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Image-Guided Conformal Radiation Therapy
Planning and Delivery
for Non-Small-Cell Lung Cancer
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Background: Our understanding of both the importance of local control for survival of patients with
unresectable lung cancer and the inadequacy of conventional radiation therapy (RT) to provide this local
control bas undergone marked changes in the past 2 decades.

Metbods: A review was conducted of recent studies and meta-analyses in the literature that have convincingly
demonstrated the value of thoracic irradiation in increasing long-term survival in patients with both small-cell
lung cancer and non-small-cell lung cancer (NSCLC).

Results: Large cooperative trials have shown long-term local control of only approximately 10% for NSCLC
using conventionally planned radiation to doses of 60-64 Gy either as a single modality or when preceded by
induction chemotherapy. Concurrent chemotherapy may modestly improve local control at the cost of greater
acute esophageal toxicity. Simple escalation of radiation dose is limited by the tolerance of normal intrathoracic
organs. Recent developments in anatomic and functional imaging, computerized RT planning, and RT delivery),
as well as a reassessment of the appropriate target volumes for RT in the context of combined modality therapy,
provide the capability to better conform regions of bigh dose to the target volume and test the hypotbesis that
increases in tumor dose will improve local control and survival.

Conclusions: Encouraging pbase Il data bave been reported from single institutions using individually
developed software and bardware. The availability of commercial tools for planning and delivering such
conformal treatment will allow prospective assessment of the true value of these technologies in the management
of patients with lung cancer.
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Introduction

In the United States, lung cancer causes more
deaths than the next three cancer types combined. The
past several decades have seen modest improvement in
treatment outcomes for patients with locally advanced
disease, largely through improved survival resulting
from combining systemic chemotherapy with thoracic
radiation. However, overall survival for patients with
unresectable disease (primarily stage IIIA and IIIB) is
only approximately 10% at 5 years. In addition to the
appropriate emphasis on systemic adjuvant therapy for
patients with apparently localized disease, there is
increasing realization that local control is a prerequisite
for long-term survival and that local control has not
often been attained with conventional radiation thera-
py (RT). Several recent trials and meta-analyses have
convincingly demonstrated the value of thoracic irradi-
ation in increasing long-term survival in patients with
both small-cell lung cancer (SCLC) and non-small-cell
lung cancer (NSCLC).!?

Studies conducted in the 1970s by the Radiation
Therapy Oncology Group (RTOG) compared various
dose schedules and found a modest improvement in 2-
year survival by increasing the dose from 40 Gy in 4
weeks to 60 Gy in 6 weeks, although long-term survival
was not improved.®> The analysis of these trials report-
ed “failure to observe local progression” as a surrogate
for local control. With early death of patients from dis-
tant metastatic disease, often before local failure could
manifest itself, as well as the difficulty in distinguishing
between local persistence or recurrence and fibrosis,
these figures were high, in the range of 50%. This led to
a period of over-optimism about the effectiveness of RT

Table 1. — ICRU Planning Volume Terminology

Acronym  Term Meaning

GTV Gross tumor volume Macroscopic tumor volume as
determined by clinical examna-
tion, surgical exploration, and

imaging studies

CTv Clinical target volume ~ GTV plus additional volume

to account for possible micro-
scopic spread of disease to
regional lymph nodes, adjacent
soft tissues, along fascial
planes, etc, according to the
natural history of the
particularneoplasm

PTV Planning target volume  CTV plus additional volume to
account for variation in day-to-
day setup, physiologic patient
motion of tumor, and other
positional uncertainties

ICRU = International Commission on Radiation Units and
Measurements
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in NSCLC and the erroneous belief that all that was
needed for therapeutic improvement was better sys-
temic therapy.

Considering that the ability of RT to control local
disease is a function of the local tumor bulk, it is not
surprising that a dose of 60 Gy, which is appropriate in
treating true vocal cord tumors measuring several mil-
limeters, is insufficient for controlling a lung tumor
measuring several centimeters and whose volume may
be a thousand-fold greater. The TNM staging system
does not explicitly include tumor volume and is thus
not well suited for classifying tumors treated nonsurgi-
cally. Several recent studies have reported a clear cor-
relation between tumor volume and treatment out-
come (local control and survival) in patients treated
with definitive RT or chemoradiothrapy.*® (Table 1 pre-
sents an explanation of planning volume terminology.)

Reassessment with more appropriate actuarial
assessment of local control (as distinct from crude
absence of local failure) has indicated that long-term
local control has been less than 10% in NSCLC.”® Fur-
thermore, several recent trials for patients with unre-
sectable (predominantly stage IIIA/B) NSCLC have
shown that, despite the predominantly distant pattern of
relapse, more aggressive local treatment that improves
local control can also produce significant and clinically
meaningful improvements in survival. The European
Organization for Research and Treatment of Cancer
(EORTC) compared split-course RT as a single modality
or combined with either daily or weekly cisplatin.” The
use of this concurrent radiosensitizing chemotherapy
had no effect on the rate of development of distant
metastases but significantly improved both local control
and overall survival. Furuse et al'® have reported a ran-
domized trial comparing sequential vs concurrent
chemoradiation for patients with stage III NSCLC. The
concurrent schedule resulted in better local control and
overall survival but no significant difference in systemic
relapse. A phase III RTOG trial similarly showed
improved local control and median survival using con-
current rather than sequential administration or radia-
tion and chemotherapy, although a third arm of the trial
using twice-daily RT with concurrent chemotherapy had
the best local control but not the best survival.!! Saun-
ders et al'? conducted a prospective trial comparing con-
ventionally fractionated RT with a continuous hyper-
fractionated accelerated RT (CHART) schedule that
delivered 57.6 Gy in 30 fractions over 2.5 weeks. The
accelerated regimen produced significantly improved
both local control and overall survival.

While these studies support the concept that
improvement in local control for patients with locally

advanced NSCLC can lead to statistically significant and
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clinically worthwhile improvements in survival, not all
trials have confirmed this. One of the more striking dis-
crepancies between improvement in local control and
survival came in the Lung Cancer Study Group (LCSG)
trial of adjuvant postoperative mediastinal RT for
patients with resected stage II and III squamous cell
carcinoma of the lung. The addition of postoperative
mediastinal irradiation almost eliminated local recur-
rence as a first event from 20% in the control group to
1% in the treated group, but it had no significant effect
on disease-free or overall survival.’® In a disease such
as lung cancer, in which both distant metastases and
intercurrent disease account for a large number of
deaths, the correlation between local control and sur-
vival can be expected to be less strong than in diseases
such as malignant gliomas or cancer of the head and
neck, where local events dominate survival. Our efforts
to improve the treatment of stage III NSCLC should
focus on a search for mutually effective combinations
of local and systemic treatment modalities rather than a
competition between the two.

Escalation of Radiation Dose:
Physical and Biological Effects

The poor local control achieved with doses of 60
to 64 Gy suggests dose escalation as one potentially
useful strategy in treating lung cancer. With conven-
tional approaches to treatment planning limited by the
ability to define target volume and deliver treatment,
the typical treatment plan for patients with stage III
NSCLC involved treatment with opposed anterior and
posterior beams to doses of 40 to 45 Gy followed by
treatment with opposed oblique or lateral beams for an
additional 20 to 25 Gy. Thus the total dose that can be
delivered to the tumor is in the range of 65 Gy.

A simple increase in the dose by giving additional
fractions (and increasing overall treatment time) has
several potential disadvantages. First, there are major
constraints on conventional dose escalation imposed
by the tolerance doses of surrounding normal tissues.
The situation is particularly difficult in that the typical
lung tumor with mediastinal node metastases is in
proximity to both parallel and serial normal tissues.
While there are relatively absolute constraints to dose
to the spinal cord (a serial organ with critical func-
tion), the lung clearly tolerates ablation of portions
with relative impunity but shows marked volume
dependence of toxicity. The esophagus occupies a
more complex position in that acute toxicity (pain,
mucositis) appears volume (length and circumference)
dependent, while late strictures are more closely relat-
ed to dose to any given segment, acting like a parallel
organ for acute and a serial organ for late toxicity.'41°
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Particularly, if the philosophy of electively treating the
full mediastinum for patients with any N2 involvement
is adopted, it rapidly becomes difficult to dose escalate
while protecting normal organs. Secondly, there is
increasing evidence that protraction of treatment time,
either by breaks or by extending a continuous treat-
ment course, is deleterious to local control.'” Increas-
es in the proliferative rate of surviving tumor clono-
gens during a course of fractionated treatment offset
gains potentially achieved from increasing the total
dose. In this setting, more benefit would be obtained
by shortening the overall treatment time. With con-
ventional planning, such acceleration of treatment is
invariably associated with in increase in acute toxici-
ties, particularly mucositis, although late esophageal
and other toxicities are not necessarily increased.!?

In addition to inadequate dose, conventional RT of
NSCLC has frequently failed to adequately cover the
target volume. In a retrospective review of patients
treated on the CALGB 8433 trial, Boxwala and Rosen-
man'® found that tumor was either missed or at the
field edge in approximately one fourth of cases. Even
in the absence of dose escalation, adequate coverage of
gross disease should result in better local control and
survival. Some further improvement in conventionally
planned treatment may also come from a better under-
standing of tumor volume as seen on computed
tomography (CT) scan and the anatomic extent of
microscopic tumor infiltration of surrounding lung tis-
sue. Giraud et al prospectively compared tumor
extension as seen on CT and in resection specimens of
patients with lung tumors. They found that the extent
of microscopic infiltration varied by histology and was
not necessarily encompassed by 1-cm margins around
grossly visible disease.

Three-dimensional conformal RT (3D-CRT) should
be considered a tool, or better as a set of tools, that can
potentially allow us to deliver higher doses of RT to
properly defined target volumes while sparing critical
normal tissues. It is not an end in itself. The achieve-
ment of elegant isodose curves and dose-volume his-
tograms without demonstration of clinical benefit
(improved local control, reduced acute or late normal
tissue toxicity, median or landmark survival) may be
stimulating academic activity but does not necessarily
constitute clinical progress. It is an interesting exercise
to compare the parallels between CRT and high-dose
chemotherapy with cytokine and stem cell support,
both of which were initially introduced with wvast
enthusiasm and minimal data (Table 2). Demonstration
of the overall validity of the physical techniques and
biologic assumptions supporting the development and
current implementation of 3D-CRT awaits the perfor-
mance and mature analysis of randomized clinical trials
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Table 2. — Comparison of High-Dose Chemotherapy and Conformal Radiation Therapy as Clinical Research Strategies

High-Dose Chemotherapy
Driving Hypothesis

Enabling Technologies

Intermediate Endpoints
time to progression

Clinical Benefits

Increase in drug dose, or dose density, leading to increased
cell kill and possibly eradicating residual disease

Harvest and preservation of hematopoietic stem cells;
development of recombinant hematopoietic cytokines;
suppression of graft-vs-host disease in allotransplantation

Response rate, molecular complete response rate,

Clear in some leukemias and lymphomas; not for
metastatic breast cancer; possible as adjuvant for
some patient with multiple positive node breast cancer

Conformal Radiation Therapy

Increase in tumor dose leading to improved local control
and/or maintaining tumor dose; reduction in dose to normal
tissues producing fewer acute and late complications

Three dimensional anatomic and functional imaging;

image fusion; 3D dose calculation; beam’s-eye view display;
dose-volume histogram display; multileaf collimators;
computer-controlled linear accelerator gantry and couch
movement; gating of treatment planning and delivery to
respiratory cycle

Isodose distributions; maximal tumor dose for equivalent
normal tissue complication probability; functional imaging
by '8F-fluorodeoxyglucose or annexin V binding

Probable in prostate and head and neck (improved normal
tissue sparing); dose escalation trials in progress

that can test these, either in combination or one by
one, against the current standards of practice.

Thus, the potential benefit of 3D treatment planning
and delivery is improved coverage of the target volume
with better protection of normal tissues. In a disease
such as lung cancer, in which local control has histori-
cally been poor, the first effort will be to explore higher
doses and/or accelerated fractionation while maintain-
ing an acceptable level of acute and late complications.
In other diseases where local control is satisfactory with
current techniques, the benefits from conformal treat-
ment may come more from a reduction in toxicity.

The current approach to 3D-CRT in NSCLC
includes at least three distinct domains, each theoreti-
cally separate but often interdependent in their clinical
application. These three domains include target delin-
eation, choice of biologically relevant target, and dose-
escalation.

Treatment Planning

The process of treatment planning begins with the
choice of anatomic position the patient will assume
during treatment. The appropriate choice is one that
minimizes placement of normal tissues in the possible
radiation beams, is reasonable comfortable for the
patient, and is accurately reproducible on a day-to-day
basis. Particularly for treatment using multiple radia-
tion beams and requiring precise positioning, the use of
a variety of immobilization devices is common. For
lung, external plastic casts or vacuum-locked bags of
Styrofoam beads are widely used. There is little unifor-
mity, however, with regard to immobilization tech-
niques, and relatively little research has been done to
document their value.?'?
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After the patient has been positioned and immobi-
lized, radiographic studies — almost always CT scans —
are obtained with the patient in the treatment position.
For lung tumors, scans are typically obtained every 4 or
5 mm through the target volume and every 8 to 10 mm
throughout the remainder of the thorax. The adminis-
tration of intravenous contrast during the planning CT
is helpful in distinguishing mediastinal nodes from ves-
sels, although it will perturb electron density measure-
ments used in tissue inhomogeneity calculations. In
addition to the anatomic information from CT, there is
burgeoning interest in functional data from studies
such as magnetic resonance imaging (MRD), positron
emission tomographic (PET) scanning, or radiolabeled
antibody imaging and technologies to fuse images
obtained from multiple modalities.?”

Following the acquisition of this anatomic dataset,
the physician, dosimetrist, or physicist must outline on
each CT image the boundaries of tumor and normal
organ volumes. While this process has been partially
automated in distinguishing boundaries between struc-
tures with greatly differing CT Hounsfield numbers, it is
largely limited to normal tissue contouring. The deter-
mination of the target volume still requires detailed
clinical input and is highly labor intensive.

Choice of Target Volume

The choice of target volume has been a con-
tentious issue in lung cancer RT. The predominant
philosophy in the 1970s and 1980s was to treat large
volumes that encompassed both known primary and
nodal disease as well as one or more additional nodal
echelons. Such elective nodal irradiation (ENI) was
thought to be important in controlling tumors that
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grew in a stepwise Halstedian manner, spreading first
to regional lymph nodes and only then to distant sites.
Treatment protocols by the RTOG during that time
routinely included the supraclavicular nodes and con-
tralateral hilar nodes for patients with N2 NSCLC. In
the early 1980s, a move to reduce the electively irra-
diated volume began, with elimination of supraclavic-
ular nodal irradiation in a number of clinical trials in
both NSCLC and SCLC. Failure in un-irradiated nodes
was infrequent — only approximately 5% in these tri-
als — and elective supraclavicular nodal has been
abandoned in recent trials of the North American
Cooperative Groups.

The recognition that locoregional failure predomi-
nantly in areas of known macroscopic disease has pro-
vided further impetus to the move to reduce target vol-
umes in order to facilitate dose escalation. The current
philosophy of a number of groups that have been
instrumental in implementing 3D-CRT for lung cancer
can be summarized as follows:

¢ Include all areas of known disease as visualized
on imaging studies or ascertained by surgical staging
procedures. While this may seem straightforward, dis-
tinguishing on planning CT scans between tumor and
atelectatic lung is not an easy task, and one where there
is much consistency among radiation oncologists.

e Treat all areas of known disease to the same
dose. While in theory bulkier disease might require
higher doses for control, we have not defined doses
routinely capable of controlling more moderate but
macroscopic (eg, 2 cm) NSCLC. When local nodal dis-
ease is routinely controlled, escalation of dose to only
the primary tumor would be reasonable (assuming that
the primary is larger than the nodal mass, which is not
always the case, especially with small peripheral ade-
nocarcinomas and extensive mediastinal adenopathy).

¢ Do not intentionally irradiate other nodal sites,
either next echelon nodes or lymphatic pathways con-
necting the primary tumor with sites of known nodal
involvement. In practice, many of these “elective” nodal
stations will receive a substantial dose, even when not
explicitly included in the target volume.?® This exclu-
sion is justified by the argument that the inclusion of
systemic chemotherapy should be adequate to control
microscopic nodal as well as systemic disease. If not,
the patient is likely to die of systemic metastases and
would not have benefited clinically from controlling
microscopic nodal disease with irradiation.

While this is a reasonable and internally consistent
set of arguments, the true optimal target volume for

patients with known involvement of mediastinal nodes
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remains unknown and has not been well studied in
prospective trials. Two issues are involved. The first
pertains to adjuvant irradiation of nodes in stations not
demonstrably involved. Such prophylactic irradiation
of the full mediastinum (and in many trials the con-
tralateral hilum and supraclavicular fossae) has been
the norm for most of the last decades, at least in North
American practice and clinical trials. It is increasingly
recognized, however, that the use of such large target
volumes greatly limits the ability to dose escalate.

Schraube et al® reported a series of 20 patients
with locally advanced NSCLC who were planned using
both 2D and 3D technology. Target volumes included
both known primary and nodal disease as well as elec-
tively treated mediastinal nodes. While 3D planning
provided better coverage of the target volume, the dose
to normal lung and the normal tissue complication
probability were not reduced. The authors were doubt-
ful that significant dose escalation would be possible, at
least if large volumes were to be treated.

McGibney et al**3! investigated the role of 3D plan-
ning in considering patients who were being treated
with the accelerated CHART regimen. They studied 18
patients with stages Ib through IIIB NSCLC (15 of 18
had stage III) and generated plans according to three
different approaches: conventional 2D with inclusion
of ENI (as had been used in the original CHART regi-
men), and both 2D and 3D plans without ENI. They
found that coverage of the planning target volume was
suboptimal with either of the 2D approaches and
improved only with 3D planning without ENI. The pro-
portion of the planning target volume receiving >95%
of the prescribed dose was 87.38% for conventional 2D
and 88.5% for 2D without ENI compared with 100% for
3D without ENI. The use of 3D planning significantly
reduced doses to the spinal cord, heart, and esophagus
but did not improve lung sparing. This would suggest
that acute tolerance (where esophagitis is often the
limiting toxicity, both for accelerated RT schedules and
for concurrent chemoradiation) might be more favor-
ably affected than long-term ability to dose escalate if
this is limited by pulmonary toxicity.

The true incidence of microscopic involvement of
normal-sized nodes has been evaluated in several recent
studies. In general, CT staging using a size cutoff of 1 cm
for the short axis of lymph nodes is reported to have
approximately a 25% false-negative rate. While involved
nodes are, as a group, larger than uninvolved nodes,
there is substantial overlap between the groups as well
as substantial false-positive and false-negative rates using
CT scanning for nodal staging.’> In a series of 348
patients with clinical NO NSCLC undergoing surgical
resection, Sawyer et al*® were able to define four dis-
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Table 3. — Likelihood of Regional Lymph Node or
Local Recurrence Involvement in Resected Clinical NO NSCLC

Risk Group Characteristics N1/N2 or
Local Recurrence

Low Bronchoscopy (-) 15.6%
grade 1/2

Low/Intermediate Bronchoscopy (-) 35.2%
grade 3/4

High/Intermediate Bronchoscopy (+) 41.7%
CT size <3 cm

High Bronchoscopy (+) 68.2%
CT size >3 cm

From Sawyer et al.2% Reprinted with permission from Elsevier.

crete risk groups for occult nodal involvement based on
histologic grade, tumor location, and tumor size. For the
lowest risk group (well-differentiated peripheral
tumors), the risk was 15.6%, and it rose to as high as
68.2% for patients with central tumors more than 3 cm
in size (Table 3). Several groups have reported that even
for small peripheral tumors, only those below 1 cm in
size may be reliably considered to be without nodal
metastases (Table 4).3334

The practical question, however, is not so much
how often nodes are involved but rather how often
are they the sole cause of clinical failure. Several ret-
rospective series have reported a low (<5%) incidence
of isolated nodal failure in patients with clinical stage
I and II NSCLC who were treated with radiation to the
primary tumor volume only.?>3¢ Local failure and dis-
tant metastatic disease dominate patterns of failure.
Until such time as these are no longer problems, any
incremental gains in survival achieved by elective irra-
diation of microscopically involved regional nodes,
either in medically inoperable early-stage or stage III
disease, are likely to be minimal. Furthermore, to the
extent that chemotherapy is able to eradicate small
volumes of systemic disease, as evidenced by the
improved long-term as well as median survivals in sev-
eral trials of RT alone or preceded by induction
chemotherapy, it may also be able to sterilize occult
nodal disease. These trials that indicated a reduction
of distant failure gave chemotherapy in full dose and

Table 4. — Histologic Involvement of Regional Nodes in
Peripheral Clinical T1-NO NSCLC

Author Tumor Diameter (cm) NO N1 N2 Total
Konaka3? (1999) <1.0 19 (100%) 0 0 19
>1.0to <1.5 43 (86%) 4 3 50
>1.51t0<2.0 80 (78%) 6 16 102
Millers* (2002) <1.0 93 (93%) 5 2 100
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an intermittent schedule.’”*® Trials using daily or
weekly low-dose chemotherapy, while also showing
survival gain, appear to have achieved this more from
enhanced local control than effective suppression of
extrathoracic disease.® The details of combining radi-
ation and chemotherapy may become increasingly
important as we attempt to reduce radiation target
volumes and increase dose and schedules that com-
bine the local radiosensitizing effects as well as the
systemic adjuvant effects of chemotherapy may prove
to be most effective.

Treatment Delivery: Multiple Sessions
and Moving Targets

The initial concerns in developing reproducible
treatment setups in 3D-CRT planning and delivery
have concentrated on assuring reproducibility of
patient positioning and anatomic setup in relatively
static organs such as the prostate. Issues of intrinsic
positional uncertainty, variation in positioning for
imaging, treatment planning, and treatment delivery
are common to all 3D-CRT approaches for all disease
sites. The treatment of lung cancer adds the issues of
physiologic motion of the target volume with the car-
diac and respiratory cycles. These issues are not
resolved, and a number of strategies are being pro-
posed to deal with them. One set of approaches
entails treating the patient at a fixed phase of the res-
piratory cycle, either by voluntary breath holding at
deep inspiration®>“® or by the use of mechanical ven-
tilation to limit the degree of inspiration when the
treatment beam is turned on.#' A second approach
allows the patient to breathe freely but gates the treat-
ment beam on and off to allow treatment only in a lim-
ited portion of the respiratory cycle. This is generally
determined by external markers of respiration such as
airflow of position of markers located on the external
chest surface. Such free-breathing approaches may be
more acceptable than breath-holding methods to
patients who are already dyspneic or anxious.

Both of these approaches attempt to limit the effect
of organ motion by limiting the amount of motion dur-
ing the time of treatment. Alternatively, one may allow
free motion of the tumor but track it accurately in real
time with imaging devices mounted on the treatment
accelerator and dynamically adjust the position of the
treatment beam relative to the patient to follow the
tumor motion. In some systems, this requires placement
of radio-opaque fiducial markers within the tumor to
allow accurate tracking. Several prototype devices for
such treatment have been developed and their use
described in treatment of medically inoperable patients
with small peripheral lung tumors.#%
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Tissue inhomogeneities have often been ignored in
lung cancer treatment planning. None of the North
American Cooperative Groups require or allow the rou-
tine use of corrections for inhomogeneity in lung can-
cer treatment planning. Yet “normal” lung tissue has a
density of approximately 0.33, and the often emphyse-
matous lungs of lung cancer patients are often signifi-
cantly less dense. Neglecting this fact in routing calcu-
lations results in central axis depth-doses that are mea-
surably higher than those calculated when homogene-
ity is not taken into account. An additional factor that
will be of increasing significance with the use of small-

er fields or small beamlets as used in multileaf-collima-

tor-based intensity-modulated RT (IMRT) is the effect
of reduced electron density on side scatter and dose
equilibrium at the interface between low-density lung
and tumor. Several studies using Monte Carlo calcula-
tions have documented that there is a potential for sig-
nificant underdosing and that this is exacerbated by the
use of high-energy photon beams (eg, 10 MV and high-
er), which have been the standard for lung cancer treat-
ment in many institutions.*7 Attention to such details
of dosimetry will be essential to the proper evaluation
of new treatment techniques.

Clinical Experience

Several centers have published results of early
therapeutic trials of 3D-CRT for patients with NSCLC

(Table 5).4853 As these generally represent results from
a period during which therapeutic techniques were in
evolution, radiation doses often spanned a wide range
as clinicians became more comfortable with dose esca-
lation strategies. They also contain variable mixtures
of patients with early-stage but medically inoperable
disease (stage I or II) and those with bulky stage IIIA or
IIIB disease. Thus all of these series should be viewed
as works in progress rather than as definitive assess-
ments of the clinical value of 3D-CRT.

Investigators at the University of Michigan>45°
reported a dose escalation trial in which the dose for a
particular patient was determined in part by the calcu-
lated normal tissue complication probability, based on
lung volume without accounting for regional variations
in lung function. Target volumes included only gross
disease plus margin without ENI. For patients in the
low-risk group, doses have been escalated to 84 Gy
without excessive pulmonary or other toxicity. Failure
in un-irradiated adjacent nodes has not been observed.

Armstrong and colleagues®” at the Memorial Sloan-
Kettering Cancer Center are conducting a dose escala-
tion trial, also using conventional fractionation. Pre-
liminary reports are encouraging for survival despite
adverse patient clinical characteristics. In order to
continue dose escalation, they have found it necessary
to eliminate ENI and target only known primary and
nodal disease.

Table 5. — Selected Large Trials of Conformal Radiation Therapy for NSCLC

Author No. of Stage Dose Median
Patients (No.) (Median) Survival
(mos)
Rosenman“ (2002) 62 I11A (28) 60-74 Gy 24.0
I11B (34) (74 Gy)
Armstrong*® (1997) 28 1711 (4) 52.2-72 Gy 15.7
1A (12) (70.2 Gy)
I11B (12)
Robertson®? (1997) 48 1711 (20) 63-84 Gy 6.0
A (17)
1B (11)
Sibleys' (1995) 37 1A (18) 60-70 Gy 19.5
1B (19) (66 Gy)
Graham?®2 (1995) 70 | (15) 60-74 Gy 16.5
I (7) (69 Gy)
I11A (36)
1B (12)
Hazuka%® (1993) 88 /11 (19) 60-74 Gy 24.0
1A (44)
I1IB (25)

NR = not reported

Reprinted from Cancer/Radiothérapie 1999(3) “Principales études de radiothérapie de conformation du cancer bronchique non a petites cellules”

© 2000, with permission from Editions scientifiques et médicales Elsevier.

2-Yr Local Comments
Survival Control at

(o/o) 2Yrs (o/u)

50 NR Phase I-II trial with 32 patients treated
to 74 Gy; treated elective nodal sites

32 NR Phase | dose escalation trial
Phase | dose escalation trial

37 23 Phase | dose escalation trial

88 NR Phase | dose escalation trial;
treated elective nodal sites

37 49 Phase | trial; no elective
nodal radiation
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At Washington University, Graham and colleagues®®
performed several trials of 3D-CRT with dose escalation
to 74 Gy. Their initial approach was to begin with fair-
ly traditional treatment planning approaches using the
tools of 3D-RTP for evaluation of tumor coverage and
normal tissue dose-volume histograms. Unlike some
other groups, they have tended to avoid noncoplanar
beam arrangements, believing that these add little and
result in limited lung sparing.

Investigators at the University of Pittsburgh have
advocated a technique that relies heavily on beams that
are unopposed and may be noncoplanar in order to
limit lung dose.>® Their approach relies heavily on the
use of coplanar but non-opposing beams that treat
large amounts of lung to low dose (from one beam
only) but limit the volume of beam overlap to the
immediate vicinity of the tumor. Preliminary data on 31
patients indicates acceptable acute toxicity, although
target doses were not escalated above 65 Gy.»
Derycke et al®®¢' developed a somewhat similar
approach using multiple parasagittal beams with inten-
sity modulation that gives good sparing of both lung
and spinal cord and that may be amenable to develop-
ment of class solutions, somewhat simplifying the treat-
ment planning process.

Sibley et al’! reported their experience with treat-
ment of patients with stage III NSCLC using 3D-CRT to
total doses of 66 Gy. With a median survival of 19.5
months and a 2-year survival rate of 37%, their results
with RT as a single modality compare favorably or sur-
pass those reported with combined-modality approach-
es. Caution should be taken in comparing single insti-
tution experience with cooperative group experiences.
They also found that despite this favorable survival ben-
efit, local control was poor, with only 23% of patients
free of local progression at 2 years.

Issues for Consideration and
Future Development

Most current data on lung tolerance are based on
patients with either Hodgkin’s disease or cancer of the
lung. These two groups differ substantially in median
age, smoking history, and probable survival, and data
from the two groups may not be entirely comparable.
The techniques of RT used on the patients from whom
these data have been derived were typically classic
opposed fields, either anterior/posterior or obliques.
The typical beam arrangement in conformal planning
for stage III NSCLC or limited SCLC produces dose dis-
tributions that are much more conformal for the high-
dose volume but may treat larger volumes of lung tissue
to lower doses that are usually satisfactorily tolerated
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(eg,>20 Gy). How well such large-volume, modest-dose
irradiation will be tolerated in the context of sequential
or concurrent chemotherapy is not well characterized
and will be a challenge for current and future clinical
trials. Particularly with drugs that are radiation sensi-
tizers (eg, gemcitabine), caution is needed before
assuming that full-dose chemotherapy and full-dose
radiation can be safely combined.®

The esophagus may well emerge as a dose-limiting
organ in chest RT. Because of its proximity to medi-
astinal lymph nodes, it is frequently difficult if not
impossible to establish a significant dose differential
between nodal metastases and adjacent esophagus.
Elimination of ENI will reduce the length of esophagus
irradiated but not necessarily the maximum dose. Both
of these factors have been correlated with toxicity.!%!5
The use of concurrent chemotherapy (and possibly
anterior chemotherapy as well) worsens acute
esophagitis with as yet not well characterized effects
on late tolerance.

An alternative approach to CRT with photon
beams involves the use of other radiation beams with
intrinsic physical advantages in dose distribution. This
approach has been most studied for proton beams. The
relative lack of side scatter and controllable depth of
penetration in tissue with most energy being deposited
in the region of the Bragg peak theoretically allow sub-
stantial reductions in dose delivered to normal tissues.
At present, proton beams optimized for clinical RT are
available only in a small number of institutions world-
wide. Little has been published to date on their use in
patients with lung cancer, but preliminary data are
encouraging. Several recently commissioned clinical
proton beam facilities will provide additional informa-
tion on this approach.®

It has long been recognized that there is an interde-
pendent relation between staging of cancer and its treat-
ment. Staging is of greatest importance in a setting of par-
tially effective therapies. With no effective therapy, stag-
ing is irrelevant, and a therapy that is effective regardless
of disease extent does not require a complex staging sys-
tem. The ongoing modifications of the TNM staging sys-
tem for lung cancer, both in its official rubric and in mul-
tiple suggested ad hoc modifications, are reflective of the
current changes in lung cancer therapy. The present stag-
ing system was derived primarily from data on surgically
treated patients and reflects this heritage. Particularly for
the T component, proximity to unresectable normal
structures is given more importance than size. While this
makes sense surgically, it does not accord with well-estab-
lished radiobiologic principles relating tumor volume
and probability of achieving local control. The only
explicit consideration of tumor size is in the distinction
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betweenT1 and T2 lesions using a 3-cm cutoff. However,
a 1-cm peripheral tumor involving visceral pleura would
be staged as T2, while a 2.9-cm tumor without pleural
involvement is staged as T1. Martel et al® examined
tumor volume in patients with NSCLC receiving 3D-TRT
and have shown that total tumor volume is not correlat-
ed with stage, but for patients without nodal involve-
ment, it is strongly correlated with survival. Several other
groups have reported similar findings.*® One caution
here is that the reproducibility of tumor volume mea-
surements made from planning CT scans by several
physicians is rather poor.®5%

Functional Imaging

Initial approaches to 3D-CRT have focused on the
optimization of anatomic dose distribution. It has been
realized that this was not an optimum approach and
that conventional CT imaging did not give important
information on tissue type and function. In the past
several years, the growing ability to combine images
obtained by various technologies such as CT with MRI
or PET has become increasingly available. Such tools
can be valuable not only in evaluating both adequacy of
coverage of the tumor, but also in selecting treatment
plans based on the effect of normal tissue function in
addition to normal tissue volume.®

While the incorporation of data from PET imaging
may have a direct beneficial effect on lung cancer treat-
ment planning by providing better delineation of both
primary tumor volume, differentiating between tumor
and distal atelectasis and metastatic disease in normal-
sized lymph nodes, it will also have an indirect effect in
improving survival of patients with stage III NSCLC by
detecting occult extrathoracic metastases in a portion
of these patients and moving them to stage IV. Such
stage migration has been reported in approximately
20% of patients with apparent stage III NSCLC being
considered for radical chemoradiation and may signifi-
cantly improve the apparent survival of patients with
both stage III and stage IV disease.%®

PET scanning with BF-fluorodeoxyglucose has
become widely used in the management of patients with
a variety of malignancies in the past several years. For
NSCLC, PET has show considerable promise in several
domains. First, PET scanning has greater sensitivity and
specificity in detecting mediastinal nodal metastases than
does CT scanning, and a combination of the two modali-
ties is currently the state of the art for noninvasive medi-
astinal staging.®® Second, whole-body PET scanning can
reveal otherwise undetected extrathoracic metastatic dis-
ease in a substantial proportion of patients with locally
advanced (typically stage III) disease otherwise thought
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to be candidates for potentially curative chemoradiation.
Such detection is of high prognostic value and will guide
therapy for individual patients.”®’? It will also appear to
improve the survival outcomes of patients for both those
remaining in stage III and those migrating to stage IV,
when compared to historical controls. The influence of
such stage migration on survival of patient subsets, the so-
called “Will Rogers effect,” must be taken into account
when introducing any new mode of tumor staging and/or
classification. Third, the functional information obtained
with PET scanning can be combined with the anatomic
data from CT to aid in target volume delineation and treat-
ment planning for RT. There is a rapid proliferation of
reports on the effect of such combined information on
treatment planning. Considerable variation exists
between series in exactly how the CT and PET informa-
tion were obtained and combined in the planning
process. In the simplest models, the physician had access
to the PET images while drawing the target volume on the
planning CT, and any fusion done was performed in his or
her head. In a second generation of trials, formal attempts
of image fusion using internal anatomic references and/or
external fiducial markers have been described. Most
recently, the availability of dual-purpose imaging
machines that perform both CT and PET imaging in the
same study session are being investigated. Great care
must be taken in fusing images obtained with the patient
in somewhat different imaging positions, none of which
may correspond precisely with the treatment position
unless rigorous care is made to ensure consistent patient
immobilization. Tumor motion with the respiratory and
cardiac cycles, a factor we are just beginning to grapple
with in four-dimensional RT, becomes an even greater
complexity when the time required for CT and PET image
set acquisition differs by several orders of magnitude.

The application of respiratory gating to PET image
acquisition for RT planning is in its infancy.”® Despite
these significant complexities and potential problems,
however, the early investigations of including PET data in
RT planning for NSCLC have shown two general themes:
(1) the mediastinal component of the gross tumor vol-
ume increases as nodes normal by CT size criteria are
shown to be highly glucose avid on PET, (2) the primary
tumor component of the gross tumor volume often
decreases as densities peripheral to central obstruction
tumors are, if cold on PET, interpreted as atelectasis
rather than tumor.” Such interpretations remain some-
what subjective and may be influenced by choice of
standardized uptake value threshold for interpretation.”

The final domain in which PET may be useful in
managing patients with NSCLC is in assessing response
to treatment. It has been recognized for some time that
the measurement of tumor response to RT or chemora-
diation by CT does not correlate well with long-term
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treatment outcome.” Several recent studies have sug-
gested that posttreatment PET scan response is much
more predictive of ultimate tumor control and patient
outcome.”” It is not known, however, what the optimal
time following chemotherapy of chemoradiation for
such imaging may be. Particularly after RT, inflammato-
ry changes in normal lung can complicate PET inter-
pretation and yield false-positive results.

In addition to CT, MRI, and PET, a burgeoning num-
ber of newer functional imaging techniques are on the
horizon and can provide potentially important infor-
mation for RT planning.”®” These techniques may
allow in situ noninvasive measurement of tumor
hypoxia,? proliferation rate® apoptosis,®* expression
of a variety of surface receptors, and other parameters
of interest. If we can reliably acquire such maps of bio-
logic function and correlate them with anatomic struc-
ture, the ability to differentially direct radiation dose to
areas of greater tumor burden or functional radioresis-
tance will usher in a new era of treatment optimization
based on radiobiology in addition to physics.®> While
this promises to be a daunting task, it offers the possi-
bility of truly individualized therapy.

Cost Effectiveness of 3D-CRT

The development of CRT is occurring at a time
when the cost of all medical procedures is coming
under heavy scrutiny; new, often costly, technologies
are being required to justify themselves by producing
demonstrably better outcomes. For CRT, these out-
comes could be either a reduction of the incidence of
acute or late complications (and the costs of managing
these) or improved survival outcomes if the dose esca-
lation allowed by conformal therapy results in improved
local control and survival. Clinical trials designed to
assess these issues are currently being performed in sev-
eral common disease sites, including NSCLC.

Several authors have investigated the economic
aspects of CRT.#*%7 While the initial cost of purchasing
new hardware and software for treatment planning and
delivery can be high, the greater ongoing expense is
likely to be associated with the greater time and effort
associated with conformal planning. Hohenberg et al®
found in a survey of German radiotherapy facilities that
had begun conformal planning that the number of
hours spent per case doubled during the initial period
of adoption of the new technologies. Increases were
seen for physician, dosimetrist,and physicist time. After
approximately 1 year, the time requirements plateaued
at about 150% of that required for conventional plan-
ning. While improved technologies such as automated
contouring of target and normal tissue volumes may
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improve the picture somewhat, it is clear that 3D plan-
ning is and will remain labor intensive. The implemen-
tation of IMRT, an outgrowth of 3D-CRT, will further
increase time and resource requirements.8

Conclusions

Compared with 20 years ago, present technology
for treatment delivery can deliver conventional doses
much more accurately. The first developmental genera-
tion of technologies and clinical trials has shown the
feasibility of applying 3D-CRT technology to the treat-
ment of patients with lung cancer. What now remains is
the evaluation of the clinical utility of these technologies
in large clinical trials. Two approaches may be reason-
ably taken. In the first, a more conservative approach,
3D-CRT will be used to assure better tumor coverage
and normal tissue protection while maintaining conven-
tional dose and fractionation regimens. It is currently a
topic of considerable controversy whether this
approach ought to be compared with current conven-
tional therapy or to large volume treatment. A more
challenging set of trials will investigate whether the
escalation of radiation dose from the current 65 Gy
“standard” to doses in the range of 80 to 100 Gy pro-
duces clinically useful improvements in local control
and survival. In this setting, the desire to avoid major
protraction of overall treatment time as well as to reduce
the normal tissue receiving the full fraction size will like-
ly lead to the adoption of some form of accelerated frac-
tionation. Fraction sizes to the planning target volume
may increase from the present standard of 1.8-2.0 Gy to
2.5-3.0 Gy or more, or treatment may accelerate by the
use of multiple fractions per day as in the CHART, HART,
or CHARTWEL (CHART weekend-less) regimens.

While some elements of 3D-CRT, such as better
visualization that we are actually covering the planned
target volume, are so intuitively beneficial that they do
not require large-scale validation in clinical trials. Other
aspects, particularly that higher radiation doses are nec-
essarily better, are best considered as promising
hypotheses. To avoid a backlash by reimbursement
agencies as well as the public, careful evaluation of the
true costs and benefits of 3D-CRT in lung cancer and
other tumor sites should be a priority in this decade.
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