, we emphasized the
importance of simplifying IMRT plans by minimizing
the over-modulation of fluence and the number of
beam angles. Doing both can help reduce the number
of MUs and thus MLC leakage and scatter that cause
unnecessary increases in the low-dose exposure of
normal tissues. In addition, it should be remembered
that the low doses (particularly those below 10 Gy)
calculated by the planning system could be signifi-
cantly underestimated. Therefore, minimizing such
low-dose volumes is even more important during
IMRT treatment planning.
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EFFECTS AND MANAGEMENT OF
RESPIRATORY MOTION

As discussed in treatment simulation and planning
section, 4D-CT has become more accessible to many of
our patients and possibly other cancer centers.
Respiratory motion has attracted a great amount of
attention in those studying IMRT and IGRT for lung
cancers because of the challenges of treating moving
targets with precise doses of radiation. We have
imaged and studied breathing motion patterns in
patients with lung cancer, the behavior of the lung
cancers during breathing, and the dosimetric effects
and appropriate approaches for dealing with such
motions.

In a recently completed research study, we
analyzed 4D-CT images acquired from approximately
250 patients with lung cancer who were treated in our
clinic (manuscript in press). Of these patients,
approximately half underwent 4D-CT of the entire
lung, which allowed the acquisition of information on
how the entire lung moved during the imaging
sessions. The patients were asked to perform normal
free-breathing during CT scanning. The results of this
important study showed that the primary direction of
tumor motion was craniocaudal. The percentages of
tumors that moved more than 0.5cm along the SI,
lateral, and AP axes were 39.2%, 21.8%, and 5.4%,
respectively.

For 95% of the tumors studied, the tumor motion
were less than 1.34, 0.40, and 0.59 cm, respectively,
along the SI, lateral, and AP axes. These results are
summarized in Table 3, which shows the ITV margins
estimated to cover the motion of the tumors obtained
from the 4D-CT study on the lung tumors.

The distribution of tumor motion in the three
dimensions suggests that anisotropic treatment mar-
gins would be more appropriate than the uniform
margin conventionally applied. We also found that
the movement of tumors was most likely caused by
diaphragm motion. A linear “rubber-band” effect was

observed for the lung tumor movement, that is, the
lung motion was initiated at the bottom of the lungs
where the diaphragm exhibited the greatest amount
of movement; this diaphragm movement was then
propagated to the top of lung with the lung
parenchyma serving as a non-elastic spongy rubber
band to move the tumors along. Thus, the tumor
location along the SI axis and the size of the tumors
greatly influence the mobility of the tumors. Figure 5
shows the distribution of the tumor motion along
three dimensions and the total motion as a vector sum
of the 3D components for 166 lung tumors studied
with 4D-CT (among which, 87 tumors were from
stage III/IV NSCLC patients). The degree of tumor
motion along the SI direction as a function of the GTV
size is shown in Figure 6 for tumors located in the
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Figure 5 Distribution of the tumor motion along the SI, lateral
(LR), and AP axes, along with the magnitude of the total motion
vector (the vector sum of the motion component along the three
dimensions). The results were summarized from 166 tumors of
lung cancer patients simulated with 4D-CT and natural free-
breathing. Abbreviations: 4D-CT, four-dimensional computed
tomography; AP anterior—posterior direction; LR, left-right
direction; S, superior—inferior direction.

Table 3 The Estimated Tumor Motion Along Each Dimension Based on 4D-CT Study of 166 Tumors from Lung Cancer Patients

Sl (cm) All tumors (N)
GTV size (cms3) LR (cm) AP (cm)
fSl <100 (N) 100-400 (N) >400 (N)
fS1 < 0.25 0.6 (23) 0.3 (5) 0.4 (166) 0.6 (166)
0.25 < = SI<0.5 1.3 (26) 0.7 (28) 0.4 (11)
fSI>=0.5 1.8 (28) 1.3 (28) 0.8 (7)

Note: The motion margin was obtained to cover at least 95% of the tumors studied under each group of cases. The tumor motion in the SI direction was
dependent on the GTV size and fractional SI direction, and was thus subdivided into 9 groups of cases. The number of tumors available for the study were also
included in the brackets. The tumor SI location was quantified by fractional SI distance or fSI, which is the distance from the apex of the lung to the centroid
of the GTV normalized by the distance from the apex of the lung to the diaphragm on the same plane as the GTV centroid.

Abbreviations: 3D, three-dimensional; 4D, four-dimensional; CT, computed tomography; SI, superior—inferior direction (axis is towards patient’s feet); LR,
left-right direction (axis is towards patient’s right); AP, anterior—posterior direction (axis is toward anterior of patient).
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Figure 6 The scatter-plot of the tumor motion in the Sl
direction versus the GTV size for the same 166 tumors as those
of Figure 5. Because the magnitude of tumor motion was found
to be dependent on the Sl tumor location and diaphragm motion
as well, the data were further separated into three groups
according to the fractional Sl location (or fSl, defined as the ratio
between the distance from the apex of the lung to the GTV
centroid versus that from the apex to the diaphragm through the
same plane of the GTV centroid): the upper lung tumors with
Sl < 0.25; the upper-middle lung tumors with 0.25 < fSI < 0.5;
and the mid-lower lung tumors with fSI > 0.5. The small lower
lobe tumors exhibited the greatest amount of motion, in contrast
to the upper larger tumors which were immobile. Abbreviations:
GTV, gross tumor volume; Sl, superior—inferior direction.

upper quadrant, upper to mid quadrant and low half
of the lung. The mobility of the small tumors in the
low lobe of the lung can be appreciated. In contrast,
large tumors located in the apex of the lung were
nearly still during breathing.

Following this study, we also have a concurrent
research protocol for acquiring 4D-CT images of lung
cancer patient during every week of his or her
treatment; our goal is to document the changes in the
tumor anatomy and respiratory motion that occur
during the treatment course. Preliminary analysis of
the data from this study confirmed our expectations
that there is a high probability that tumors shrinkage
may affect the respiratory motion during treatment
course (35, manuscript under preparation). Therefore,
the ITV margin determined from the initial treatment
simulation may need to be assessed more frequently
than current standards demand. An even safer
approach is to use a wider and more conservation
ITV margin for patients whose tumors are more likely
to move, for example, those with tumors located in the
lower lobes and the posterior portions of the lungs.

The potential interplay of effects between MLC
and tumor motion during breathing may cause dose
discrepancies in IMRT delivery. However, such inter-
play effects bear a stochastic nature for each interval
of the dose delivery, for example, during the beam-on

of each fraction. Thus, the cumulative effect after the
delivery of multiple beams and multiple fractions
may quickly wash out (9). Although we acknowledge
the existence of such an effect, in our experience, it has
a very minor dosimetric impact for the use of IMRT
for lung cancers beyond 10 fractions. In particular,
data from our 4D-CT study show that the percentage
of patients with free-breathing tumor motion greater
than 1cm may be less than 10%. Thus, for advanced
lung cancers with large target volumes, the possibility
of the tumor motion may affect the IMRT beam
delivery is further reduced.

To understand the effect of breathing motion on
the dose distributions of the treatment plans, we
performed a separate preliminary study on 4D treat-
ment planning (manuscript under preparation). In
this study, patients who underwent 4D-CT for the
entire lung had treatment plans that used all phases of
their 4D-CT images. The dose distributions from the
entire respiratory cycle were added together using the
deformable registration technique (30). We computed
the actual dose from one full cycle of respiration,
which could then be applied to any phase of the
4D-CT images. In general, we chose the expiratory
phase as the reference phase because of its longer
duration and stability compared to other phases.

Figure 7 shows the comparison of dose distri-
butions between inspiration and expiration for one
patient treated with IMRT. This patient was found to
have the largest change in dose distributions during
the breathing cycle of all the cases studied. Such
change is mainly caused by anatomic movement with
respiration, in this case, the superior-inferior (SI)
movement of the heart and ventilation of the lung
during breathing.

The results from this study yielded a few
important messages. First, the photon dose distribu-
tion plans does not change significantly with breath-
ing motion because mega-voltage photon beams are
not very sensitive to anatomic changes. However, the
dose distribution may change noticeably when other
organs, typically the heart, diaphragm, liver, and
stomach, move in and out of the photon fields, as
shown in Figure 7A and B.

Second, because lung volume constantly
changes during breathing, the DVHs of the lung
reflect such changes. For example, in comparing the
DVHs between inspiration and expiration phases as
seen in Figure 7C, the lung DVHs increase during
exhalation because of lung volume reduction.
However, the dose mass histogram computed, con-
sidering the mass of the lungs, would be more
consistent across the breathing cycle because lung
mass is relatively stable during breathing.

Third, considering the composite dose distribu-
tions, which are combinations of all the dose
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Figure 7 (See color insert.) Comparison of dose distributions between inspiration phase (A) and expiration phase (B) for one patient
with lung cancer treated with IMRT. The change in dose distribution was mainly caused by anatomic movement (in this case, the heart)
during breathing. The change in lung DVH is given (C), which shows the increase of the DVH during the expiration phase as a result of
decreased lung volume. Abbreviations: DVH, dose—volume histogram; IMRT, intensity-modulated radiation therapy.

distribution phases, the actual dose distribution is respiratory phases could have been used to compute
more realistically represented by a mid-respiratory the plan and estimate the approximate dose distribu-
phase, such as the mid-inspiration or mid-expiration tion without computing the plans for all the phases

phases, than any other phases. One of these mid- and deforming them together. Logically, this is
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consistent with the fact that a mid-respiratory phase
physically occurs between inspiration and expiration
and thus could represent the “average” state of the
anatomy and how the dose distributions move during
the breathing cycle.

To best account for respiratory motion, we use
4D-CT to assess the ITV for the treatment planning
process. Because 4D-CT is very demanding in terms of
computational and staff resources, 4D-CT should be
used for those patients who are most likely to present
with a large degree of motion—those with small
tumors, or lower-lobe tumors. In addition, the ITV
margin should be enlarged to accommodate the
uncertainty due to breathing motion during the
treatment course. For patients with great tumor
motion, although breath-hold and gating techniques
may eventually be used in treatment, the combination
of IMRT with these techniques may prolong treatment
time and increase patient discomfort. Therefore, in
our clinic, IMRT is usually delivered with patients
instructed to perform shallow free-breathing.

USE OF FUNCTION IMAGING FOR IMRT PLANNING

The motivation for using IMRT to treat lung cancer
comes mainly from the clinical need to spare normal
and especially functional lung tissue. It is known that
unlike normal lungs, a diseased lung does not have
uniform function distribution (36,37). The ventilation
of the lungs in general largely occurs in the lower
portion of the lungs with diaphragmatic breathing,
and the perfusion of the lung may change depending
on vascular distribution, gravity, and other factors. If
we are to spare the lung optimally from a functional
point of view, the conventional CT images of the lung
may have to be complemented by other modalities
that offer information not only on the anatomy but
also the function of the lung.

In the beginning stage of using 3D-CRT, lung
function imaging, typically perfusion imaging using
SPECT, was used in the treatment planning and
dose-response assessment (37,38). SPECT imaging has
revealed that even normal lung tissue in patients
without lung cancers can be highly heterogeneous. In
patients with lung cancer, large perfusion defects with
hypo-perfusion could appear because of blockage of
the tumors, to the pulmonary vessels, or to other
tumor-associated structures. It has also been reported
that patients with poor pulmonary function may be
more at risk for such perfusion defects. It then
becomes an interesting question: whether the exis-
tence of such perfusion defects can be used as a
treatment advantage to better spare lung function.

In 3D conformal planning, optimal beam angles
and dose distributions can be re-oriented considering
the distribution of the lung perfusion. Theoretically,

given the distribution of lung perfusion, this would
make sense for IMRT planning, which is much more
flexible in accommodating and customizing dose
distributions according to hypo-perfused regions,
while sparing other hyper-perfused functioning lung
(38,39). Recently, we completed a series of studies to
clarify perfusion in the lungs of patients with lung
cancer and understand whether the perfusion distri-
bution could be used in IMRT planning.

In the process of using the SPECT for IMRT
planning, the patients undergo SPECT/CT scanning
(using such commercially available equipment as
Hawkeye, GE Healthcare, Waukesha, Wisconsin and
Symbia, Siemens Corporation, New York) with 185
MBq of technetium-99m-labeled macro-aggregated
albumin. The treatment positions are duplicated in
setting up the patients for the SPECT imaging. In
addition, thoracic land markers are also used near the
alignment points on the patients. The SPECT images
are fused with the planning CT images, which are
further used to evaluate the quality of the perfusion.
We then visualize the distribution and quantify the
perfusion using histograms and derivatives of the
SPECT histograms. For example, one term that we
have used in this qualification process is called “area-
under-curve” or AUC. This is the area of the
cumulative SPECT histogram. This index gives us an
idea of how heterogeneous the SPECT appears
(manuscript in press).

To use SPECT in IMRT planning, ideally, the
SPECT count of each voxel in the normal lung
(excluding the GTV) is used to assign a function
weighting factor combined with the local dose
distribution. This term gives the function-dose for
the local voxel and can be used in constructing the
dose—function histogram (DFH) (37) and the corre-
sponding objective functions for IMRT planning.
Unfortunately, most commercial treatment planning
systems do not have this advanced application
implemented, and we must incorporate this process
into our own research platform.

A simple way of taking advantage of the lung
perfusion distribution in the IMRT planning process
is to directly contour the perfusion levels. For
example, we normally contour the hyper-perfused
regions, such as the lung volumes in the top 10th,
25th, and 50th percentile of lung volumes. The
objectives for these structures are then created in
the IMRT plans to signify their function status and the
desire to protect them further. The IMRT plan can be
run with BAO or in the routine process as described
earlier. We have observed that the dose distributions
in hyper-perfused regions can be pushed away by
more aggressively protecting the regions and rear-
ranging the dose given to the hypo-perfused areas.
In this way, we may achieve better lung DVHs
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and DFHs, while target coverage and other structures
may not be affected significantly .

An example of a function-based IMRT plan is
shown in Figure 8; the patient presented with a large
perfusion defect caused by the tumor. SPECT images
were fused with planning CT images to show the
perfusion distribution in the lung. In general, we
found that patients with non-uniform lung perfusion
were more suitable for and benefited more clearly
from SPECT based IMRT planning than patients with
few perfusion defects or relatively regular perfusion
distributions.

In addition to the possibility of using function
images to optimize the intensity of IMRT beams, we
also performed a separate study on BAO for IMRT to
address whether information about lung perfusion
distributions may alter the optimization of beam
angles (manuscript under preparation). To summa-
rize, the study showed that the optimized angles for
lung IMRT plans are usually aligned with the AP axis
of the lungs. And unless the perfusion defects mean-
ingfully offset the lung function distribution, the beam
angles optimized using lung perfusion images are
very similar to those based on traditional CT images.
Table 4 summarizes the difference between the beam
angles used in plans generated using anatomic and
function images with and without non-coplanar
beams. In addition, Figure 9 shows the distribution
of optimized angles from these plans and the
similarity between the anatomic and functional plans.
The results indicate that when using either anatomic
CT images or perfusion SPECT images, the angles that
most appeared to protect the normal lung tissue
were those aligned with the AP/PA axis of the thorax.
The benefits of using non-coplanar beams seemed to
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be small if the functional images were not used in the
planning process.

From extensive treatment planning studies using
the function images on both early- and advanced-stage
lung cancers, we found that patients who have a
greater degree of heterogeneity in perfusion distribu-
tion and who have large perfusion defects may benefit
most from function-based planning. In addition, the
location of the defects is also very important.
Additional sparing of the lungs may be difficult when
perfusion defects caused by previous radiation treat-
ment are located either too close to the tumor, which is
common in advanced lung cancers, or too far away
from the tumor, because the likelihood of successfully
rearranging the dose distribution to accommodate
these hypo-perfused regions is greatly reduced. In
other words, the perfusion defects must be located in
the regions where the low to medium doses (between
5 and 30 Gy) would typically be distributed. Only then
can we take advantage of the presence of the hypo-
perfused regions and reallocate the radiation dose. In
addition, the perfusion defect must be large enough to
be affected by a dose rearrangement. With these
limitations, we found that fewer than one third of
patients are ideal candidates for such function plan-
ning. As shown in an earlier study, patients with poor
pulmonary function may be more likely to present
with perfusion heterogeneity and perfusion defects
than patients with healthier lungs.

The picture is somewhat more blurred consid-
ering the possible reperfusion of hypo-perfused
regions, as has been found in existing clinical
evidence. For perfusion defects caused by tumor
blockage of the pulmonary vessels, tumor shrinkage
may release and change blood distribution to the

Figure 8 (See color insert) An IMRT plan generated using the lung perfusion images fused with the planning CT images. The SPECT
images were shown with high intensity areas indicating hyper-perfusion in the lungs. The perfusion defect can be seen in the apex of the
right lung near the tumor. Isodose lines were made to conform to the target volume with minimal impact to the functional lung with hyper-
perfusion. The axial view (A) and coronal view (B) of the dose distributions are given in cGy. Abbreviations: CT, computed tomography;
IMRT, intensity-modulated radiation theraphy; SPECT, single photon-emission completed tomography.
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Table 4 Number of Beams That Were Different in Four Types of IMRT Treatment Plans

Anatomical BAO

Differences Functional BAO

Coplanar BAO
Differences
Non-coplanar BAO

Coplanar: 6
3(1-4)
Coplanar: 3 (2-6)

Non-coplanar: 3 (0—4)

1(0-2) Coplanar: 6
3 (1-4) 3(1-4)
1(0-2) Coplanar: 3 (2-5)

Non-coplanar: 3 (1-4)

Note: Anatomic BAO: beam angles optimized with anatomical images only using either coplanar beams only or coplanar and non-
coplanar beams; functional BAO: beam angles optimized with functional lung perfusion images using either coplanar beams only or
coplanar and non-coplanar beams. In the coplanar plans, six beams were used with their angles optimized. In the non-coplanar
plans, on average, three beams were coplanar (range, 2-6), and three beams were non-coplanar (range, 0—4). Results were based on
studying 10 patients with NSCLC who had SPECT images showing remarkable perfusion defects near the tumors. The number of
beams that were different among the four types of plans was given as an mean value and range (minimum-maximum). The results
show that the beam angles optimized based on the anatomic and functional images were very similar among the plans.

Abbreviation: BAO, beam angle optimization.

previously non-functioning areas. If excessive doses
are given to such areas, we may reduce the chance of
that such tissue will function again.

Although the idea of using function images for
IMRT treatment planning is appealing and clinically
sound approach, limited applications for function
images are currently available in clinical settings,
particularly given that few patients are likely to
benefit from such a procedure and that the procedure
is associated with a high medical cost. More research
is needed to improve the preselection and prescreen-
ing of patients and to understand the best way to
utilize function images in the IMRT planning opti-
mization process. For example implementing DFH
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and its associated objectives takes advantage of the
voxel-by-voxel variations in perfusion distributions,
but lung perfusion is reduced by radiation with dose
dependency. As such, function images of the lung
could be used to better quantify the performance of
the lung and possibly correlated with other clinical
endpoints, such as radiation pneumonitis and reduc-
tion in pulmonary function. Because the relationship
between these different endpoints is not clear (40-42),
further research is needed to clarify the biologic and
pathophysiologic nature of radiation-related and
radiation-caused lung injury; doing so would allow
further improvements of treatment techniques using
IMRT and IGRT to be developed.

I Anatomical

B Functional

Figure 9 The pattern of beam angles most likely chosen in IMRT plans with beam angle optimized using either anatomic CT images only
(anatomic) or with functional lung perfusion images added (functional). The plot shows the probability of choosing certain beams in IMRT
plans versus the beam angle, with results generated using SPECT images from 10 patients with NSCLC with perfusion defects by the tumors.
Only coplanar beams were used in this study. Results clearly demonstrate that the AP axis offers the most favorable angles for protecting
normal lung tissue. There is an agreement among the angles optimized with either anatomic or functional images. Abbreviations: AP,
anterior—posterior direction; CT, computed tomography; IMRT, intensity-modulated radiation therapy; NSCLC, non-small cell lung cancer.

SPECT, single photon-emission computed tomography.
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Apart from using the clinical standard of SPECT
to obtain lung perfusion images, more recent break-
throughs have been made using 4D-CT to obtain the
distributions of lung ventilation and perfusion (43,44).
This research is currently underway with computer
softwares possibly integrated with treatment planning
systems to provide function distribution of the Iung.

SUMMARY

In this chapter, we reviewed the rationales and
techniques for using IMRT to treat lung cancers.
IMRT is used independently and in combination with
function imaging to achieve dose modulation and
sculpting in the thoracic region and thus, dose
conformity to thoracic target volumes and dose
avoidance or function protection of normal lung, heart,
spinal cord, and other normal tissues. Proper patient
selection is a prerequisite to taking advantage of the
benefits that IMRT could possibly offer. IMRT is ideally
suitable for patients with locally advanced lung cancers
to be treated with curative intent. In implementing
IMRT for lung cancers, accounting for respiratory
motion and the possibility of spreading low doses of
radiation to a greater amount of normal tissues require
close attention. Specifically, dealing with the spread of
low dose radiation requires that the conflict among
many clinical concerns—achieving target conformity,
protecting normal lung tissue, and avoiding the
creation of hot spots in normal tissue—be properly
understood to reach a reasonable trade-off during
treatment planning. BAO plays an important role of
using IMRT for lung cancer. Planners must also
consider that the low-dose regions in an IMRT plan
can be further elevated by high modulation and large
target size, which commercial treatment planning
systems may not yet be properly designed to
accommodate.

Other advanced technologies, such as IGRT and
function imaging, are being incorporated into radia-
tion therapy and IMRT. In the meantime that we
embrace these new changes in the radiation oncology
practice, we must evaluate the clinical outcomes for
these technologies to understand the benefit versus
costs offered by these new options and how much
impact the technological advances truly bring to the
lung cancer patients worldwide. Since we started

using IMRT for lung cancers, we have been vigilant in
collecting clinical outcome data and studying the
clinical benefits of IMRT in terms of toxicity to normal
tissue and local control versus survival. Preliminary
results show that using IMRT for locally advanced
NSCLC has promising advantages over 3D-CRT. As
this chapter is written, the results of several studies
are emerging and being prepared for publication.
Some of these results, including the details of the
outcome study, are discussed in a separate chapter,
and others are to be published in the near future. Also
needed are prospective and randomized phase III
clinical trials, which may supply concrete clinical
evidence on the outcome improvement and directions
for future research; both are underway in our clinic.
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INTRODUCTION

Conventional photon radiotherapy with a dose of
60-66 Gy delivered in 30-33 fractions has been
considered “standard” treatment for inoperable
stage I/II/III non-small cell lung cancer (NSCLC).
However, this dose regimen is associated with only
30-50% local control (1-3). Uncontrolled locoregional
disease is a major source of continuous seeding to
distant organs and is the eventual cause of treatment
failure; thus, its eradication is essential for cure.
Increasing clinical evidence suggests that a radiation
dose-response relationship is involved in both sur-
vival and local control in patients with NSCLC (4-6).
However, higher radiation doses, particularly with
concurrent chemotherapy, are associated with higher
levels of toxicity (7).

Advances in diagnostic imaging in the 1980s led
to more individualized radiotherapy that was based
on the specific anatomy of individual patients rather
than on anatomic atlases. Commercial treatment-
planning systems allowed three-dimensional confor-
mal radiotherapy (3D-CRT) by the early 1990s.
Computer simulations of dose distributions clearly
showed that with 3D-CRT, higher total doses could be
delivered to the gross tumor volume than were
possible with two-dimensional (2D) treatment. Also,
normal tissues could be spared or at least exposed to
much lower doses with 3D-CRT than with 2D treat-
ment. Recent clinical trials showed that 3D-CRT
improved local control, increased overall survival in
patients with stage I NSCLC (8), and allowed doses to
be escalated from 63 to 74Gy with concurrent
chemotherapy in patients with stage III NSCLC (9,10).

The delivery of small X-ray beams with different
intensities permitted further shaping of the high-dose
volume. Physicists optimized the different intensities,
and with use of dynamic multileaf collimators,
intensity-modulated radiotherapy (IMRT) was fully

realized. However, such precision in radiation deliv-
ery requires more careful target delineation, treatment
planning, and quality assurance. Moreover, because of
the risk of missing tumors that may move (e.g. during
respiration) between daily fractions or during treat-
ments, image-guided radiotherapy is required (see
Chapter. 7 for details).

Although 3D-CRT and IMRT have the potential
to reduce normal tissue toxicity, the relatively high
exit dose from photon X-ray therapy limits the
possibility of dose escalation or acceleration. A pro-
ton beam, on the other hand, is made up of charged
particles (protons) that have a well-defined range of
penetration into tissue. As the proton beam pene-
trates the body, its particles slow down and deposit a
large portion of their energy near the end of their
range. The resultant central axis depth dose dis-
tribution is known as the Bragg peak. By modulating
the Bragg peak in both energy and time, a full,
localized, uniform dose can be delivered to the target
while sparing the surrounding normal tissue. Thus,
proton beam treatment is ideal when organ preser-
vation is a priority, particularly in patients with lung
cancer.

Despite decades of clinical experience, proton
therapy is still basic, and many questions remain,
particularly about the effect of tumor motion during
and between treatments. Thus, there are many
opportunities to improve the distribution of proton
doses. The use of intensity-modulated proton therapy
(IMPT) and image-guided interventions for both
interfractional and intrafractional variations should
reduce some of the uncertainties and should consid-
erably improve the therapeutic potential of proton
therapy. In this chapter, we review the rationale for
proton therapy, describe the image-guided treatment
planning for and delivery of this therapy, and discuss
the clinical outcome for patients with NSCLC who
undergo this therapy.
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RATIONALE FOR PROTON THERAPY

The fundamental property of proton beams that
provides a substantial advantage over X-ray beams
is that in homogeneous tissues, protons can be made
to stop within a few millimeters past the distal surface
of the target volume, whereas X-rays deposit their
radiation dose in the healthy tissues and organs that
lie in the beam’s path beyond the target volume and
then exit the patient on the side opposite to the beam’s
entrance. In addition, protons deposit a lower dose
than do X-rays to normal tissues and organs that lie in
the beam’s path between the surface of the patient and
the target volume.

The primary advantage of protons in cancer
therapy is their highly localized dose distribution. For
treatment-delivery techniques of similar complexity,
protons typically deposit one half or less of the
integral dose that X-rays deliver to uninvolved
normal tissue (11). For a given level of radiation-
induced toxicity in normal tissue, the maximal
tolerated dose of proton radiotherapy is likely to be
higher than that of conventional photon radiotherapy
because of the physical characteristics of the proton
beam (i.e. its Bragg peak). Therefore, the potential for
proton radiotherapy to improve local tumor control
and survival rates may be better than that for
conventional photon therapy, including IMRT (12,13).

PHYSICAL CHARACTERISTICS OF PROTON BEAMS

As with all heavy charged particles (e.g. helium and
carbon ions and negative pi-mesons), protons have a
unique depth dose distribution, commonly referred to
as the Bragg peak or the pristine Bragg peak. The
depth dose is characterized by a low entrance dose
(about 30-40% of the maximal dose), followed by a
relatively flat dose plateau, which rises sharply to a
narrow peak (the Bragg peak) as the protons slow
down and then falls rather rapidly to a zero dose
immediately after the maximal dose is reached, near
the end of the range of proton penetration. The depth
of the Bragg peak depends on the material being
penetrated and the energy of the protons. The
selection of the energy level of the protons to use for
treating a specific target (i.e. the energy range
required to reach the most distal edge of the target,
including the margins) is based on the largest depth of
penetration.

The width of the pristine Bragg peak is too
narrow both laterally and along the depth of
penetration to allow treatment of any but the smallest
clinical targets. Therefore, range modulation [i.e.
adding multiple Bragg peaks of sequentially lower
energies and smaller weights (time duration)] is used
to produce an extended region of depth dose

Cumulative total from
6 beam pulses

Relative dose

Il Il
0 10 20 30
Penetration depth in water [cm]

Figure 1 Energy modulation of multiple Bragg peaks to
generate an SOBP. Abbreviation: SOBP, spread-out bragg peak.

uniformity called a spread-out Bragg peak (SOBP)
(Fig. 1). SOBPs can be achieved by placing either a
range-modulation wheel (for dynamic modulation) or
a ridge filter (for passive modulation) in the beam or
by changing the energy in the accelerator or energy-
selection system while adjusting the weight of each
individual Bragg peak. By appropriately selecting the
range pullback and weight of each pristine Bragg
peak, the desired uniformity as a function of depth
can be achieved to cover the tumor. To achieve lateral
uniformity in the tumor target, the beam must also be
spread laterally either by passive scattering or by
magnetically scanning a narrow pencil beam in a
uniform pattern. In general, SOBPs of different
widths, customized to individual target volumes,
can be produced. It should be noted that as the width
of the SOBP increases, the surface dose increases. An
SOBP that extends to the surface (full modulation)
would have a surface dose of 100%. For passively
scattered proton beams of a given energy, fields of
different widths can be achieved by different combi-
nations of scatterers. The maximal range for a given
energy depends on the degree of lateral scattering
required and decreases with increasing field size. For
instance, the maximal range for a 250-MeV beam
scattered to produce a 10 x 10 cm? field is 28.5cm,
compared with a range of 25cm to produce a 25 x
25cm? field. For magnetically scanned beams, how-
ever, the range is independent of field size. For both
passively scattered protons and scanned beams, the
dose rate is inversely proportional to the square of the
extent of lateral spreading.

TREATMENT DELIVERY USING PASSIVELY
SCATTERED PROTON BEAMS

Until now, passive scattering has been the standard
method for spreading the proton beam laterally for
therapeutic applications (14). In passive scattering
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systems, before the proton beam enters a patient, it is
passed through a range-modulating wheel (which is
often also a part of the first scatterer), a second
scattering device, a range shifter, an aperture for
shaping the beam laterally, and a customized com-
pensator (Fig. 2). The double scattering system (range-
modulating wheel or first scatterer and the second
scattering device) creates a broad, flattened beam at
the final aperture. The range shifter finely adjusts the
maximal depth penetrated by the protons. The
customized range compensator tailors the distal sur-
face of the dose distribution to match the distal shape
of the target volume with the necessary margins. The
treatment-planning system in the range compensator
calculates the water-equivalent (WE) path lengths
between the patient’s surface and the distal edge of
the target volume by accounting for the shape of the
patient’s surface, all inhomogeneities between the
patient’s surface and the planning target volume
(PTV), and the shape of distal surface of the target
volume to yield the thicknesses of the range pene-
tration at each point.

TREATMENT PLANNING FOR THE USE OF
PASSIVELY SCATTERED PROTON BEAMS

In most ways, planning for proton- and photon-based
treatments is similar. However, there are differences.
The change in position of the patient as a whole along
the path of the beam has virtually no effect on proton
dose distribution, whereas tissue variation in the path

to the distal edge due to intrafractional motion and/or
due to interfractional changes, such as tumor shrink-
age, weight loss, and changes caused by nonrigidity
of the body, may affect the range of protons. For this
reason and because of other uncertainties that affect
the range as discussed below, beam-specific distal and
proximal margins are assigned to the clinical target
volume (CTV) to ensure coverage of the CTV along
the path of each beam. The magnitude of these
margins is estimated on the basis of clinical experi-
ence and measurements and depends, for example, on
the depth of the target, inhomogeneities in the path to
the target, and image artifacts. Lateral margins
depend on the anatomic variations orthogonal to the
beam direction and are determined in the same
manner as those for photons.

Another strategy to ensure coverage of the target
in the presence of motion and variations of structures
normal to the beam direction is the “smearing” of the
compensator. Smearing allows for possible small
misalignment of the compensator with the patient’s
anatomy due to changes in anatomy or positioning
uncertainties. The smearing process essentially re-
duces the width of higher-thickness regions of the
compensator to allow protons to penetrate deeper,
even when adjacent higher-density tissues move into
their path. This is a user-controlled parameter that can
be adjusted during planning. Using smearing and
including margins for range uncertainty ensures
coverage of the target at the expense of a higher dose
to normal tissue distal to the target.
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The compensator design for a target that moves
because of respiration should allow for the inadeq-
uate representation of the target’s shape, size, and
position on conventional computed tomographic
(CT) images obtained during treatment. Increasingly,
four-dimensional CT (4D-CT) scans that comprise
multiple (e.g. 10) 3D-CTs in a sequence of phases
of the respiratory cycle are being used in planning
both photon-based and proton-based treatments that
include a motion-integrated internal target volume
(ITV) enveloping the moving target. For designing
the compensator for proton-based treatment, the den-
sity at each point in the ITV should be set to the
maximal density in any one of the phases, not to the
average density of all the phases (Fig. 3). This strategy
ensures that protons will penetrate deeply enough to
cover the target adequately, regardless of its position.

In the overall treatment-planning process for a
specified beam direction, a typical proton treatment-
planning system first determines the maximal WE
depth of penetration to the distal edge of the target
plus the margin and the minimal WE depth to the
target minus the margin. These quantities are then
used to determine the range, and therefore the energy,
of incident protons and the width of the SOBP. The
range and SOBP are eventually used in selecting
treatment machine parameters (e.g. range-modulation
wheel, second scatterer, energy, range shifters) re-
quired for delivering the beam. For each beam, the
proton treatment-planning system also creates a block
conforming to the beam'’s eye view shape of the CTV
plus appropriate margins for setup and motion
uncertainties normal to the beam direction and for
the beam penumbra. Dose distributions for each beam
are then calculated and summed for plan evaluation.
Dose calculations for the planning of proton treat-
ments in the current state of the art generally use
semiempirical pencil-beam models (15,16). Para-
meters of the analytical formalisms of the model are
fitted with measured dose distributions. These models
are quite accurate except for complex heterogeneities
such as those in the thorax.

The advantages of passive scattering systems are
their safety, simplicity, and lower sensitivity to the
time structure of the accelerator. Although these
systems have well served their intended purpose,
they have a number of disadvantages, the most
serious being that they are only about 20-40% efficient
and therefore waste a large number of protons in the
scattering system and in the beam-limiting aperture.
This substantial loss of protons can pose a problem for
synchrotron-based proton therapy systems, in which
the dose rate is more limited than in cyclotrons.
Passive scattering systems also tend to be sensitive to
variations in the beam position. Furthermore, when
protons are stopped in the scattering system and

(B)

Figure 3 (See color insert) CT-based MIP approach for
treatment planning in patients with stage Ill NSCLC. (A) Positive
emission tomographic/CT image shows a lesion in the upper lobe
of the right lung with distal lung atelectasis and an adjacent right
pretracheal lymph node. (B) Scan shows the MIP approach to
create internal gross target volume (IGTV) (red color wash) and to
design the proton compensator. The CTV (yellow contour) = IGTV
+ 8-mm margin. (C) Scan shows the isodose distribution based on
a MIP IGTV compensator design and calculated in the time-
averaged CT image using actual density. Right lateral, right
posterior oblique, and left anterior oblique treatment beams were
chosen to avoid the spinal cord, esophagus, and contralateral lung.
Abbreviations: 4D-CT, four-dimensional computed tomography;
CTV, clinical target volume; IGTV, internal gross target volume; MIP,
maximal intensity projection; NSCLC, non—small cell lung cancer.

aperture, they produce secondary neutrons, many of
which can contribute to the whole-body dose to the
patient. Neutrons have a high relative biologic
effectiveness (RBE) and are believed to be the source
of secondary cancers in some patients (17).

Another disadvantage of this system is that it
produces a single SOBP for the entire target volume;
thus, during treatment of large irregular target



volumes with notable differences in their thickest and
thinnest depths, the high-dose region is pulled back
into normal tissues. For this reason, the dose-shaping
properties of passive scattering techniques are often
described as 2.5-dimensional. The solution to the
disadvantages of passive scattering systems is found
in dynamic spot scanning systems (see below).

As with X-ray and electron treatments, proton
treatments use multiple fields, often noncoplanar, to
keep the skin dose to reasonable limits and to spare
normal tissues in the beam path. However, as
mentioned above, treatment-planning strategies in-
volving protons can be quite different from those
involving X-rays and electrons because of the partic-
ular properties of proton beams. For example, in
proton-based treatments, the rapid distal falloff of the
proton dose distribution permits the planner to aim a
proton beam directly toward a critical normal
structure, as opposed to X-ray-based and electron-
based therapies, which may deliver a toxic dose to
critical structures distal to the target because of the
higher exit dose. However, there is uncertainty
about the travel range of protons in the body and
about the possible increased RBE toward the end of
the SOBP. Therefore, caution should be observed
because of the behavioral interactions of the protons
in the body and because of the various uncertainties
encountered in this therapy. As mentioned above,
motion and interfractional changes in inhomogeneous
structures in the path of protons also affect the range
of protons. The uncertainty about proton range may
also be associated with the correlation between CT
Hounsfield units and the proton mass stopping power
of tissues. This uncertainty has a negligible effect on
photon dose distributions; however, its effects on
protons are much more important because of the
protons’ charge, weight, and manner of scattering.

Another factor is that the transport of protons
through complex inhomogeneities, such as those
encountered in the lung, degrades the proton range,
and the protons do not stop at a sharp edge as they
would in a homogeneous material. Range uncertain-
ties can result in the beam stopping prematurely, the
target being underdosed, or the beam extending
beyond the target, possibly overdosing critical struc-
tures. Such concerns are particularly acute for low-
density regions around lung tumors. A correlation
between CT Hounsfield units and proton mass
stopping powers, based on measurements of materi-
als of known stopping powers on the CT scanner, is
used to calculate proton ranges in tissue (18-20).
However, the problem of reducing the uncertainty
associated with CT Hounsfield units and proton mass
stopping powers still needs to be solved.

With regard to uncertainty in the RBE, prelimi-
nary data show that the RBE of a proton beam depends
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on tissue type, dose, dose rate, energy, and depth of
penetration (21). However, to date there is no
unequivocal clinical evidence that the use of an
average RBE value of 1.1 leads to higher-than-expected
toxicity or poorer local control. RBE issues are
discussed further below.

An important difference between photon and
proton treatment planning is the use of margins to
expand the CTV to the PTV. The concept of the PTV is
inapplicable to proton therapy. Proton beams have
essentially three edges: the two lateral penumbras
resulting from coulomb multiple scattering and the
distal edge. In contrast, photons have only lateral
edges. Also, the depth dependence of the lateral
penumbras in the proton beam is stronger than that of
photon for WE depths greater than about 17 cm; for
shallower depths, the proton lateral penumbra is
generally smaller than that of photon.

As stated above, various factors contribute to
the uncertainty in the range of protons; thus, a margin
for range uncertainty must be applied. In general,
each treatment beam must have its own distal and
proximal margins that are dependent on the distance
traveled by the beam in the tissue. Therefore, expan-
ding the CTV to the PTV is not valid. However, the
magnitude of lateral margins may be determined in
the same manner as that for the CTV-to-PTV margin
for photons.

DYNAMIC SPOT SCANNING AND
INTENSITY-MODULATED PROTON THERAPY

In dynamic spot scanning, the Bragg peak of a narrow
pencil beam entering the treatment nozzle is magneti-
cally scanned across the target cross section, and the
energy of the protons is adjusted to vary the depth of
the spot to achieve the intended dose pattern. The
beam can be either scanned continuously in a raster
scan pattern or stopped at discrete, predetermined
positions for a specified time to deliver the desired
dose. In discrete spot scanning, the beam is then
turned off during travel between the spots (22). The
deepest layer is scanned by selecting the appropriate
energy, and when scanning of that layer is completed,
the energy is decreased and the next layer is scanned.
In this manner, the entire target volume can be
irradiated either to deliver a uniform dose distribu-
tion for each field, much like the passive scattering
method, or to deliver a nonuniform dose distribution
for each field in such a way that when the doses from
all the fields are summed, the total dose distribution is
uniform. This is called IMPT (23). Figure 4 shows a
typical dynamic spot scanning system. To produce a
nonuniform dose distribution with raster scanning,
the intensity of the beam can be varied continuously
as the spot is moved.
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Figure 4 A typical dynamic spot scanning system. Pencil beam dose distribution with different energies in water and the contribution

to the penumbra.

Dynamic spot scanning has several advantages:
It provides full 3D shaping of the dose distribution to
the target volume; no devices such as dose-limiting
apertures or range compensators are required; the
efficiency is high because very few protons are
wasted; and very few neutrons are produced. One
disadvantage of dynamic spot scanning is the
difficulty in delivering a desired dose to tumors that
move during irradiation; however, beam-gating tech-
niques such as respiratory-gated proton beam radio-
therapy (see the “4D-CT-Based Tumor Motion
Consideration” section) should decrease the uncer-
tainty in such treatments. Another way to decrease the
effect of target motion is by scanning each layer
multiple times—the dose error due to target motion
decreases as the number of scans increases, although
there is a practical limit to the number of times a layer
can be rescanned.

IMPT plans are optimized with an “inverse”
treatment-planning system that is similar to the
inverse planning for IMRT (24,25). However, there is
an additional degree of freedom in IMPT because the
energy of each proton pencil beam, in addition to its
intensity, can be varied, which increases the dose-
shaping potential of the IMPT plans. Although IMPT
and IMRT have equally complex treatment plans, the
IMPT plans will always be superior to IMRT plans,
especially in the sparing of normal tissue. The
coverage of the target volume, however, can be quite
similar for IMPT and IMRT. On average, IMPT uses
half the integral dose used by IMRT, resulting in
substantial sparing of critical tissues and organs (11).

RBE CONSIDERATION

Proton beams are essentially a form of low linear
energy transfer radiation. Protons have nearly the
same RBE as photons. Paganetti et al. (21) summar-
ized findings from numerous experiments with
protons and concluded that the RBE of protons is
approximately 1.1; an RBE of 1.1 is considered
standard in routine clinical practice. The computed
physical dose distribution is multiplied by the RBE to
obtain the cobalt Gray equivalent (CGE) dose distri-
bution. However, the RBE has been shown to vary
with the linear energy transfer, which increases as the
energy of protons decreases with increasing depth
(21). This effect may be particularly pronounced near
the end of the proton range. This variation in RBE is
ignored, and the biologically effective dose near the
end of the range is likely to be higher than that seen in
a treatment plan. For this reason and because of
uncertainties in range, aiming the beams toward a
normal critical structure in very close proximity of the
target must be avoided, particularly when the number
of beams in the treatment plan is small.

IMAGE-GUIDED PROTON DELIVERY

Proton dose distributions are highly localized because
of the SOBP high-dose region that is followed by an
abrupt falloff of the dose to a value of zero. However,
protons are more sensitive than photons to motion,
interfractional changes, and inhomogeneities.
Therefore, much of their relative advantage may be



lost if the treatment-planning process, patient setup,
or delivery are not optimized and accurate. An
uncertainty in the calculated range of the proton
beam can either cause a portion of the distal target
volume to receive no dose (if the range is too short)
or cause an overdose to a critical structure (if the
range is too long). The accuracy of the patient setup
for treatment and of the treatment delivery is usually
ensured by the use of onboard image guidance
and extensive monitoring and by the quality assur-
ance of the beam-delivery process. Most proton
treatment delivery systems contain three ortho-
gonal imaging systems (X-ray tubes and flat-panel
imagers), image analysis systems, and computerized
couches with six degrees of freedom; with these aids,
stereotactic techniques can be used to accurately
position the patient, correct for misalignments, and
verify the treatment setup daily for each treatment
field.

CT-on-rails technology and cone-beam CT have
been considered for CT imaging in the treatment
room. However, considering the cost of proton
facilities, it is necessary to maximize throughput.
Alternatively, the patient may be immobilized and
undergo CT on a transportable tabletop in one room
and then be wheeled into the treatment room, where
the tabletop is then docked to the treatment table.
Such a system is in use at the Paul Scherrer Institut in
Switzerland.

4D-CT BASED TUMOR MOTION CONSIDERATION

The use of proton radiotherapy in patients with lung
cancer raises many important issues. Among the most
challenging is tumor motion during treatment due to
the patient’s breathing (26-28). The development of
multislice detectors and faster imaging reconstruct-
ion has enabled real-time imaging of breathing
patients and the assessment of organ motion using
4D-CT (26).

A more interesting and challenging application
for 4D-CT images is determining the actual dose
distributions for free-breathing treatments (29). In this
process, the dose distributions are calculated for each
phase of the breathing cycle and then added by
deformable image registration. The composite dose
distribution and corresponding dose-volume histo-
grams show the actual dose that the patient receives
from the treatment if the patient breathes in the same
way as shown in the 4D-CT images.

Another application of 4D-CT is ensuring that
all cancer cells are adequately covered by the proton
beam. This is accomplished by defining an ITV that
combines the gross tumor volumes at different
phases of the respiratory cycle that are customized
to the tumor motion pattern of the patient. In the
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treatment-planning process that uses the ITV, an
internal gross target volume (IGTV) is first created
with maximal intensity projection (MIP) for the
compensator design, as shown in Figure 4 (27). In
preliminary 4D treatment-planning studies, the IGTV
MIP approach has been shown to achieve dose
distributions similar to those actually delivered.
Compared with the approach that uses a large
smearing margin in highly mobile lung tumors, as
proposed by Moyers et al. (14), the IGTV MIP
approach achieves similar target coverage while
sparing more normal tissue because a universally
large smearing margin is not used. Instead, an
individualized IGTV based on actual tumor motion
is used for the compensator design (27). This
approach may slightly overtreat the normal tissues
behind the tumor when the tumor moves out of the
field, but it ensures that the whole tumor is treated
adequately, no matter where it moves during the
different breathing phases.

To reduce the effect of motion in proton therapy,
a virtual clinical study of 4D-based proton the-
rapy was conducted to determine the extent of
improvement in normal tissue sparing achieved with
respiratory-gated proton beam radiotherapy com-
pared with the free-breathing ITV approach in
patients with mobile lung cancers (Chang et al,
October 2006 presentation at the Particle Therapy
Co-operative Oncology Group, Houston, Texas). An
approximate 25% relative reduction of total mean
lung dose and a 5-7% absolute improvement in the
lung V5 (the volume of total lung that received at
least 5Gy), V10, and V20 were found in the gated
proton treatment compared with the ITV approach
(P < 0.002). The maximal dose to the spinal cord,
the esophageal V55, and the heart V40 were also
significantly improved (P < 0.03). Patients treated with
the respiratory-gating approach, especially those with
substantial tumor motion (>10 mm), benefited more in
normal tissue sparing than did those treated with the
ITV approach. These data indicated that respiratory-
gated proton radiotherapy, compared with the non-
gated ITV approach, improved normal tissue sparing
for the lung, heart, esophagus, and spinal cord. The
respiratory-gating approach allows for further red-
uction in normal tissue toxicity and/or dose escala-
tion or acceleration in patients who experience large
tumor motion.

To evaluate the change in dose distribution from
tumor motion and/or shrinkage over weeks of radio-
therapy, a tumor motion study using weekly 4D-CT
during radiotherapy is currently under way. The
preliminary data show that repeated computer sim-
ulation is indicated in selected patients who have
substantial tumor shrinkage, a changing breathing
pattern, or lung atelectasis (Fig. 5).
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Figure 5 (See color insert.) Images illustrate adapted proton
therapy in a patient with stage Il NSCLC. (A) Isodose distribution
based on the initial proton treatment plan using a MIP approach.
(B) The tumor shrank substantially 3 weeks after the initiation of
proton therapy; this would result in clinically significant higher skin
and lung doses if the patient continued to be treated according to
the initial plan. (C) An adapted proton treatment, based on new
4D-CT at 3 weeks, shows the reduction in skin and lung doses
compared with doses in (B) that are achieved with the
adjustments to account for the tumor shrinkage. Abbreviations:
4D-CT, four-dimensional computed tomography; MIP, maximal
intensity projection NSCLC, non-small wall lung cancer; NSCLC,
non-small cell lung cancer.

VIRTUAL CLINICAL TRIAL AND CLINICAL STUDIES

Virtual Clinical Trial Comparing Proton

Therapy, 3D-CRT, and IMRT

As mentioned earlier, increasing evidence (4-6)
suggests that dose escalation in radiotherapy im-
proves local disease control and survival rates in
patients with NSCLC. Toxicity in normal tissues,
especially in important organs such as the lungs,
spinal cord, esophagus, and heart, limits the potential

for dose escalation (9). As we know, 3D-CRT,
compared with 2D radiation therapy, has been
shown to spare more normal tissues and to more
effectively reduce toxicity in patients with lung
cancer. However, more improvement is needed to
allow substantial dose escalation without increasing
toxicity.

IMRT may offer the benefit of dose escalation
without causing greater toxicity to surrounding
normal tissue in selected patients with lung cancer
(30-32). The use of IMRT for the treatment of lung
cancer, however, has been delayed because of two
concerns: (1) the interplay between the moving tumor
and the moving leaves of the multileaf collimator and
(2) low-dose radiation exposure to the normal lung.
For the delivery of IMRT, the interplay between the
moving tumor and the moving leaves of the multileaf
collimator may lead to hot and cold spots in the tumor
(33,34). However, recent studies (30,31,35,36) have
shown that IMRT may allow greater dose escalation
than 3D-CRT without notably increasing the incidence
of adverse effects in selected patients with locally
advanced disease and tumor motion of <10 mm. In
addition, it has been demonstrated that the interplay
effect washes out over multiple fields and over several
fractions. A virtual clinical trial was conducted to
compare dose—volume histograms from patients with
either stages I or IIIA/B NSCLC treated with stand-
ard-dose 3D-CRT or IMRT or with simple 3D (without
IMPT) proton radiotherapy at standard or escalated
doses (37). Proton treatment reportedly improved the
dose-volume histograms of all of the critical organs,
particularlythe lungs, with about 10-20% absolute
improvement. Compared with standard-dose photon
therapy, proton treatment statistically significantly
reduced the dose to normal lungs, esophagus, spinal
cord, and heart, even with dose escalation. In
addition, there was a 33-60% absolute improvement
of the nontarget integral dose with proton therapy.
The reduction was more notable in stage I disease and
in the contralateral lung. Findings from this trial
indicated that proton therapy with dose escalation
and/or acceleration may translate to better local
control and survival rates without increasing the
toxicity in patients with NSCLC.

A second concern about the use of IMRT for the
treatment of lung cancer is low-dose radiation
exposure to normal lung. As our previous studies
showed, IMRT, compared with 3D-CRT, increased the
lung V5 in half the patients we tested (30,31,36).
Chang et al. (37) demonstrated that proton therapy,
compared with IMRT, spared an additional 15-17% of
the total lung and that 19-23% of the contralateral
lung received 5Gy. These findings show that proton
therapy, compared with IMRT, may substantially
reduce lung toxicity.



Clinical Studies and Patient Outcome

Several clinical trials have been conducted involving
patients with NSCLC who underwent proton radio-
therapy. These trials focused on dose-escalated or
accelerated proton therapy in early stage disease and
showed promising clinical results that were compa-
rable to surgical resection in stage IA cases.

Bush et al. (38) studied 68 patients with clinical
stage I disease who were treated with 51 or 60 CGEs
delivered in 10 fractions over 2 weeks. No cases of
symptomatic radiation pneumonitis or late esopha-
geal or cardiac toxicity were seen. The 3-year local
control and disease-specific survival rates were 74%
and 72%, respectively. Significant improvement was
seen in local tumor control in T1 (87%) and T2 (49%)
tumors, with a trend toward improved survival rates.
Local tumor control appeared to improve compared
with historical results from conventional radiother-
apy, with a good expectation of disease-specific
survival 3 years after treatment. Currently, Bush
et al. are conducting a phase I/II study of patients
with stage I NSCLC who are receiving 70 CGEs
delivered in 10 fractions.

Shioyama et al. (39) described 51 patients with
NSCLC who were treated with proton therapy. The
median fraction and total doses given were 3.0 and
76.0 Gy, respectively. The 5-year overall survival rates
were 70% for 9 stage IA patients and 16% for 19 stage
IB patients (P < 0.05). The 5-year in-field local control
rate was higher in patients with stage IA disease
(89%) than in those with stage IB disease (39%). Forty-
seven patients (92%) experienced acute lung toxi-
city of grade 1 or less; three had grade 2, one had
grade 3, and none experienced grade 4 or higher
toxicity. Patients in this study showed very little late
toxicity.

Nihei et al. (40) recently reported the results
from their preliminary study of 37 patients with stage
I NSCLC who received 70-94 CGEs delivered in 20
fractions. The 2-year progression-free survival and
overall survival rates were 80% and 84%, respectively.
The 2-year locoregional relapse-free survival rate was
79% in patients with stage IA disease and was 60% in
those with stage IB disease. No serious acute toxicity
was observed, and only three patients developed
grade 2/3 chronic lung toxicity.

These reported clinical studies showed the
safety and efficacy of proton therapy in early stage
NSCLC. However, the optimal regimen has not been
well defined. In addition, simple 3D proton therapy
was used in these studies; optimized proton therapy
such as respiratory-gated therapy was not available,
and image-guided radiotherapy was not strictly
applied. Clinically, minimal data are available about
proton therapy for patients with stage III NSCLC, the
most common stage requiring radiotherapy.
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At the University of Texas M.D. Anderson
Cancer Center, phase II clinical trials using image-
guided proton radiotherapy for patients with NSCLC
are ongoing (36). Twenty-three patients with medi-
cally inoperable stage I NSCLC and 56 patients with
stage IIIA/B NSCLC will receive this therapy.
Positron emission tomographic and CT studies will
be used in all patients for both staging and treatment
planning. We plan to deliver a total dose of 87.5 CGEs
in 2.5-CGE fractions for patients with stage I disease
and a total dose of 74 CGEs in 2-CGE fractions
with concurrent chemotherapy followed by adjuvant
chemotherapy for patients with stage III disease. In
addition, a 4D-CT study is required to plan for tumor
motion and to decide on the treatment-delivery
technique (free-breath ITV, breath-hold, or gated
treatment). The IGTV MIP approach is being used
for the compensator design (Fig. 4).

Optimization of proton therapy with the appro-
priate management of uncertainties is being actively
investigated. Image-guided respiratory-gated proton
therapy and IMPT will be implemented soon. We plan
to conduct randomized studies to compare IMRT with
proton therapy using dose-escalated radiotherapy. In
addition, image-guided stereotactic hypofractionated
proton radiotherapy will be implemented for patients
with early stage NSCLC and will be compared with
hypofractionated stereotactic photon-based body
radiotherapy, particularly for those with centrally
located early stage NSCLC.

SUMMARY

The dose distributions of proton Bragg peaks led to
the development of proton therapy that was superior
to photon therapy for reducing the radiation dose to
normal tissue adjacent to the target, such as those of
the esophagus, lung, heart, and spinal cord, and to
intervening tissues in the path of the radiation beams.
However, image-guided proton therapy planning and
delivery are crucial for the appropriate management
of various sources of uncertainties induced by
anatomic variations and by organ or tumor motion.
Reduced tumor motion is required for optimal
image-guided proton therapy. 4D-CT planning is
recommended for all proton therapy, particularly for
IMPT. Respiratory-gated proton treatment further
improves normal tissue sparing. More efficient CT
imaging that will be performed before each treatment
is being developed and will lead to greater accuracy in
treatment delivery. Re-simulation during treatment is
recommended for selected patients with substantial
tumor shrinkage and possible lung expansion.
Because of the reductions in the “dose bath” and
in the volume of normal tissues irradiated with proton
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therapy, patients’ tolerance of radiation and/or accuracy obtained from image-guided targeting and
chemoradiotherapy would be enhanced, allowing the greater avoidance of normal tissues, would lead to
the delivery of higher doses of these treatments. less toxicity and better local disease control and

These higher doses, combined with the increased survival rates in patients with NSCLC.
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INTRODUCTION

Radiochemotherapy has become the treatment of
choice for locally or regionally advanced, surgically
unresectable lung cancers, which make up the greatest
proportion of cases. Compared with radiotherapy
alone, this therapeutic combination has resulted in
increased local tumor control and an improved
survival rate (1,2). This approach increased median
survival time from 8 to 9 months in the 1980s (3) to
about 18 months in the early 21st century (1,2), and
long-term survival has increased from 9% to about
15% (1,2). However, these improvements have been
achieved at the expense of increased frequency and
severity of normal tissue toxicity. The most common
and dose limiting toxicities related to radiochemo-
therapy to lung cancer include treatment-related
pneumonitis (TRP) and esophagitis. Grades 3 and 4
pneumonitis and fibrosis, which are sometimes fatal,
have been observed in about 25-30% of patients (4,5).
Treatment-related toxicity from radiation and chemo-
therapy as well as from lung cancer itself has become
one of the major factors limiting therapeutic effect-
iveness. Here we summarize the current studies
evaluated the toxicity and treatment outcome in
non-small cell lung cancer (NSCLC) patients treated
with conformal radiochemotherapy.

TREATMENT-RELATED PULMONARY TOXICITY
AFTER RADIOCHEMOTHERAPY

Overview

Radiation-induced lung damage is characterized by
acute pneumonitis, which occurs 2-6 months after
treatment, and fibrosis, which may develop slowly

after initiation of treatment over a period of several
months to several years. The process is divided into
three stages: a latent period, lasting up to 4 weeks; an
exudative phase, lasting from 3 to 8 weeks; and an
acute pneumonitic phase, lasting between 2 and 6
months. The latter is an inflammatory reaction with
intra-alveolar and septal edema accompanied by
epithelial and endothelial desquamation (6). Mild
(grade 1) pneumonitis is characterized by opacity or
infiltration in the chest radiographic images. More
severe (grade 2 or 3) pneumonitis is usually accom-
panied by such symptoms as cough, fever, chest pain,
shortness of breath, and respiratory difficulty. Patients
may become oxygen dependent or even crippled by
pulmonary insufficiency, especially patients treated
with concurrent chemoradiation. The severity of lung
damage depends on four factors: the total radiation
dose, the volume of the lung irradiated, fraction size
(the radiation dose of each treatment), and whether
chemotherapy was given together with radiation (5,7).

Lung damage may occur following use of
chemotherapy drugs, such as bleomycin, cyclophos-
phamide, and mustine. The deterioration of lung
function progresses with time and is generally
irreversible. The most likely target cells are the
pulmonary endothelial cells and type Il pneumocytes,
which are involved in the production of surfactant
during the first few days after irradiation. Currently,
there is no effective therapeutic option for lung
damage caused by cancer treatment. The fact that
both chemotherapy and radiotherapy contributes
to the development and severity of the lung injury,
we propose to replace “radiation pneumonitis”
with “TRP” in patients who received combined
radiochemotherapy.
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Figure 1 Freedom from grade >3 TRP among 222 NSCLC
patients treated with concurrent chemoradiotherapy. Abbrevia-
tions: RT, radiation therapy; TRP, treatment-related pneumonitis.
Source: From Ref. 8.

TRP is one of the major acute, dose-limiting toxicities
resulting from chemotherapy and thoracic radio-
therapy. The diagnosis of TRP, which typically occurs
3-9 months after radiotherapy (Fig. 1) (8), is estab-
lished by a history of chemotherapy and radiotherapy,
radiographic evidence, and clinical presentation. The
typical radiological manifestation is areas of ground-
glass opacity and/or consolidation in the irradiated
lung that conforms to the shape and size of the
treatment portals (9). The symptoms of TRP are dry
cough, low-grade fever, chest pain, and shortness of
breath. TRP can also present as ipsilateral pleural
effusion and consolidation of the lung. Treatment for
TRP is largely empirical and nonspecific, consisting of
oral or intravenous steroids, oxygen, and sometimes
assisted ventilation. TRP can be lethal if patients are
not responsive to treatment. The clinical symptoms of
TRP can lead to a poor quality of life for lung cancer
patients (10).

3D Radiochemotherapy and TRP

The incidence of TRP ranges from 13% to 44%. This
variance is due to inconsistencies in criteria used,
heterogeneity in patient populations enrolled, and
differences in treatment regimens and RT techniques
employed (11-16). Clinical factors thought to predict
TRP include poor ECOG performance status (17),
poor pulmonary function before RT, concurrent
cigarette smoking (18,19), chronic obstructive pulmo-
nary disease (COPD) (20), lower-lobe tumors (21),
concurrent chemotherapy (21), high total radiation
dose, and high radiation dose per fraction. Dosimetric
factors thought to predict TRP include mean lung
dose (MLD) (20,22-24) and percentage volume of lung
receiving more than a threshold dose (Vgose)
(16,18,22,24-27). In most combined analyses of these
clinical and dosimetric factors, many clinical factors

lost their ability to predict TRP; the only ones that did
not were concurrent smoking, history of COPD, and
induction chemotherapy with mitomycin. However,
most of those studies included patients who were
treated with RT alone or with some combination of
chemotherapy and RT; only in one small study were
all patients treated with concurrent chemoradiation
therapy (27). Meanwhile, reports of other studies
failed to describe important treatment details (e.g.
whether patients received any kind of chemotherapy)
(12,28). This lack of information on important varia-
bles (chemotherapy) that might influence the occur-
rence of TRP has led to confusion in the definition,
measurement, and prediction of TRP in radiation
oncology clinics.

Predictive radiotherapy dosimetric parameters
range from the simple to the complex. MLD is both
simple and clinically useful. So are the volumes of
total lung irradiated to doses of 220Gy (V,y) and
230Gy (V30) (29). All 3 of these parameters have the
advantage of being easily calculated. Other parame-
ters that involve more complicated calculations
include Dose-volume histograms (DVH) reduction
(i.e. reduction of the DVH of an organ to a single
effective uniform dose), effective lung dose (Veg),
normal tissue complication probability (NTCP)
(30-32), and the functional subunit model of
Niemierko (33). These more complicated parameters
have not been clinically confirmed and are technically
difficult to calculate.

Number of studies (8,12,15,18,23,26) showed that
MLD is an important dosimetric factor associated
with the incidence of severe TRP and that a dose near
20Gy (16.5Gy) is a critical MLD cut point in pre-
dicting the incidence of TRP. It has been reported that
when the MLD exceeds 20 Gy, the incidence of TRP is
more than 20% (Table 1), although different grading
systems for TRP were used in the aforementioned
studies. Also, Oetzel et al. (12) and Willner et al. (24)
found that the MLD of the ipsilateral Iung is more
important than the MLD of the total lung in predicting
the risk of TRP.

In a recent single institution study included 222
patients with NSCLCs of similar stage and uniformly
treatment with concurrent RT and chemotherapy (8),
dosimetric factors were the only factors found to be
associated with grade >3 TRP (as defined according
to National Cancer Institute-Common Toxicity Crit-
eria for Adverse Events [NCI-CTCAE] version 3.0.).
Despite its retrospective nature, the study was unique
because the patient population is quite homogeneous
compared with most published studies to date: 96% of
the patients had stage III or IV NSCLC, 65% had
Karnofsky performance status >70, 96% received
platinum-based concurrent chemotherapy and 79%
had no COPD. The homogeneity of the study
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Table 1 Effect of MLC and Incidence of TRP
Incidence of Observed rate
Author, Criteria RP for the whole of RP for MLD
year (Ref.) Treatment (grade) group (%) MLD (Gy) subgroup (%)
Oetzel et al., 28% 3D-CRT, chemotherapy RTOG 1+ 15 <15 0
1995 (12) not mentioned 17.5-20 13
22.5-25 21
>27.5 43
Kwa et al., 100% 3D-CRT, 14% SWOG 2+ 16 0-8 5
1998 (15) chemotherapy 8-16 11
16-24 24
24-36 25
Graham et al., 100% 3D-CRT 42%, RTOG 2+ 14 at 6 months <20 8
1999 (26) chemotherapy >20 24
Hernando et al., 100% 3D-CRT <18%, Symptomatic 19 <10 10
2001 (18) concurrent chemotherapy, CTC 2.0 1+ 10-20 16
51% surgery 21-30 27
>30 44
Kim et al., 100% 3D-CRT, 58% RTOG 3+ 16 <10 0
2005 (23) concurrent chemotherapy, 10-14.9 11
26% surgery >15 45
Wang et al. 100% 3D-CRT, 100% CTC 3.0 3+ 22 at 6 months <20 16
2006 (8) concurrent chemotherapy >20 40

Abbreviations: 3D-CRT, three-dimensional conformal radiation therapy; CTC, clinical tumor volume; MLC, multileaf collimators; MLD, mean lung dose;
RTOG, Radiation Therapy Oncology Group; SWOG, Southwest Oncology Group; TRP, treatment-related pneumonitis.

Source: From Ref. 117.

population probably minimized variation in patient-,
disease-, and treatment-related variables that might
be associated with risk of TRP, allowing a relatively
pure analysis of dosimetric factors.

Interestingly, the only significant factor associ-
ated with time to grade >3 TRP on multivariate
analysis was the relative volume of total normal lung
treated to 5 Gy (rV5). For rV5 <42% and rV5 >42%, the
1-year actuarial incidence of grade >3 TRP was 3%
and 40%, respectively (P = 0.001) (Fig. 2). The
frequent high correlation of dose—volume parameters
suggests that the shape of the DVH may be more
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Figure 2 Effects of volume of lung receiving 5 Gy on freedom
from grade >3 TRP in 222 patients with stage 1l NSCLC after
undergoing concurrent radiotherapy and chemotherapy. Abbre-
viations: TRP, treatment-related pneumonitis; RT, radiation
therapy. Source: From Ref. 8.

important than single points on the DVH curve (e.g.
V20, rV5, or MLD) in predicting the probability of
TRP (8). It also suggests that delivery of even a small
dose of radiation as low as 5Gy to a large volume of
lung is not safe. This finding is supported by findings
of Gopal et al. (34), who observed a sharp loss in the
carbon monoxide diffusing capacity of normal lung
exposed to as little as 13Gy. The investigators
concluded that a small dose of radiation to a large
volume of lung could be much more damaging than a
large dose to a small volume. Yorke et al. (28) reported
that the risk of complications rose steeply when the
MLD exceeded 10Gy, indicating the need to limit
widespread irradiation of normal lung tissue even at
low doses. In contrast, Willner et al. (24) reported a
sharp increase in the risk of TRP at higher doses, as
shown on logistic regression curves for V10, V20, V30,
and V40, and concluded that a small dose (e.g. 10 Gy)
to a large volume of normal lung is preferable to a
large dose (e.g. 40 Gy) to a small volume.

Although rV5 was the only factor selected by the
mulitvariate recursive partioning analysis, many of
the other dosimetric factors investigated in the study
by Wang et al. (8), including MLD and rV10-rVé5
were significantly associated with the incidence of
grade >3 TRP; these factors are highly correlated with
one another and with rV5 (Table 2). In fact, the high
level of correlation makes it impossible to reach a
definitive conclusion which dose level is most
strongly associated with the risk of grade >3 TRP.
Although the partitioning analysis suggests that very
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Table 2 Incidence of Grade >3 TRP in Patient Subgroups Defined by Univariate Partitioning Analysis of MLD, GTV, Lung Volume and

rv5-rve5
Median No. of Incidence of RP at
Variable (range) Group patients 1 year (95% CI) (%) P value
MLD 22.4Gy (5.1-44.6 Gy) <16.5Gy 30 13 (4-35) 0.018
>16.5 Gy 193 36 (28-44)
GTV 143 cc (1.5-1186 cc) <310cc 181 28 (21-36) 0.003
>310cc 42 54 (37-73)
Lung volume 3349 cc (1639-7871 cc) <5040 cc 200 35 (28—44) 0.023
>5040cc 23 6 (1-33)
V5 57% (12-98%) <42% 32 3 (<1-22) 0.001
>42% 191 38% (30-47)
V10 47% (18-76%) <33% 25 5 (1-28) 0.007
>33% 198 37 (29-45)
V15 43% (9-90%) <31% 26 4 (1-27) 0.005
>31 197 37 (29-46)
V20 38% (8-78%) <28% 30 4 (1-24) 0.003
>28% 193 37 (30-54)
rva25 34% (7-71%) <27% 33 3 (<1-22) 0.001
>27% 190 38 (30-47)
V30 32% (7-66%) <22% 28 10 (3-35) 0.014
>22% 195 36 (28-44)
rv3s 29% (6-59%) <24% 56 12 (5-28) <0.001
>24% 167 39 (31-49)
rv40 27% (6-56%) <22% 54 12 (5-27) <0.001
>22% 169 39 (31-49)
rvas 24% (1-52%) <20% 61 14 (6-28) <0.001
>20% 162 39 (31-49)
rv50 21% (0-48%) <14% 35 14 (6-37) 0.021
>14% 188 36 (28—44)
rvss 18% (0-46%) <15% 75 16 (8-30) <0.001
>15% 148 40 (31-50)
rveo 15% (0-45%) <12% 58 18 (9-35) 0.008
>12% 165 37 (29-46)
rvVe5 10% (0-43%) <11% 119 25 (17-56) 0.021
>11% 104 40 (30-52)
Abbreviations: GTV, gross tumor volume; MLD, mean lung dose.
Source: From Ref. 8.
& low doses, near 5Gy, might be most relevant, there
@ was a wide variety in the dose-volume criteria
_ corresponding to significant differences in time to
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Figure 3 Comparison of time to grade >3 RP in patients
subgroups divided according to magnitude (%) of rVD, for D=5
to 80 Gy at 1 Gy increment. Small dots indicate comparisons for
which each subset of the cohort included at least 10% of the
patients; solid circles indicate comparisons for which P < 0.05
(log-rank test). Source: From Ref. 8.

Intensity Modulated Radiochemotherapy and TRP

Normal lung tissue is highly sensitive to low doses of
radiation. Therefore, whereas the probability of tumor
control may be predicted by the high-dose distribu-
tion around the tumor target, the NTCP might be
predicted by the dose-volume relationship in the low-
dose region. It is believed that the volume of normal



lung receiving low-dose irradiation should be mini-
mized to avoid severe TRP. Techniques that decrease
the volume of lung covered by a threshold dose
include intensity-modulated radiotherapy (IMRT) and
proton therapy.

The emerging technology of IMRT is rapidly
gaining in popularity (35). Its increased conform-
ality allows greater sparing of normal tissue at a
number of sites (36). This approach may be useful in
boosting radiation doses to lung tumors or in re-
treating previously irradiated sites (37,38) However,
the clinical experience with IMRT has been limited
to treating malignancies of the head and neck,
brain, and pelvis; tumor excursion secondary to
ventilatory and/or cardiac motion is considered
problematic in IMRT for thoracic and abdominal
malignancies. One planning study demonstrated a
higher conformity index for IMRT than for three-
dimensional conformal radiation therapy (3D-CRT) in
the definitive treatment of lung and esophageal cancers
(39). Another study comparing IMRT and 3D-CRT
concluded that IMRT could be delivered at a 25-30%
higher dose in node-positive patients while still meet-
ing a conservative set of normal tissue constraints (40).

Based on planning studies demonstrating that
IMRT could improve target coverage and reduce the
volume of normal lung irradiated above low doses
(41,42), IMRT with concurrent chemotherapy has been
used in the definitive treatment of advanced NSCLC
patients. In one of these previous studies, IMRT plans
were generated for 41 patients with recurrent or
Stages III-IV NSCLC who had undergone 3D-CRT.
IMRT planning produced median absolute reductions
in the relative percentages of normal lung volume
irradiated to >10 and >20Gy of 7% and 10%,
respectively, corresponding to a decrease of >2 Gy in
the total lung mean dose and a significant decrease in
the model-based risk of TRP (42). However, to this
point, no substantial clinical data have been available
to assess IMRT in the treatment of advanced NSCLC.

Yom et al. (43) was the first to report clinical data
regarding rates of high-grade TRP experienced in
advanced NSCLC patients treated with IMRT and
concurrent chemotherapy. The incidence of TRP in 68
NSCLC patients treated with IMRT and concurrent
radiochemotherapy was compared with 222 similar
patients treated with 3D-CRT. The median follow-up
durations for the IMRT and 3D-CRT patients were 8
(range, 0-27) and 9 months (range, 0-56), respectively.
The median IMRT and 3D-CRT doses were 63 Gy. The
median gross tumor volume (GTV) was 194mL
(range, 21-911) for IMRT versus 142mL (range,
1.5-1186) for 3D-CRT (P = 0.002). Despite the IMRT
group’s larger GTV, the rate of grade >3 TRP at 12
months was 8% (95% CI, 4-19%), compared to 32%
(95% CI, 26-40%) for 3D-CRT (P = 0.002). (Fig. 4).
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Figure 4 Freedom from grade >3 TRP after treatment
of advanced NSCLC with concurrent chemotherapy and either
3D-CRT or IMRT. Abbreviations: 3D-CRT, three-dimensional
conformal radiation therapy; IMRT, intensity-modulated
radiation therapy; TRP, treatment-related pneumonitis; RT,
radiation therapy. Source: From Ref. 44.

Interestingly, V5 (i.e. >70%) was again found to be
significantly predictive of TRP (44).

In a previous planning study, toxicity modeling
using parameters such as rV20, total lung mean dose,
and NTCP predicted a risk of high-grade TRP after
IMRT ranging from 7% to 16% (41). The clinical results
of IMRT from study of Yom et al. approximated this
earlier prediction. The strong patient selection biases
in this retrospective study might have been expected
to militate against the IMRT group, which was
comprised of patients whose tumors could not be
treated optimally with a conventional plan. IMRT
patients had frequent need for coverage of large,
bilaterally involved tumor volumes and had a larger
GTV, more advanced stage of disease, and more
debilitated performance status. In addition, patients
with special medical conditions or a history of
previous or synchronous surgical intervention or
radiation treatment were often treated with IMRT.
Though the clinical data is limited, it appears that
IMRT can be safely used to treat very large tumors
with the result of a lower risk of TRP than would be
achieved with 3D-CRT. Figure 5 demonstrate a typical
dose volume histogram and summarizes the dose
constraints used in 3D-CRT or IMRT treatment
planning for NSCLC at our institution.

The potential benefits of IMRT remain to be
explored. For patients with locally advanced NSCLC,
rates of locoregional failure remain high, and dose
escalation has been limited by concerns about
potentially deadly or permanently disabling lung
toxicity (10). Dose escalation could lead to benefits
in cancer eradication (45). One modeling study
proposed that, at 2Gy per fraction five times a week,
90-100 Gy would provide 30-month survival rates of
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Figure 5 (See color insert.) Typical dose-distribution and DVHs (left) and dose constraints for use in planning treatment of stage IlI
NSCLC. Abbreviations: DVH, dose—volume histograms; MLD, mean lung dose, NSCLC, non—small cell lung cancer.

60-70% (46). IMRT has been proposed as a means of
improving the therapeutic ratio or allowing dose
escalation (47). For example, a phase I study explored
IMRT on an accelerated fractionation schedule to a
dose of 84 Gy in 35 fractions preceded by induction
paclitaxel. However, one patient experienced a fatal
pulmonary toxicity at 3 months and the study was
terminated (48).

To address the selection biases and confounding
issues of contemporaneous technological evolution
during the clinical implementation of IMRT at our
institution, a randomized chemoradiation trial will
compare 3D-CRT and IMRT for advanced NSCLC and
is currently under review. A phase II trial of IMRT
in combination with the tyrosine kinase inhibitor,
cetuximab, is underway in Germany (49). Study of the
effects of low-dose irradiation on the lung may benefit
from more sophisticated dose calculation algorithms
such as Monte Carlo (50). Proton therapy may offer
a more advanced means of reducing peripheral
dose delivery to the normal lung, because of the
negligible dose delivery past the end of its targeted
range (51). These are additional emerging areas for
investigation.

ESOPHAGEAL TOXICITY

The radiotherapeutic management of thoracic malig-
nancies often exposes the esophagus to high levels
of ionizing radiation. After 2-3 weeks of convention-
ally fractionated RT, patients will often complain of

acute reactions such as dysphagia, odynophagia, or
both. These reactions can cause significant morbidity
due to dehydration and weight loss that may
necessitate treatment interruption. Late reactions of
the esophagus to radiation generally involve fibrosis
that can lead to stricture. Patients may experience
various degrees of dysphagia and may require endo-
scopic dilation. In rare instances, acute and late res-
ponses may both involve esophageal perforation or
obstruction.

The clinical and dosimetric predictors of acute
and late esophagitis are not well characterized.
Emami and colleagues (52) have reported TDs,5 and
TDsp/5 values for stricture and perforation of the
esophagus but have not addressed the issues of acute
and late esophagitis. The scarcity of data regarding
the clinical and dosimetric predictors of acute and
late esophagitis has become particularly important in
the era of radiation dose escalation and combined
chemoradiation therapy. Further intensification of
these regimens will not be possible without further
characterization of dose-limiting toxicities such as
esophagitis.

Clinical Studies of Esophageal Toxicity

Seaman and Ackerman noted that radiologic findings
of esophagitis, though rare, usually appeared as
luminal narrowing. These investigators also inferred
that the esophagus could tolerate a radiation dose of
up to 6000 cGy, at a rate of 1000 cGy per week. These
figures are remarkably similar to those later suggested
by Emami and associates (53-55).



Goldstein and colleagues (56) reported on 30
patients who developed esophagitis after thoracic RT.
Most showed no abnormality on barium swallow
esophagrams; those who did usually showed altered
esophageal motility. Lepke and associates (57) re-
ported on 250 patients who received thoracic RT with
or without chemotherapy. Forty patients had abnor-
mal esophagrams. Patients treated with combined
chemotherapy and RT had a nearly 5-fold higher
incidence of esophageal abnormalities than did those
treated with RT alone (7.7% [10/132] vs. 1.6% [1/63]).

Several large trials have shown that the esophagus
can tolerate relatively high doses of conventionally
fractionated radiation alone. Other trials suggest that
platinum-based induction chemotherapy does not sig-
nificantly lower esophageal tolerance. In a randomized
trial of combination induction chemotherapy (vinblas-
tine and cisplatin) and RT (total dose of 60 Gy) versus RT
alone, Dillman and colleagues observed a similar
incidence of severe esophageal toxicity (<1%) in both
treatment arms (58). These findings were similar to those
of the comparable studies summarized by Choy (59).

Several trials have shown that adding concur-
rent chemotherapy to RT increases esophageal
toxicity. In trials of concurrent chemotherapy and RT
versus conventionally fractionated RT alone (i.e. daily
fractions of 1.8-2Gy to a total dose of <60Gy), the
concurrent regimen markedly increased the incidence
of esophagitis (60,61). Choy and colleagues reported a
46% incidence of acute grades 3—4 esophagitis in a
trial of concurrent chemotherapy and RT consisting of
weekly paclitaxel and carboplatin and daily 2-Gy
fractions to a total dose of 66 Gy (62).

Byhardt et al. (60) reported on the toxicity results
from five RTOG lung cancer trials of combined RT and
cisplatin-based chemotherapy. The investigators
segregated patients into three groups according to
treatment: neoadjuvant chemotherapy and definitive
radiation (group 1), neoadjuvant chemotherapy
followed by concurrent chemoradiation (group 2),
and concurrent chemotherapy and hyperfractionated
radiation (group 3). The incidence of grade >3 acute
esophagitis was significantly higher in group 3 than in
either of the other two groups. Similarly, the incidence
of late esophagitis in group 3 showed a trend toward
significance (2% vs. 4% vs. 8%, P = 0.077).

Clinical and Dosimetric Studies of

Esophageal Toxicity

There have been recent attempts to define the clinical
and dosimetric predictors of esophagitis. In a recent
report from M.D. Anderson Cance Center, investiga-
tors noted a 20.5% incidence of grade 3 acute
esophagitis in 215 NSCLC patients treated with
concurrent 3D-CRT and chemotherapy (Fig. 6) (63).
They also identified three significant predictive
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Figure 6 Incidence of acute esophagitis (grades 0-3) during
each week of concurrent chemoradiotherapy. The incidence of
severe acute esophagitis increased with time. Source: From
Ref. 63

factors on univariate analysis (i.e. mean esophageal
dose, absolute esophageal volume receiving 1045 Gy,
and relative esophageal volume receiving 10-45 Gy)
(Fig. 7) and one significant predictive factor on
multivariate analysis (i.e. relative V20) (63). In their
report on 91 patients (61), Maguire and colleagues
noted an 11% (10/91) incidence of acute grade > 3
esophagitis and a 13% (12/91) incidence of late grade
> 3 esophagitis. In that study, 48% of patients received
concurrent chemotherapy and 57% received hyper-
fractionated RT. Univariate analysis revealed no
significant predictive factors for acute esophagitis
but did identify one predictive factor for late eso-
phagitis (i.e. length of 100% circumference receiving
>50Gy). In addition, multivariate analysis revealed
two other predictive factors for late esophagitis (i.e.
percentage of organ volume treated receiving >50 Gy
and maximum percentage receiving >80 Gy).

Werner-Wasik and associates analyzed clinical
and dosimetric predictors of esophagitis in 105
patients treated for lung cancer (64). They noted that
55% (58/105) received concurrent chemotherapy and
that 7% (7/105) received twice-daily fractionated RT.
They found that concurrent chemotherapy and twice-
daily fractionation were associated with higher grades
and longer durations of acute esophagitis, but that the
absolute length of esophagus exposed to radiation did
not predict esophagitis.

In a Washington University study of 207 patients
treated with definitive RT or chemoradiation therapy,
multivariate analysis revealed concurrent chemother-
apy to be the predominant factor in treatment-related
esophagitis (65). Overall, 8% of patients (16/207) in the
study developed acute or late grades 3-5 esophagitis,
and most of those (N = 14) had received concurrent
chemoradiation therapy. Table 3 summaries the
published results for risk factors associated with grade
> acute esophagitis (61,63,64-71).
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Figure 7 Effects of mean esophagus dose (/eff) and volume of esophagus receiving 20 Gy (right) on freedom from grade >3 acute
esophagitis in 215 patients with stage Ill NSCLC after undergoing concurrent radiotherapy and chemotherapy. Source: From Ref. 63.

TUMOR RESPONSE AND SURVIVAL OF LUNG improved delineation of tumor and normal tissue,
CANCER AFTER 3-D RADIOCHEMOTHERAPY image segmentation and display, accurate dose
calculation, and the ability to manipulate beam
geometry and weighting through forward planning.
The importance of improved target delineation cannot
be overemphasized. Once the patient is immobilized
and can undergo CT in the treatment position, the
radiation oncologist can delineate the tumor and
adjacent tissues in three dimensions; choose beam
angles that maximize tumor coverage, minimize the
amount of normal tissue exposed to radiation, or both;

With the advent of 3D-CRT, traditionally recommen-
ded portals, target volumes, and beam arrangements
have come into question. Because of NSCLC’s
reportedly high local failure rates, one goal of 3D-
CRT is to increase the radiation dose delivered to the
gross tumor while minimizing the radiation dose
delivered to normal tissues. 3D-CRT has several
significant advantages over traditional RT techniques:

Table 3 Published Results for Risk Factors Associated with Grade >3 Acute Esophagitis

Overall Incidence of AE Incidence of AE Risk
First author, Criteria incidence Total no. CCT + RT CCT + RT factors
year (Ref.) used (%) patients (qd) (%) (bid) (%) identified
Wei et al., CTC 30 20.5 215 18.3 31.8 Mean dose to esophagus,
2006 (63) V20, bid
Belderbos et al., RTOG 6 156 27 N/A CCT, V35
2005 (66)
Qiao et al., RTOG 12 208 46 N/A CCT, Dmax 60
2005 (67)
Bradley et al., RTOG 5 166 N/A N/A CCT, A55, V60
2004 (68)
Patel et al., RTOG 5 36 N/A 5 V50
2004 (69)
Singh et al., RTPG 8 207 26 N/A CCT, Dmax >58
2003 (65)
Hirota et al., CTC 2.0 7 26 7 N/A L45, V45
2001 (70)
Werner-Wasik RTOG 13 105 18 43 CCT, bid
et al., 2000 (64)
Maguire et al., RTOG 11 91 N/A N/A Pre-RT
1999 (61) dysphagia, bid
Werner-Wasik RTOG 7 682 N/A 41 CCT

etal., 1999 (71)

Abbreviations: A55, esophageal area receiving radiation dose >55 Gy; bid, twice daily; CCT, concurrent chemotherapy; CTC 2.0, National Cancer Institute-
Common Toxicity Criteria for Adverse Events version 2.0; Dmax >58, maximal dose to the esophagus treated with >58 Gy; Dmax 60, maximal dose to the
esophagus treated with >60 Gy; L45, esophageal length receiving radiation dose >45Gy; N/A, not available; qd, daily; RT, radiation therapy; RTOG,
Radiation Therapy Oncology Group; V35, esophageal volume receiving radiation dose >35 Gy; V45, esophageal volume receiving radiation dose >45 Gy; V50,
esophageal volume receiving radiation dose >50 Gy; V60, esophageal volume receiving radiation dose >60 Gy.



alter beam weighting; and perhaps alter couch angles
for noncoplanar beam delivery. This conformal
technique also enables the fusion of complementary
imaging modalities, such as PET to aid in tumor
delineation and single photon emission computed
tomography to choose beam angles. Purdy and
colleagues have provided an excellent overview of
3D-CRT (72).

Planning for 3D-CRT in NSCLC has benefited
from the application of target-defining guidelines
published by the International Commission on
Radiation Units (73). The GTV is defined as the
primary tumor and any grossly involved lymph
nodes. The clinical tumor volume (CTV) is defined
as the anatomically defined area thought to harbor
micrometastases (hilar or mediastinal lymph nodes or
a margin around the grossly visible disease). The
planning target volume (PTV) accounts for physio-
logic organ motion during treatment and the uncer-
tainties of daily setup for fractionated therapy. When
3D treatment planning is done with the goals of
conformal high-dose irradiation of the GTV and
minimal irradiation of surrounding normal organs
(especially lungs), unique portals, beam arrange-
ments, and beam weights result.

3D-CRT Clinical Study Results

Several reports of recent 3D-CRT trials have been
published. The most recent is M.D. Anderson Cancer
Center’s experience with 3D-CRT and concurrent
chemotherapy in patients with predominantly stage
III NSCLC (74). Of 265 patients enrolled, 127 (48%)
were initially treated with 2 or 3 cycles of dual-agent
induction chemotherapy; most of those (N = 121)
received platinum and taxane. However, all 265
patients received 3D-CRT and concurrent chemo-
therapy (typically a weekly platinum- and taxane-
based regimen). Radiation therapy typically targeted
the GTV and involved lymph nodes. Uninvolved
lymph nodes were not electively irradiated. The CTV
was defined as the GTV plus an 8-mm margin, and
the PTV was defined as the CTV plus a 10-15mm
margin. The radiation dose that was prescribed
covered at least 95% of the PTV. Patients received
radiation either daily in 1.8- or 2-Gy fractions
(N = 183) or twice daily in 1.2-Gy fractions (N =
82), to a median dose of 63Gy (range, 34.8-72 Gy).
Nine patients who were unable to complete RT
because of toxicity or disease progression and who
thus received doses of >60Gy were nevertheless
included in the final analysis. The rates of overall
survival, distant metastasis-free survival (DMFS), and
local regional control (LRC) for the entire group of
265 patients were 41%, 43%, and 57%, respectively,
at 2 years and 19%, 33%, and 51%, respectively, at
5 years (Fig. 8) (74).

EVALUATION OF TREATMENT-RELATED TOXICITY 149

100
75 |
c
o
Ei 50 | LRC
g DMFS
25 |
0s
0 . . . .
0 2 4 6 8

Years

Figure 8 OS, DMFS, and LRC rates for 265 patients who were
treated with 3D-CRT and concurrent chemotherapy at a single
institution. The 2-year OS, DMFS, and LRC rates for the entire
group were 41%, 43%, and 57%, respectively; the 5-year rates,
19%, 33%, and 51%, respectively. Abbreviations: OS, overall
survival; DMFS, distant metastasis-free survival, LRC, local
regional control. Source: From Ref. 74.

Another trial of 3D-CRT, reported by Bradley
et al. (75), involved 207 patients with stage I-III
inoperable bronchogenic carcinoma. The overall sur-
vival at 1 and 2 years was 59% and 41%, respectively.
On multivariate analysis, the most important prog-
nostic factor was GTV; tumor, nodal, and overall stage
were not significant factors. Tumor doses of >70Gy
resulted in improved local control and cause-specific
survival rates but did not improve overall survival.
Care must be taken, however, in interpreting the dose
data from this trial. Larger tumors were often treated
with lower doses to keep normal tissues within their
tolerance limits. Nonetheless, 3D dose-escalation data
from other institutions support the notion that doses
>60 Gy improve local control (14,76-79).

Elective Nodal lirradiation

In many respects, surgery and external-beam RT play
similar roles in the treatment of lung cancer. The
intent of both modalities is local control in the treated
field. Thus, for many years and with only a few recent
exceptions (76,80-84), standard RT practice in the
United States was to deliver 40-50 Gy to electively
irradiated regional lymph nodes (e.g. ipsilateral
hilum, ipsilateral and contralateral mediastinum,
supraclavicular fassa) and an additional 20 Gy to the
primary tumor through reduced fields. This approach
was based on pathologic data indicating a high
incidence of hilar and mediastinal node metastases
in patients with bronchogenic carcinoma. Indeed, up
to 26% of patients with stage I NSCLC may have
pathologically proven nodal metastases (85,86), and
an estimated 25% of TINO tumors and 35% of T2NO
tumors are consistently upstaged on the basis of
surgical and pathological findings (87,88). Moreover,
the risk of lymphatic metastasis increases with tumor
size: from 0% at <1.0 cm to 17% at 1.1-2.0 cm and 38%
at >2.0cm (89). Poorly differentiated tumors have a
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higher rate of nodal micrometastasis, which in itself is
an independent prognostic factor for survival (90,91).
In one trial, patients treated with lobectomy rather
than with limited resection had significantly lower
rates of local and regional failure and showed a trend
toward improved survival, suggesting that the im-
provements were due to removal of both the primary
tumor and the draining lymphatics (87). This con-
clusion is supported by a recent meta-analysis of four
randomized trials of systemic nodal dissection versus
more limited mediastinal lymph node sampling,
which revealed an association between more aggres-
sive treatment of the mediastinal lymphatics and
significantly better 5-year overall survival (92).

The principle that adequate surgical resection of
a TINO tumor requires systematic removal of all hilar
and mediastinal lymph nodes (87,89) suggests that
radiation fields should encompass the draining nodal
areas. In an analysis of protocol compliance among
patients with radiographically negative lymph nodes
in the RTOG 73-01 trial, (93) Perez and associates
observed better (P=0.35) survival among patients
whose treatment did not vary from the protocol and
who had adequate coverage of the hilar/mediastinal
lymph nodes. Together, such findings provide a
rationale for elective nodal irradiation (ENI).

The major argument against ENI is the high rate
of local recurrence within previously irradiated tumor
volumes. If one cannot control gross disease, why
enlarge the irradiated volumes to include areas that
might harbor microscopic disease? Such concerns have
been allayed by several major changes in lung cancer
therapy since the RTOG 73-01 first established the
standards for radiation doses and volumes: namely,
the use of chemotherapy, the advent of 3D-CRT, and
the incorporation of PET into NSCLC staging
protocols.

According to a review of the patterns of failure
after definitive RT in early-stage NSCLC, isolated
regional failure occurs in no more than 15% of cases.
(94,95) This suggests the possibility of creating
localized radiation fields without utilizing ENI.

In one trial, Zhang et al. (84) observed 3- and
5-year overall survival rates of 55% and 32%,
respectively, in selected patients with bronchogenic
carcinoma whose primary tumors were irradiated but
whose lymphatics were not. In another trial, Dosoretz
et al. (76) observed no correlation between field size
and treatment outcome, even after stratifying their
data according to tumor size. In a third trial, Krol and
colleagues (81) reported 3- and 5-year overall survival
rates of 31% and 15%, respectively, in 108 patients
with stage I lung cancer who underwent definitive RT
encompassing the primary tumor but no ENI. More
notably, the 3- and 5-year cancer-specific survival
rates were 42% and 31%, respectively. These results

are comparable to results achieved in trials of RT
encompassing both traditional fields and regional
lymphatics. They have also been confirmed by
Senan et al. (83), who reported similarly low failure
rates in untreated elective nodal areas in stage III
patients.

Nevertheless, the results of ENI trials to date
need to be examined carefully because of the
significant radiation doses (>40Gy) delivered elec-
tively to regions outside the intended CTV (82,96). In
their series of 171 patients in which involved field
volumes were treated definitively with 3D-CRT but
without ENI, Rosenzweig and coworkers reported an
overall elective nodal failure rate of only 6.4%,
including 1% in the ipsilateral supraclavicular region,
3% in the contralateral supraclavicular region, 4% in
the ipsilateral inferior mediastinal region, and 1% in
the contralateral inferior mediastinal region (82).
However, these investigators also estimated that the
ipsilateral superior mediastinum, inferior mediasti-
num, and subcarinal regions received incidental doses
of at least 40 Gy (a median dose of 18 Gy to all elective
regions) in 34%, 63%, and 41% of cases, respectively
(82). Similar analyses by others found that the
ipsilateral hilum, subcarinal region, low paratracheal
region, and contralateral hilum and AP window
received incidental doses of at least 50 Gy in 100%,
97%, 59%, and 57% of cases, respectively (77,97). It
may be that these incidental doses were not delivered
in standard fractions and that the biologically effective
dose may not have been sufficient to control any
disease that may have been present. Nevertheless, the
impact of incidental radiation should be explored
further before discounting its possible contribution to
nodal failure. Dosimetric analyses (e.g. prospective
analyses that correlate nodal failures with dose
received) might be helpful in this regard.

There are at least two possible explanations for
the lower-than-expected elective nodal failure rates
observed in trials of ENI. First, incidental doses to the
ipsilateral hilar, paratracheal, and subcarinal nodes
approach 40-50 Gy when these regions are not inten-
tionally irradiated (96). Second, lung cancer patients
face multiple competing causes of death (e.g. local
failure, distant failure, or intercurrent illness) that may
kill them without elective nodal failures ever being
detected.

Role of Positron Emission Tomography in

Nodal Treatment Planning

The efficacy of ENI may be improved upon by
utilizing PET in lung cancer treatment planning. PET
has been a major innovation in lung cancer imaging,
mainly because of its ability to supplement the
structural information provided by traditional ana-
tomical imaging (e.g. CT scans) with functional



information about the tumor cells themselves. PET
images have added significantly to the accuracy of
conventional imaging in estimating the true extent of
NSCLC tumors (98). More accurate clinical staging
with PET may allow radiation oncologist to include
involved hilar and mediastinal nodes that are not
appreciated on the CT scan and reduce the probability
of elective nodal failures. As more and more facilities
acquire dedicated fluorodeoxyglucose (FDG)-PET
scanners and, more specifically, combined PET-CT
units, radiation oncologists will be better able to
delineate PTVs. Accurate definition and delineation of
nodal metastases are crucial for planning curative RT,
particularly since routine ENI is no longer recom-
mended in patients NSCLC (99). Systematic review of
the available evidence suggests that FDG-PET is
superior to conventional mediastinal staging by CT
and esophageal ultrasonography (98,100-102). One
recent modeling study suggests that treating only
FDG-positive mediastinal areas would decrease the
volumes of lung and esophagus exposed to radiation,
thus allowing for radiation dose-escalation and
hence an improved radiotherapeutic ratio (103). In
one prospective clinical trial of this approach, the rate
of isolated nodal failure was only 2% (1/44) (104).
However, in other trials, the rate of false-positive
mediastinal nodes on PET scans has ranged as high
as 39% (105,106). This suggests that histological
confirmation of nodal failure is critical when it would
have a major impact on the treatment. Figure 9 shows
a PET scan of a right upper lobe tumor contiguous
with a hilar mass, metastasis to an upper parat-
racheal node, and incidentally found right-sided
adrenal metastasis.

PET’s potential role in planning RT for primary
NSCLC is under investigation. PET scanning would
certainly help to delineate the GTV in the presence of
significant obstructive atelectasis. However, its rela-
tively low spatial resolution (presently 6~-8 mm and
physically limited to ~2mm) and the resulting
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blurring of tumor edges make PET-based contouring
difficult. Autocontouring using predefined standard
uptake value (SUV) thresholds has been reported
(107,108). However, at present, the threshold-defining
criteria for contouring GTVs in NSCLC lack patho-
logical correlates. One attractive area of research
concerns the use of PET SUV thresholds in planning
“metabolic boosts” (i.e. delivery of higher radiation
doses to areas with high SUV thresholds while
sparing “hypodense” regions identified on FDG-PET
scans). However, there is little pathological evidence
that “hypodense” regions represent exclusively
sites of necrosis and/or atelectasis. Thus, before the
concept of modulating radiation doses to tumor
subvolumes can be tested rationally in clinical trials,
there will have to be studies that correlate pathology
with PET images and studies that correlate PET
tracer uptake with the molecular characteristics of
tumor cells.

Role of Chemotherapy in Treating

Microscopic and Nodal Disease

There is mounting evidence that chemotherapy can
effectively control microscopic disease in NSCLC. In
several trials, patients receiving chemotherapy for
completely resected NSCLC derived an overall
survival benefit (109-113). In a randomized trial of
sequential therapy (chemotherapy followed by RT)
versus RT alone for unresectable lung cancer, micro-
scopic control was achieved (114). In a randomized
RTOG trial of chemotherapy (vinblastine and cispla-
tinum) plus RT versus RT alone, analysis of failure
patterns revealed a significant improvement in the
rate of distant metastases for patients treated with the
combination therapy (P < 0.04) (115). However, the RT
regimen used in both of these randomized trials
included ENI and had no effect on local control even
with the addition of chemotherapy. Now that com-
bined chemotherapy and radiotherapy has become

Figure 9 PET/CT scan image of a patient with a right upper lobe tumor contiguous with the right hilum, and an incidental finding of right

adrenal metastasis.
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the established treatment of choice for patients with
locally advanced NSCLC, it is reasonable to suggest
that chemotherapy may adequately address regional
disease and that ENI may not be necessary, partic-
ularly in patients whose tumors will be treated with a
combination of chemotherapy and RT after CT and
PET staging.

CONCLUSION

Treatment-related pulmonary and esophageal toxic-
ities are the two most important dose limiting factors
in radiochemotherapy for NSCLC patients. TRP
occurs in 13-44% of patients, and often irreversible
and sometimes fatal. In applying 3D-CRT, it is
extremely important not to exceed the maximum
doses tolerated by sensitive intrathoracic structures
such as the lungs, spinal cord, and heart.
Unfortunately, partial-volume normal tissue toleran-
ces are not well understood. Special care should
be taken to restrict the radiation dose to the normal
Iung whenever possible. DVHs for all normal thora-
cic organs should be evaluated for dose and volume
of irradiation. Although DVH analysis is still a
developing technique, preliminary results indicate
that it can be used to predict complications such as
pneumonitis and to improve treatment planning
(8,11,26,96,116). The potential benefits of 3D-CRT
currently are being investigated in prospective trials.

IMRT is a useful technique to sparing normal
lung for treating advanced NSCLC, especially for
tumors not amenable to treatment with 3D-CRT. IMRT
is appropriate for large-volume disease with fixation
to the mediastinum and relatively minimal tumor
motion, or for patients with complex medical con-
ditions or other special conditions necessitating more
complex planning. IMRT resulted in improved rates of
high-grade TRP as compared to 3D-CRT. However,
precautions should be taken to minimize exposure of
large volumes of normal lung to low doses, to avoid
potential serious pulmonary complications. It is
critical to practice strict dose constraints in the
treatment planning of NSCLC using 3D-CRT of
IMRT: V5 < 70%, V20 < 35%, and MLD < 20 Gy.

There is no randomized study comparing 2D
versus 3D radiochemotherapy for NSCLC. Data from
retrospective reviews, and prospective phase I or 1II
studies demonstrated 2- and 5-year survival of about
50% and 19%. Elective nodal irradiation in conformal
radiochemotherapy era appears unnecessary, espe-
cially when functional image is used in guiding the
target volume delineation.

Image-guided radiation therapy provides a tool
to improve target accuracy, reduce normal tissue
toxicity while increasing radiation dose to tumor that
would increase therapeutic ratio of thoracic radiation
therapy. Future investigation in radiation therapy
include image guided adaptive radiation, and proton
beam therapy.
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BACKGROUND

Three-dimensional conformal radiotherapy (3D-CRT)
is one of the targeted therapy techniques which
geometrically conforms the three-dimensional radia-
tion dose distributions to the target volume while
minimizing the radiation dose to nearby normal organs
(1,2). With recent interests in using the advanced form
of 3D-CRT, the intensity-modulated radiation therapy
(IMRT) (3), for lung cancer radiotherapy (4-7), it is
concerned that respiratory induced organ motion may
have an impact on the final dose distribution. It is well
established that variations in organ shape and position
can occur due to inter- and intrafractional motion.
Typical interfractional anatomy variations include
tumor shrinkage, weight loss, bowel/bladder filling,
etc. Typical sources of intrafractional motion include
respiration, cardiac motion, peristalsis, etc. Better dose
conformality and steeper dose gradients make IMRT
plans potentially more sensitive to setup errors and
motion of the internal organs (8-12). In a simulation
study by Flampouri et al. (13), it was demonstrated that
the difference in the equivalent uniform dose of clinical
target volume (CTV) between the planed and the
delivered doses could be as high as 33 Gy if a plan is
designed inappropriately for a patient with large
motion effect. Therefore, it is important to understand
the impact of organ motion on final dose distribution.
The current treatment planning and delivery techni-
ques, which do not correct for such daily and the
moment-to-moment volumetric variations adequately,
may lead to suboptimal treatments.

To study organ motion in the thorax, certain
measures of anatomy in the fourth dimension, time,
are required. Fortunately, with the invention of four-
dimensional computed tomography (4D-CT) imaging,
it becomes possible to quantify respiratory-correlated
organ motion voxel-by-voxel in a breathing cycle.

4D-CT is a series of 3D-CT images of the patient
at a number of breathing phases. In most situations,
4D-CT images were acquired using a reference external

signal from the up/down motion of a patient’s abdo-
men (or where the motion was considered most
relevant). A box with infrared reflectors was placed
on the patient’s skin surface and the motion of the box
was captured by an infrared camera (Real-time
Position Management system, RPM ", Varian
Oncology Systems, Palo Alto, California) (14-16).
Then the 2D projections of x-ray images can be sorted
and reconstructed into 3D-CT images at various phases
of the breathing cycle. Typically, 10 equispaced phases
are used to describe the temporal motion of the thoracic
anatomy. 4D-CT scans can be used for 4D treatment
planning to explicitly account for respiratory motion.
The 4D-CT imaging technology was described by Keall
etal. (16,17) for the helical scanning mode and by Pan et
al. (18) for the cine scanning mode. The application of
4D-CT for tracking internal organ motion and 4D
treatment planning was described by Rietzel et al.
(19-21). Although 4D-CT explicitly describe organ
motion and deformation in different breathing phases,
it is cumbersome and difficult to delineate target or
normal organs and cumulate doses in different phases
because each phase was treated as an independent time
event. With the recent advance in deformable image
registration, it is becoming possible to track organ
motion and cumulating doses automatically. In the
following sections, we will discuss the concept of
deformable image registration and its application to
thoracic cancer radiotherapy.

DEFORMABLE IMAGE REGISTRATION

Introduction

Image registration is a process to determine the spatial
correspondence between two images collected at
different times. In this application for treatment
planning of thoracic cancers, the images of interest
are 4D-CT images collected at different phases.
Historically, image-registration has been classified as
being “rigid” (where images are assumed to be of
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objects that simply need to be rotated and translated
with respect to one another to achieve correspond-
ence) or “non-rigid” (where correspondence between
structures in two images cannot be achieved without
some localized stretching of the images). The “non-
rigid” image registration is also referred here as
deformable” image registration.

Deformable image registration algorithms can
be categorized into two classes: model-based and
grayscale image-based algorithms. Model-based
algorithms use contours, fiducial points, or landmark
points common in both images as constraints to the
model. The one-to-one correspondence for other points
in the image space will be determined by the model.
In contrast, grayscale image-based algorithms use
pixel or voxel intensity directly, assuming that image
intensities alone contain enough information for image
registration. Usually, the model-based algorithms are
faster than image intensity-based algorithms when
performing image registration because they usually
operate on a sparse set of features. However, the time
spent on feature-extraction (contours or anatomic
landmarks on both images) can be significant and error
prone. Most recent algorithms used automatic feature
extraction, which can certainly improve the speed;
however, the accuracy of the models based on limited
control points is still not well studied. Examples of
model-based image registration algorithms used in
radiotherapy were described by Christensen et al. (22),
Schaly etal. (23,24), Kaus et al.(25), Liang et al. (26), Yan
etal. (27), Schreibmann et al. (28,29), Brock et al. (30,31),
and Xiong et al. (32).

CT images are used in calculating radiation
doses because Hounsfeld units (CT pixel values) are
calibrated to the attenuation coefficient of water and
therefore the pixel values are well defined. Because of
the consistency in CT image intensities, it is advanta-
geous to use a grayscale image-based algorithm for
radiotherapy applications. Grayscale image-based
algorithm has one big advantage, which is the
automatic processing of the image data. Typical
image-based algorithms used for radiotherapy appli-
cations are described by Lu et al. (33-35), Foskey et al.
(36), Guerrero et al. (37), Gao et al. (38), and Wang
et al. (39,40)

An Accelerated-Demons Algorithm for

Image-Based Deformable Image Registration

To give an example of image-based deformable image
registration, we describe a method we implemented
(40), which was primarily based on Thirion’s diffus-
ing model, also known as the “demons” algorithm
(41,42). Conceptually, the diffusing model assumes
that local “demons” at every voxel location are
applying invisible “forces” that push the voxels of
the moving image into matching up with the reference

(static) image. This is illustrated in Figure 1. The rule
to determine the force to move each voxel is based on
the Equation 1 (40):

-
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where s is the voxel intensity in the static image S and
m is the intensity of the moving image M. The
estimated displacement is il = (uy, uy, u,), which is
required for point P to match the corresponding point
in M. Vs is the gradient of the static image and Vo is
the gradient of the moving image. Vs and V,
represent the gradient information in the neighboring
points (analog to the edge enhancement). The (1-s)
term is the differential force of the interaction between
the static and the moving images; hence, it is an
“external” force. Equation 1 will be solved iteratively
and the final result is the (deformation) displacement
mapping vector i = (uy, Uy, u,), which describes the
spatial relationship between the moving image and
the reference static image. This displacement map can
be used to translate the geometry information from
one image into another. In addition, information
related to geometry, such as the spatial distribution
of doses and contours delineated by physicians, can
be mapped as well. Therefore, deformable image
registration is a powerful tool for calculating cumu-
lative dose distributions to a deformed organ or for
auto-delineation of target structures in subsequent
imaging sessions. We will discuss these topics in more
detail in the sections below.

Features on moving image
\ 2

Demon forces

e

Features on static image

Figure 1 Animage intensity-based diffusing model for deform-
able image registration by the demons algorithm. The voxels in
the moving image is deformed based on “demons” forces of
Equation 1. The modified, accelerated demons algorithm used
both passive force contributed by static image and active force
contributed by moving image.
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A Multi-Resolution Approach

One of the assumptions made in deriving the force
calculation in Equation 1 was that the deformation
should be reasonably small. This is not always the case
in clinical situations. One way to minimize the effect of
large deformations is to use a coarse-to-fine multi-
resolution approach (43). This approach uses low-
resolution images derived from the original image
(usually a high-resolution volumetric CT image) to
begin the iterative demons diffusion process. After the
solution converges, the displacement field is passed to
the next higher resolution as the starting solution. The
number of scales used can be easily extended to 4-6
scales when a larger deformation is observed or a
higher resolution is used in the original image. This
pyramidal multiresolution approach not only allows
for large deformations between two images, but also
significantly improved convergence and the speed of
the calculation. The algorithm developed using the
multi-resolution, accelerated demons algorithm can
achieve the automatic deformable image registration
for a lung cancer case between the inhale and exhale CT
images to within 40 sec on a single CPU Intel processor.

DEFORMABLE IMAGE REGISTRATION FOR
TRACKING ANATOMIC CHANGES

Tracking Intrafractional Anatomy Variations

One of the key applications of deformable image
registration is to automatically track anatomy changes
during a breathing cycle (intrafraction). The applica-
tion is made possible by using 4D-CT, which defines
the anatomy in space from the moment-to-moment
breathing motion. In order to apply deformable image
registration for this application, a reference phase CT
should be identified. In addition, anatomies of
interest, such as gross tumor volume (GTV), CTV, or
normal organs (lung, esophagus, heart, etc.) to be
tracked, should be delineated on this reference CT.
Then the deformable image registration method, such
as the one described by Equation 1 (44) or other
methods (21,29,34,45,46), can be used to register each
phase of the 4D-CT with the reference phase CT. The
result of the deformable image registration is a matrix
of mapping vectors (sometimes also called the
deformable maps), which describes the displacement
of the same voxel relative to its location in the
reference phase CT il = (uy, Uy, Uy).

The second step in tracking the anatomy
requires the use of these displacement vectors for
mapping the new positions of the anatomy of interest
in each phase of the 4D-CTs. In order to do this, the
region of interest (ROI) containing the anatomy of
interest in the reference CT should be segmented as
a binary mask: a value of 0 outside of the ROI and

a value of 1 inside the ROI. The resolution of the mask
should be equal to the same CT resolution, which the
deformable mapping vectors were obtained. After
creating each binary mask, the displacement vectors
can be used to transform the binary mask from the
reference CT to other CT images. This allows the
binary mask (representing the ROI) to be deformed to
match with the CT images of other respiratory phases.
These deformed binary masks provide the surfaces
of the new objects (ROIs) in the CT images to be
registered. Then the last step of the auto-segmentation
is to extract contours from these deformed masks in
the new CT images. Image processing techniques can
be used to obtain the outer boundary of a binary
mask. Alternatively, the vertices of the surfaces can be
reconstructed using a triangulated surface reconstruc-
tion method and then sliced through each CT slice
(34). In order to view the contours overlaid with each
axial CT slice, the contours must be extracted for each
CT slice location.

An example of using the deformable image
registration method to track anatomy from inspiration
CT to the expiration CT is illustrated in Figure 2. In
this case, the inspiration CT was used as the reference
CT. Target volume is shown in red and a portion of
the diaphragm is shown in brown color. For sim-
plicity of illustration, other contoured organs were not
displayed. The region of the deformable image
registration is shown in the red box. The deformable
mapping vectors were illustrated using the red
arrows inside the registration region. The mapping
vector illustrates the displacement of the same voxel
position from the inspiration CT to the expiration CT.
Using these mapping vectors, the target volume (red)
and normal organs (such as the contoured diaphragm
in brown) can be mapped automatically from the
inspiration CT to the expiration CT. Similarly, the
anatomy in the reference CT can be automatically
transferred to other 4D-CT images of different breath-
ing phases, which significantly reduce the target
delineation time. After obtaining the auto-delineated
target volume in 10 phases of 4D-CT, the internal
target volume (ITV) can be composed and used for
planning, accounting to organ motion and target
deformation explicitly.

Tracking Interfractional Anatomy Variations

With the availability of in-room imaging techniques
used in radiation therapy, it becomes obvious that
patient’s anatomy and tumor volume change during
the course of radiation therapy. Recently, there were
studies indicating that GTVs of lung cancers can
shrink 60-80% during the course of radiotherapy
(47,48). It may be important to take these interfrac-
tional anatomic variations into considerations for
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Figure 2 (See color insert.) An example of tracking anatomy using a deformable image registration method. The inspiration CT was
used as the reference CT in this case. Target volume is shown in red and a portion of the diaphragm is shown in brown color. The region
of deformable image registration is shown in red box, in which the deformable mapping vectors were shown in red arrows. The mapping
vector is a displacement of the same voxel from the inspiration CT to the expiration CT. Using the mapping vectors, the target volume
(red) and normal organs (such as the contoured diaphragm in brown) can be mapped automatically from the inspiration CT to the

expiration CT. Abbreviation: CT, computed tomography.

adaptive radiotherapy strategies. In this case, the
auto-segmentation of anatomy on repeat CT or 4D-CT
becomes an important application.

With deformable image registration method,
tracking interfractional anatomy variations is similar
to tracking intrafractional anatomy variations. Again,
a reference CT is required to deform the anatomy
from the reference CT to the subsequent (repeat) CT or
4D-CT images acquired during the course of treat-
ment. Figure 3 illustrates an example of a weekly
repeat 4D CT study for a patient with NSCLC. The
GTVs for the weeks 4 and 6 are shown in one CT slice
in the end of expiration phase of the weekly repeat
4D-CT. The green contour around the tumor was
created automatically using the image-based deform-
able image registration method, and the red contour
was manually drawn by a physician. As it can be seen,
there is an excellent agreement between the computer-
drawn contours and the physician’s manual
delineation.

Figure 4 is the same case as shown in Figure 3,
but it plotted the volume of the GTV week-by-week
using repeat 4D-CT measurements. The horizontal

axis indicates the elapsed treatment days from the
start of radiation therapy. At the treatment simulation
CT (prior to treatment), the tumor volume (GTV) was
approximately 30 cc, but near the end of the treatment
(6th week), the tumor volume was approximately
18cc, a reduction to 60% of the original volume.
In Figure 4, we also compared human contours
(red; open circle) with the computer-generated
contours using the deformable image registration
method (blue; solid circle), which indicates rea-
sonable agreement (considering the small size of the
tumor). The Pearson correlation between the target
volumes determined by the physician and the
deformable image registration method is 0.988
(P = 0.0002).

In summary, tracking anatomy in 4D-CT or
repeat CT using the deformable image registration
method is a very effective and efficient method.
Currently, deformable image registration methods
are unable to delineate the reference phase anatomy
alone, especially for the tumor or treatment volumes,
which still require human intervention to determine
the target volume.
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Figure 3 (See color insert.) Tumor volume can also shrink during the course of radiotherapy. The CT images show the tumor volume in
week 4 (left) and Week 6 (right) of the radiotherapy. The red contours were drawn by a radiation oncologist and the green contours were

automatically created by a deformable image registration method.

DEFORMABLE IMAGE REGISTRATION
FOR DOSE TRACKING

Cumulating Doses in a Breathing Cycle

With the availability of 4D-CT, dose calculations can
be performed on each individual 3D-CT, which
describes the dosimetric effect of organ motion
explicitly in each individual phase. Although this is
a possible approach; however, it may require signifi-
cant effort in delineating target volumes and normal
organ structures for each CT. The real problem is that
the final dose distribution to the same volume element
(containing the same cells) cannot be easily summed

40

- Defbrmed
-s- Manual

Volume (cc)

Peaﬁson Correlation = 0.988 (p=0.0002)

7 14 21 28 35 42 49
Elapsed treatment days

Figure 4 Tracking tumor volumes during treatment course. The
volumetric variation of the tumor for the case shown in Figure 3
is plotted against the elapsed treatment days. The red line was
the tumor volume delineated by a physician; and the blue line
was the same volume tracked by the deformable image
registration method. The Pearson correlation between time-
trend tumor volume determined by the physician and the image
registration method is 0.988 (P = 0.0002).

because organ motion is not uniform across all phases.
Organ deformation has to be considered when
creating a cumulative dose distribution over a breath-
ing cycle. A more efficient (perhaps also a more
accurate) method is to use the deformable image
registration method to track the cumulative doses.

To evaluate the 4D dose distribution delivered to
one breathing cycle, the dose distributions were
calculated first for each of the 10 phases of the
4D-CT. Then, the dose distributions of all 10 phases
were time-weight-summed onto the single reference
phase CT using a deformable image registration
method. For typical 4D-CT data sets, 10 reconstructed
phases had an equal weight in time (duration of the
phase), which means that a simple average of dose for
each tracked voxel across the 10 phases would be
adequate. Otherwise, the data sets will have a
weighting factor for the duration of the phase.
Assuming the 4D-CT data sets were constructed in
10 phases: T0, T10, T20,...,, T90, we usually observed
that T30-T70 phases were similar to the end of
expiration phase (T50) which indicated that patients
usually spent more time in the end of expiration.
When evaluating 4D cumulative dose distribution, we
can pick any phase as a reference phase for evaluating
target coverage. T50, being the most stable phase, was
chosen to calculate the cumulative dose distribution
and analyze target coverage.

The voxel-by-voxel displacement vector linking
the geometric coordinates between each single phase
of 4D-CT and the reference phase of 4D-CT was
obtained by the image intensity-based, automatic
deformable image registration method. We refer to
this time-averaged dose accumulation method as the
full 4D dose calculation and the resultant dose
distribution as the 4D dose distribution, which
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contains the cumulative dosimetric effect of internal
organ motion.

To give an example of this method, we calcu-
lated a proton treatment plan, which is more sensitive
to the anatomy variations for each 4D-CT images.
Figure 5 shows a proton plan calculated on each of the
10 4D-CT phases. For simplicity, the prescription
isodose line (yellow) was shown as well as the tumor
volumes (also propagated/tracked using the deform-
able image registration method) on each CT. As it can
be seen, the isodose line (yellow) changes differently
for each 4D-CT image due to organ motion/deforma-
tion in the beam path of the proton plan. The final
cumulative (4D) dose distribution was shown in the
bottom row of Figure 5, which was calculated on the
T50 (end of expiration phase) CT. The prescription
isodose line between the directly calculated T50 image
and the cumulative T50 image (taking into account for
organ motion through the entire breathing cycle) may
appear to be similar, a closer look at the inferior
portion of the target, as indicated by the black arrow
near the top of the diaphragm, revealed that the
cumulative dose distribution was tighter than the
directly calculated dose distribution. This was pri-
marily due to the dominate motion effect in the

The dosimetric consequence of intrafractional
breathing motion when using IMRT for lung
cancer treatment can be demonstrated in Figure 6. In
Figure 6, we show a case study that used a free-
breathing CT image to design a treatment plan with
an inadequate 8-mm margin to cover the CTV (shown
in yellow). The dose distribution for each breathing
phase was calculated using the 4D-CT data set. Due to
the extensive excursion of tumor in this case (move-
ment in excess 2.5cm), the actual dose distribution
did not cover the entire target volume in some of the
breathing phases due to respiratory motion which
was not detected by the single free-breathing CT. To
illustrate the dosimetric impact of organ motion, we
performed deformable image registration to calculate
the cumulative dose distribution from the 10 individ-
ual phases. The cumulative dose was mapped to a
free-breathing fast CT scan, which is very close to the
end of exhale phase of the 4D-CT data set (T50). The
resultant composite (cumulative) dose distribution
summed from the entire breathing cycle is illustrated
in the bottom row of Figure 6. This row shows the
dose deficiency in the composite plan for the CTV
target (as shown by the red arrows) if respiratory
motion was not adequately compensated in the
treatment planning process. For this case, we also
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Figure 5 (See color insert.) Dose calculations to each phase of 4D-CT images. TO phase represents the end of inspiration and T50
phase represents the end of expiration, which was used as a reference phase for calculating the cumulative dose distribution of all 10
phases using the deformable image mapping method. The prescribed dose isodose lines is shown in yellow. The maroon (inner)
colorwash represents the GTV, the khaki (Middle) colorwash represents the CTV, and the aquamarine (large) colorwash represents the
PTV. The final cumulative dose distribution is shown in the bottom row. Abbreviations: TO and T50, 0% and 50% phases of the breathing
cycle, respectively; GTV, gross tumor volume; CTV, clinical tumor volume; PTV, planning tumor volume.
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Coronal Plane

Figure 6 (See color insert.) Comparison of a treatment plan as perceived on a free-breathing CT (top row) and as realized after
accounting for breathing motion in all 10 phases (bottom row). The latter was obtained by summing dose distributions computed on
individual phases of the 4D CT image, and mapped to a reference CT image (T50) using the deformable image registration method.

calculated the cumulative dose distribution when
using the ITV, determined from the full-range of
motion for the target in all 10 phases of the 4D-CT, for
treatment planning. The use of ITV-based “4D plan-
ning” did not underdose the target (but treated a large
volume). This example illustrates the importance of
quantifying patient-specific organ motion so that
adequate treatment margins can be used for treatment
planning.

Mapping Doses During Treatment Course
As we described previously, tumor volumes and
normal anatomy in lung cancer treatment can vary
significantly during the course of treatment due to
radiation therapy and aggressive chemotherapy. It
becomes necessary to evaluate the original dose plan
which is designed based on a single CT or a set of 4D-CT
images prior the start of treatment. Repeat CT or 4D-CT
imaging allows for designing adaptive radiotherapy
strategies by replanning or taking into account the
cumulative dose distributions delivered to the patient.
Mapping repeat 4D dose is similar to the method
of calculating the cumulative dose distribution during
a respiratory cycle using the deformable image
registration method, with one additional step to map
the cumulative dose to another data set. The process
involves three steps: (1) calculate the cumulative dose
distributions to a reference phase CT for the 4D-CT
images acquired at different times (this is the same
step as described in the “Mapping Doses During
Treatment Course” section); (2) perform deformable

image registration between the two reference phase
CT images acquired at different times; (3) mapping
the cumulative dose distribution from the later
reference phase CT to the original planning CT.

To give an example, Figure 7 illustrates one
patient case which we have acquired repeat 4D-CT
images during the treatment course. The original 4D
proton dose plan is shown in Figure 7(A). The same
treatment plan was calculated onto the week 4 repeat
4D-CT images using a bony alignment technique to
position the isocenter of the original proton treatment
plan. Bony registration was used to simulate a daily
image-guided treatment using orthogonal x-ray imag-
ing to align the bony structures for each treatment.
Then the same treatment plan was recalculated for
each phase of the 4D-CT acquired on Week 4.
Cumulative 4D dose was calculated and displayed
in Figure 7(B) using the method described in the
previous section. It can be seen that significant tumor
shrinkage occurred in this case, although the cumu-
lative dose distribution did not appear to change too
much from the original treatment plan. However, after
mapping the week 4 cumulative dose distributions to
the original treatment planning CT, as shown in
Figure 7(C), the actual dose distribution for Week 4
was shown quite differently from the original plan.
The dose distribution was bulging out in the inferior
portion of the treatment volume. This was due to the
fact that tumor shrinkage dragged a significant lung
tissue into the high dose region, as seen in Figure 7(B).
After mapping dose back to the original plan, we can
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(See color insert.) Comparing the 4D dose distributions at treatment simulation (A) and at the week 4 of the radiotherapy. The

original 4D (cumulative) dose distribution was calculated for the end of expiration phase (T50) in (A). The same treatment plan was
calculated for the anatomy defined by the week 4 repeat 4D-CT (B). The cumulative 4D dose is shown in (B) for week 4. A dose
mapping was done using the deformable image registration method, which maps the 4D cumulative dose distribution in (B) back to the
original 4D plan (C). It can be seen that the dose distributions are different between (A) and (C) primarily due to tumor shrinkage, which
dragged normal lung tissue into the high dose region. All plans shown are 4D cumulative dose distributions, which already included the

breathing motion during a respiratory cycle.

see that the original plan was not reproduced
truthfully due to anatomy changes during the course
of the treatment.

The example in Figure 7 illustrates the impor-
tance to evaluate treatment plans during the course of
therapy if significant anatomy changes are observed.
To further illustrate the dosimetric impact of anatomy
variations, we calculated the dose—volume histograms
for the dose distributions in Figure 7(A) and (C).
Figure 8 illustrated the CTV coverage and doses to the
ipsilateral lung, spinal cord, and body dose. The solid
line represents the original plan and the dashed line

represents the week 4 dose distribution to the same
structures in the original treatment plan. It can be seen
that the target coverage becomes worse, although
most of tumor volume was still treated to high dose of
66 Gy (prescription dose line). In contrast, normal
tissue doses were all increased. In particular, the
ipsilateral lung dose at 20Gy was increased from
30% to 35%, which might be significant. The patient
may benefit by replanning using the week 4 repeat
4D-CT images so that the new treatment plan will
better match with the anatomy for the rest of the
treatment.
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Figure 8 A dose—volume histogram comparison between the
4D dose distribution of the original treatment plan (Fig. 7A) and
the actual dose plan delivered to the week 4 repeat 4D CT
images after mapping doses back to the original CT (Fig. 7C).
The CTV coverage was slightly worse and all normal structures
received higher doses. Abbreviations: 4D, four-dimensional; CT,
computed tomography; CTV, clinical target volume.

SUMMARY

We expect that deformable image registration techni-
ques will rapidly become more mature and practical.
Deformable registration and automated delineation of
targets and normal structures, which only a few short
years ago was just a fantasy, appear to be well within
reach. Deformable image registration is the key
technology for image-guided adaptive radiotherapy.
Deformable image registration would also make auto-
segmentation easier, which should lead to a great
improvement in efficiency and consistency of delin-
eation of anatomic structures for adaptive re-planning.
We expect that image-guided adaptive radiotherapy
will provide further benefits for lung cancer radio-
therapy due to the significant anatomy variations and
tumor volume changes during the course of chemo-
radiation treatment.
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dosimetric studies, 147
grade 3 acute esophagitis, 148
predictive factors, 147
Extensive-stage small cell lung cancer (ESCLC), 42

FDG-PET. See Fluorodeoxyglucose positron emission
tomography (FDG-PET)
Fiducials, 87
Fluorodeoxyglucose positron emission tomography (FDG-
PET), 2
Fluoroscopic tumor tracking systems, 65-66
4D-CT imaging, 64
axial scan, 73
coronal scan, 73
sagittal scan, 73
SBRT planning, 93-94
Fractionation
small cell lung cancer, 49
stage III NSCLC, 7
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Gemcitabine, 10

Greek lung cancer cooperative group, 44

Gross tumor volume (GTV), 22, 28
stereotactic body radiation therapy, 94

GTV. See Gross tumor volume (GTV)

IB. See Image binning (IB)
ICRU. See International commission on radiation units
(ICRU)
IGI. See Image-guided interventions (IGI)
IGRT. See Image-guided radiation therapy (IGRT)
IGTV. See Internal gross target volume (IGTV)
Image binning (IB), 85
Image guidance, 63-77. See also IGI; IGRT; Image-guided
proton radiotherapy; Image-guided radiotherapy
interfractional and intrafractional variations, 63-77
consequences, 72-75
in mobility, size, and shape, 68
technology and methodology, 64-67
4D-CT imaging, 64-65
image-guidance infrastructure, 67
real-time tracking, 65-67
time trends
in GTV volumes, 71-72
in tumor mobility, 68-70
Image registration, 161-162
classification, 161-162
definition, 161
Image-guided interventions (IGI), 75-76
strategies, 75
motion-integrated custom ITV determination, 75
real-time monitoring and tracking, 75-76
strategies appropriateness, 76
target localization, 75
treatment plan modification, 76
Image-guided proton radiotherapy, 127-135
clinical studies and patient outcome, 135
dynamic spot scanning, 131-132
4D-CT based tumor motion, 133-134
image-guided proton delivery, 132-133
proton beams, 128-131
physical characteristics of, 128
treatment delivery, 128-129
treatment planning, 129-131
vs X-rays, 128
relative biologic effectiveness, 132
virtual clinical trial, 134
vs proton therapy and 3D-CRT, 134
Image-guided radiation therapy (IGRT), 1, 63
clinical implementation, 67-68
Image-guided radiotherapy, 19-33
elective nodal irradiation, 20
intensity-modulated radiation therapy, 29
guidelines, 30-32
patient selection and immobilization, 30-31
plan evaluation, 32
quality assurance, 32
target volume and tumor motion, 31
tissue heterogeneity, 32
locally advanced stage IIIA or IIIB NSCLC, 27

[Image-guided radiotherapy
locally advanced stage IIIA or IIIB NSCLC]
induction chemotherapy, 27
postoperative radiotherapy, 28-29
indications, 28
technique, 29
specific guidelines and techniques, 27-28
recommendations, 27-28
target volume delineation, 28-29
normal tissue, toxicity of, 32-33
dose volume constraints, 32-33
esophageal toxicity, 32-33
lung toxicity, 32
stage I or II NSCLC, guidelines and techniques for, 26
definitive radiotherapy, 26
recommendations, 26
strategy and design, 26
stereotactic body radiation therapy, 26
target volume delineation, 20-23
clinical target volume, 22
gross tumor volume, 22
planning target volume, 22-23
3D and 4D radiotherapy, 19-20
tumor motion, 23-25
breath-hold spiral CT, 24
respiratory gating, 24
slow CT simulation, 24-25
IMPT. See Intensity-modulated proton therapy (IMPT)
IMRT. See Intensity-modulated radiation therapy
(IMRT)
Intensity-modulated proton therapy (IMPT)
and dynamic spot scanning, 131-132
Intensity-modulated radiation therapy (IMRT), 27, 67,
103-122
physics aspects, 103-122
clinical implementation, 104-107
patient selection, 104-107
dosimetry verification, 113-115
function imaging use, 119-122
respiratory motion, 116-119
treatment planning, 109
beam angle optimization, 111-113
inverse planning, 109-111
organ delineation, 109
treatment simulation, 107-108
4D simulation, 107-108
patient setup, 107
PET/CT simulation, 108
simulation, 107
vs 3D-CRT, 105
and TRP, 144-146
Internal gross target volume (IGTV)
stereotactic body radiation therapy, 94-95
Internal target volume (ITV), 23
breath-hold spiral CT, 24
positional variation, 70-71
stereotactic body radiation therapy, 95
International commission on radiation units ICRU), 22
Isodose distribution
of coronal image, 30
IMRT, 31-32, 106, 113-114



[Isodose distribution]
MIP IGTV compensator design, 130
proton treatment plan, 134
of sagital image, 30
of transverse images, 30
ITV. See Internal target volume (ITV)

Limited small cell lung cancer (LSCLC), 42
LSCLC. See Limited small cell lung cancer (LSCLC)

Mean lung dose (MLD), 32, 142-143
Mediastinal metastases, 2
Mediastinoscopy, 2

MLC. See Multileaf collimators (MLC)
MLD. See Mean lung dose (MLD)
Monte Carlo system, 114-115
Multileaf collimators (MLC), 114-115

Nodal I irradiation, elective, 149-150
Non-small cell lung cancer (NSCLC), 1-12
adjuvant therapy, 6
postoperative radiotherapy, 6
adjuvant chemotherapy, 6
clinical presentation and spread patterns, 1-2
combined modality management, 3-5
definitive radiotherapy, 6-11
stage I/1I NSCLC, 6-7
stage III, 7-11
conventional dose and fractionation, 7
definitive chemoradiotherapy, 8-10
definitive radiotherapy, 7
molecular markers, 11
molecular targeting, 11
radiation dose escalation and acceleration, 7-8
diagnostic and staging workup, 2-3
radiologic image modality, 2-3
CT and PET/CT, 2-3
pathologic classification, 3
prognostic factors, 3
staging, 3
image-guided radiotherapy. See separate entry
image-guided screening, 2
surgical resection, 5-6
stages [ and II, 5
stage III, 5-6
WHO classification, 5
Normal tissue complication probability (NTCP), 142
NSCLC. See Non-small cell lung cancer (NSCLC)
NTCP. See Normal tissue complication probability (NTCP)
Paclitaxel, etoposide, and carboplatin (TEC), 43

Paraneoplastic syndromes, 40

PB. See Projection binning (PB)

PCI. See Prophylactic cranial irradiation (PCI)
PET. See Positron emission tomography (PET)
Pinnacle planning system, 114-115

Planning target volume (PTV), 22, 28
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[Planning target volume (PTV)]
stereotactic body radiation therapy, 95
Pneumonitis, 103
PORT. See Postoperative radiotherapy (PORT)
Positron emission tomography (PET), 2-3
nodal treatment planning, 150
Postoperative radiotherapy (PORT), 28-29
indications, 28
technique, 29
Pristine Bragg peak, 128
Projection binning (PB), 85
Prophylactic cranial irradiation (PCI), 3941, 53-55
PTV. See Planning target volume (PTV)
Pulmonary toxicity, 141-146
after radiochemotherapy, 141
TRP. See separate entry

QALE. See Quality-adjusted life expectancy (QALE)
Quality-adjusted life expectancy (QALE), 55

Radiation pneumonitis, 141
Radiation therapy oncology group (RTOG), 19-20, 52
Radiochemotherapy
treatment-related pulmonary toxicity, 141-146. See also
Pulmonary toxicity
Radiotherapy, 1, 6. See also Chemotherapy; 3D
Radiochemotherapy; Respiratory-gated radiation
therapy
definitive radiotherapy, 6-11
stage I/II NSCLC, 6-7
stage III NSCLC, 7-11
geographic miss, 1
inadequate radiation dose, 1
postoperative, 6
3D AND 4D radiotherapy, 19
tumor motion, 1
RBE. See Relative biologic effectiveness (RBE)
Real-time position management (RPM), 64
Real-time tracking of tumors, 65-67
ceiling-mounted system, 65
fluoroscopic tumor tracking systems, 65-66
Region of interest (ROI), 163
Relative biologic effectiveness (RBE), 130
Respiratory gating, 24
Respiratory monitors, 86-87
Respiratory-gated radiation therapy, 83-90
delivering of, 86-87
need for, 84
planning for, 84-86
quality improvement of, 88-89
treatment improving potentials, 87-88
types of, 83
ROL See Region of interest (ROI)
RPM. See Real-time position management (RPM)
RTOG. See Radiation therapy oncology group (RTOG)

SBRT. See Stereotactic body radiation therapy (SBRT)
Small cell lung cancer, 39-56
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[Small cell lung cancer]
vs adenocarcinomas , 39
identifying, markers for, 40
pathology, 3940
prognostic factors, 40
prophylactic cranial irradiation, 53-55
radiotherapy guidelines in, 39-56
chemotherapy, 42
investigational chemotherapy, 42
standard chemotherapy, 42
combined modality therapy, 4448
chemoradiation package, 46—47
chemoradiotherapy duration, 4748
concurrent radiotherapy vs sequential radiotherapy, 50
fractionation, 49-50
thoracic radiotherapy
and concurrent chemotherapy, 50
sequencing and timing, 45-46
target volume, 48—49
thoracic radiation dose, 51-53
stage-based treatment guidelines, 4142
staging, 4041
SOBP. See Spread-out Bragg peak (SOBP)
Spirometer, 86
Spread-out Bragg peak (SOBP), 128
Staging
non-small cell lung cancer, 2—4
small cell lung cancer, 4241
Stereotactic body radiation therapy (SBRT), 26, 93-100
for early-stage non-small cell lung cancer, 93-100
bed considerations, 98-99
clinical outcome, 98
daily CT on board delivery, 96-97
dose-volume constraints, 95-96
4D-CT-based SBRT planning, 93-94
clinical target volume, 95
gross tumor volume, 94
internal gross target volume, 94-95
internal target volume, 95
planning target volume, 95

[Stereotactic body radiation therapy (SBRT)
for early-stage non-small cell lung cancer
4D-CT-based SBRT planning]
target volume delineation, 94-95
indications for, 93
omitting prophylactic lymph node irradiation,
97-98

operable stage I NSCLC, 99-100

Superior sulcus cancer, 30

Target radiotherapy (TRT), 48
volume, 48
TEC. See Paclitaxel, etoposide, and carboplatin (TEC)
3D Radiochemotherapy, 142-144
elective nodal I irradiation, 149-150
lung cancer survival after, 148-149
3D-CRT clinical study, 149
tumor response, 148
3D-CRT. See Three dimensional conformal radiation therapy
(3D-CRT)
Three dimensional conformal radiation therapy (3D-CRT),
145
Thoracic radiotherapy, 6, 4546
and concurrent chemotherapy, 50
sequencing and timing, 45-46
target volume, 4849
thoracic radiation dose, 51-53
TNM. See Tumor, node, metastasis (TNM)
Treatment-related pneumonitis (TRP), 141
grade >3 TRP, 143-144
intensity modulated radiochemotherapy, 144-146
symptoms, 142
3D radiochemotherapy, 142-144
treatment, 142
TRP. See Treatment-related pneumonitis (TRP)
TRT. See Target radiotherapy (TRT)
Tumor, node, metastasis (TNM), 3
descriptors, 3
stage grouping, 4
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Figure 2.3 PET-CT guided target volume delineation. Please refer to full legend on page 23.

Figure 2.4 Breath evaluation and
tumor-motion consideration using
4D-CT. Please refer to full legend on
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Figure 2.5 Onboard image-guided IMRT for superior sulcus cancer treated with concurrent chemotherapy; 69.6 Gy was prescribed and
delivered as 1.2 Gy/fraction twice a day. Please refer to full legend on page 30.



Figure 2.6 Image-guided therapeutic efficacy evaluation for stage 11l NSCLC treated with IMRT. Please refer to full legend on page 31.
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Figure 3.13 Analysis of autopsy series by Nugent et al.
Please refer to full legend on page 54.
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Figure 4.6 A-C Three-dimensional paths of GTV centroid motion. Please refer to full legend on page 71.

Figure 4.9 4D-CT scans
showing the intrafractional
effects of tumor motion on
the dose distributed by IMRT.
Please refer to full legend on
page 74.
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Figure 4.10 4D-CT scans showing a compar-

Cumulative Dose Distribution After Deformable Registration ison of dose distributions of an IMRT plan for a
- atient with NSCLC. Please refer to full legend
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Figure 4.11 Serial 4D-CT scan (coronal view)
of a non-small cell primary lung tumor with the
4 reference planning target volume (PTV in cyan)
L geometrically correlated with the internal target
volume (ITV in khaki). Please refer to full legend

Week 4 Week 5 Week 6 on page 76.
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Figure 7.1A Axial view of the dose distribution of the 3D-CRT plan
(left panel) and the IMRT plan (right panel). Please refer to full
legend on page 105.
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(B) Coronal view of the 3D-CRT dose distribution plan (/eft panel) and the IMRT plan (right panel); (C) comparison of the DVHs of

the GTV, PTV, esophagus, and total lung from the 3D-CRT plan (solid lines) and IMRT plan (dashed lines). Please refer to fulllegend on page 105.
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Figure 7.2 Isodose distribution (A) and DVHs (B) of the
IMRT plan of one NSCLC patient who developed severe
pulmonary complication post-radiation therapy. Please
refer to full legend on page 106.

Figure 7.3 Comparison of the isodose dis-
tributions of the IMRT plans using either five
optimized beams (left panel) or nine equi-
spaced beams (right panel). Please refer to
full legend on page 112.
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Figure 7.4 Comparison of the dose distribu-
tions from the Pinnacle calculations (left panel)
to the Monte Carlo calculations (right panel) for
one patient with lung cancer who was treated
with IMRT. Please refer to full legend on
page 114.

Figure 7.7 Comparison of dose distribu-
tions between inspiration phase (A) and
expiration phase (B) for one patient with
lung cancer treated with IMRT. Please refer
to full legend on page 118.



Figure 7.8 An IMRT plan generated using the lung
perfusion images fused with the planning CT
images. Please refer to full legend on page 120.

(A) ©

Figure 8.3 CT-based MIP approach for treatment planning in patients with stage Ill NSCLC. Please refer to full
legend on page 130.

(A) (B)

Figure 8.5 Imagesillustrate adapted proton therapy in a patient with stage Il NSCLC. Please refer to full legend on page 134.
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Figure 10.2 An example of tracking anatomy using a deformable image registration method. Please refer to full legend on page 164.
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Figure 10.3 Tumor volume can also shrink during
the course of radiotherapy. Please refer to full legend
on page 165.
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Figure 10.5 Comparison of 40 dose distributions at
treatment simulation and week 4 of radiotherapy. Please
refer to full legend on page 166.
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Figure 10.6 Comparison of a treatment
plan as perceived on a free-breathing CT
(top row) and as realized after accounting
for breathing motion in all 10 phases
(bottom row). Please refer to full legend
on page 167.

Figure 10.7 Comparison of 40 dose distributions at
treatment simulation and week 4 of radiotherapy. Please
refer to full legend on page 168.
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