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INTERNAL TARGET VOLUME DETERMINED WITH EXPANSION MARGINS
BEYOND COMPOSITE GROSS TUMOR VOLUME IN THREE-DIMENSIONAL

CONFORMAL RADIOTHERAPY FOR LUNG CANCER

HELEN A. SHIH, M.D., M.S., STEVE B. JIANG, PH.D., KHALED M. ALJARRAH, M.S.,
KAREN P. DOPPKE, M.S., AND NOAH C. CHOI, M.D.

Department of Radiation Oncology, Massachusetts General Hospital and Harvard Medical School, Boston, MA

Purpose: Gross tumor volume (GTV) of lung cancer defined by fast helical CT scan represents an image of
moving tumor captured at a point in active respiratory movement. However, the method for defining internal
margins beyond GTV to account for its expected physiologic movement and all variations in size and shape
during the administration of radiation has not been established. The goal of this study was to determine the
internal margins with expansion margins beyond individual GTVs defined with (1) fast scan at shallow free
breathing, (2) breath-hold scans at the end of tidal volume inspiration and expiration, and (3) 4-s slow scan to
approximate the composite GTV of all scans.
Methods and Materials: A series of sequential CT scans were acquired with (1) a fast helical scan at shallow free
breathing and (2) breath-hold scans at the end of tidal volume expiration and inspiration for the first 6 patients,
and (3) a 4-s slow scan at quiet free breathing, which was added for the latter 7 patients. We fused breath-hold
scans and the 4-s slow scan to the fast scan at shallow free breathing to generate the composite GTV. Margins
necessary to encompass the composite GTV beyond individual GTVs defined by either fast scan at quiet free
breathing, breath-hold scans, or the 4-s slow scan at quiet free breathing were defined as expansion or internal
margins and termed the internal target volumes. The centroid of the tumor volume was also used as another
reference for tumor movement.
Results: Thirteen patients with 14 tumors were enrolled into the study. Substantial tumor movement was noted by
either the extent of internal margins beyond each GTV or the movement of the centroid. Internal margins varied
significantly according to the method of CT scanning for determination of GTV. Even for tumors in the same lobe of
the lung, a wide range of internal margins and significant variation in the centroid movement in all directions (x, y,
and z) were observed. The GTV of a single fast helical scan at free breathing (n � 14) required the largest internal
margin (mean, 3.5 mm; maximum, 18 mm; standard deviation [SD], 4.2 mm) to match the composite GTV, compared
with those of the 4-s slow scan (mean 2.7 mm, maximum 14 mm, SD 3.5 mm) or combined breath-hold scans (mean
1.1 mm, maximum 9 mm, SD 1.9 mm). Internal margins (expansion margins) required to approximate the composite
GTV in 95% of cases were 13 mm, 10 mm, and 5 mm for the GTVs of a single fast scan, 4-s slow scan, and breath-hold
scans at the end of tidal volume inspiration and expiration, respectively.
Conclusions: The internal margins required to account for the internal tumor motion in three-dimensional
conformal radiotherapy are substantial. For the use of symmetric and population-based margins to account for
internal tumor motion, GTV defined with breath-hold scans at the end of tidal volume inspiration and expiration
has a narrower range of internal margins in all directions than that of either a single fast scan or 4-s slow scan.
© 2004 Elsevier Inc.

: Lung cancer, Tumor movement associated with respiration, Internal target volume, Gross tumor volume,

Composite tumor volume, 3D-CRT, CT scan, Geographic miss.
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INTRODUCTION

he evolution in the management of lung cancer has sh
he necessity for the administration of a high radiation d
o achieve local tumor control (1–5). However, radiatio
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herapy with a two-dimensional treatment plan is limite
ts ability to spare surrounding normal tissues while adm
stering a high dose to target tissues. The introductio
hree-dimensional conformal radiotherapy (3D-CRT) p
ing has significantly facilitated the definition of both tar
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issue and normal organs. This has enabled quantitative
ssessment of dose delivery to all defined structures, both
arget and normal tissues, with dose–volume histograms.
owever, it has become increasingly apparent that treat-
ent planning based on standard fast CT scanning of the

hest alone is often inadequate. Fast helical CT scanners
ave become widely used. These scanners typically acquire
mages at �1 s per rotation. Each image slice within a CT
can defines the thoracic anatomy at only one point in time
f respiratory movement and one short range (1.0–2.0 cm)
f the thorax. Thus, incongruity can be seen between image
lices within one CT scan series as a result of data acqui-
ition over time.

Ross et al. (6) reported significant movement of intratho-
acic neoplasms, using ultrafast CT. Twenty patients with
ntrathoracic neoplasms were evaluated with ultrafast (cine)
T to determine the contribution of tumor motion to geo-
raphic errors. The treatment portals were set up with conven-
ional simulation techniques and then scanned with cine CT.
ight tomographic levels were studied, with 10 images per

evel over 7 s. Major geographic misses were detected in 3
atients (15%) and minor geographic misses in an additional 3
15%). Five of six hilar lesions showed significant lateral
otion (average � 9.2 mm) with cardiac contraction, and three

f four lower lobe lesions showed significant craniocaudal
ovement with respiration. Mediastinal lesions moved an av-

rage of 8.7 mm laterally. Lesions in the upper lobes showed
inimal movement (average � 2.2 mm), and tumors attached

o the chest wall showed no measurable movement. Stevens et
l. (7) measured respiration-driven lung tumor motion during
outine simulation by having double-exposed anteroposterior
AP) and lateral radiographs at the maximal inspiration and
xpiration. The superior–inferior (SI) tumor dimension was
easured on the double-exposed radiograph at the maximal

nspiration and expiration and compared with the SI tumor
imension measured on an AP simulation radiograph taken
uring quiet respiration. Both radiographs were obtained
uring the same simulation procedure, with the same
socenter, with the patient in the treatment position. The
umor motion was determined by subtracting the apparent
umor size on the free-breathing simulation film from the
umor size on the double-exposure radiograph. Seven of
1 central tumors demonstrated some motion, compared
ith 5 of 11 peripheral tumors. Four of 5 upper lobe

umors moved, compared with 8 of 17 tumors in either
iddle or lower lobes. The mean (� SD) motion of the

ourth rib was 7.3 � 3.2 mm (range, 2–15 mm). Pulmo-
ary functional parameters included forced expiratory
olume in 1 s of 1.8 � 1.2 liters (range, 0.55–5.33 L),
iffusing capacity of 14.0 � 6.5 ml/min/mm Hg (range,
.8 –21.9), and total lung capacity of 6.5 � 1.2 L (range,
.3–8.4 L). None of these parameters correlated with
umor motion. Tumor motion was not predictable by
umor size, location, or pulmonary function.

Shimizu et al. (8) conducted a study in which 16 lung
umors were scanned sequentially at the same table position.
he location for repeat imaging was determined by the
mage slice that best depicted the tumor on an initial free-
reathing CT scan. Twenty sequential images were taken at
ne image per second at 2-s intervals during normal free
reathing. Surprisingly, tumor was not visible on 21% (75
f 357) of the images. The incidence of disappearance of the
umor from the images was as follows: lower lobe tumor
9.4% (71 of 180), middle lobe tumor 8.9% (4 of 45), and
pper lobe tumor 0 (0 of 89), p � 0.01. Shimizu et al. also
easured the AP displacement of the tumor in each

mage to determine the proportion of tumors that would
e missed by a lateral radiation treatment field designed
rom the baseline free-breathing scan. There was a mean
isplacement of 6.42 mm (range, 2.1–24.4 mm) between
he surface of the CT table and the posterior border of the
umor. These data indicate that 3D planning based solely
n fast CT scans at free breathing carries a significant
isk for suboptimal treatment. Balter et al. (9) compared
ast CT scan at free breathing with breath-hold scans at
he end of tidal volume inspiration and expiration for the
ovement of the thoracic and abdomen organs. The

ariation in the path-length of radiation beam was an
verage of 5 mm but ranged to as much as 25 mm. Again,
hese changes might significantly alter dosimetry by un-
ntentional miscalculation of tissue separation and tumor
epth, thus causing underdosing of tumor or increased
oxicity to surrounding normal tissues.

The International Commission on Radiation Units and
easurements (ICRU) recommends that planning target

olume (PTV) include margins beyond the clinical target
olume (CTV) or gross tumor volume (GTV) (if CTV �
TV) to account for internal organ motion and setup error

10). To distinguish the need for and magnitude of expan-
ion margins that are necessary beyond CTV or GTV (if
TV � GTV) to account for GTV movement associated
ith physiologic internal organ motion from that for setup

rror, ICRU introduced the term internal margin to account
or expected physiologic movement and variations in ge-
metry of the CTV or GTV (if CTV � GTV) during the
dministration of radiation therapy. The term internal target
olume (ITV) was also introduced by the ICRU to specify a
arget volume that includes CTV or GTV (if CTV � GTV)
nd its internal margin.

The purpose of the study reported here was to better
efine internal margins and ITV. The study plan consisted
f the following: (1) GTVs from breath-hold scans at the
nd of tidal volume inspiration and expiration and a 4-s
low scan were fused to that of a single fast helical scan to
etermine composite GTV in each tumor, and it was as-
umed to represent ITV; (2) internal margins of individual
TVs were determined with expansion margins that are

equired to approximate the composite GTV in x, y, and z
xes; and (3) patterns of tumor movement relative to the
umor location in the lung were evaluated according to the
ovement of the tumor centroid, defined as the center of

ontoured tumor volume, independent of tumor density.
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METHODS AND MATERIALS

atients
Eligibility criteria included (1) histologic or cytologic

vidence of non–small-cell or small-cell carcinoma of the
ung, (2) medically inoperable Stage I and II disease and
tage III disease defined by T1–2, N0–3, M0 lesions ac-
ording to the staging of the American Joint Committee on
ancer, (3) a performance score of 0–2 by the Eastern
ooperative Oncology Group scale, (4) candidacy for de-
nitive radiation therapy, and (5) ability to follow instruc-

ions and perform voluntary breath-holds at the end of tidal
olume inspiration and expiration. Patients who did not
eet these criteria were ineligible.
Instructions for quiet free breathing and expiratory and

nspiratory breath-holds were reviewed by a physician.
uiet free breathing, both for fast scans and 4-s slow scans,
as defined as normal, unlabored breathing devoid of sigh-

ng, yawning, gasping, or deep inspiratory or expiratory
fforts. For breath-hold scans, patients were instructed to
old their breath at the end of normal inspiration or expi-
ation (end tidal volume), just before they would normally
hange from inhaling to exhaling or vice versa. The breath-
old technique was practiced before scanning, and the
ength of breath-hold was approximately 10 s. All patients
nderstood instructions for breathing patterns and were
illing participants in the study before proceeding with the

cans. All scans were performed on the basis of patient
ompliance without spirometry. Monitoring of patient be-
avior during scan acquisition was consistent with patient
ompliance.

T scans
The CT scanner used for all data acquisition was a GE

ightSpeed QX/i (GE Medical Systems, Milwaukee, WI).
atients were positioned supine and immobilized with a
tandard wingboard, with their arms above their head. The
nitial 6 patients had a series of three CT scans. These were
btained with high-quality fast helical acquisition of 0.8 s
er image. The scans were taken (1) at quiet free breathing
t tidal volume, (2) at breath-hold at the end of the tidal
olume inspiration, and (3) at breath-hold at the end of the
idal volume expiration. All patients were compliant and
ere carefully instructed to breathe quietly throughout the

nitial free-breathing scan. The fast scan at free breathing,
cquired at four slices every 0.8 s, typically contained 100
mages at 3.75-mm thickness and served as the template for
reatment planning. For the subsequent scans, patients held
heir breath at the end of tidal volume inspiration and
xpiration sequentially. Because of the time limitation in
aintaining the breath-hold positions, these images were

imited in number to the 20–30 slices spanning the region of
he tumor as defined on the fast CT scan at free breathing.
atients held their breath typically for 10 s per breath-hold
osition. For the latter 7 patients, a slow CT scan with a
-s-per-revolution image acquisition at tidal volume free
reathing was added to image the tumor with 3–4-cm
ranial and caudal margins. Because the time for an average
espiratory cycle is approximately 4 s (11), we hypothesized
hat a 4-s acquisition per image would detect the range of
umor motion and shape throughout the normal respiratory
ycle. For all CT scans, a pitch of 3 was used with a
tandard reconstruction algorithm using 360° data acquisi-
ion. Four slices per rotation of 3.75-mm thickness resulted
n 15-mm intervals.

Once data were acquired, the three scans limited to the
egion of tumor (breath-hold scans at the end of tidal vol-
me inspiration and expiration and 4-s slow scan at tidal
olume free breathing) were transferred to a commercial
reatment planning system (Focus; Computerized Medical
ystem, St. Louis, MO) and fused to the standard fast scan
btained in free breathing with commercially available soft-
are (Focal Fusion; Computerized Medical Systems). Fu-

ions were rigid body. The vertebral spine was used as the
eference for alignment between all scans because this was
udged to be the anatomic structure least affected by normal
ardiac and respiratory motion. Slight differences in tho-
acic cavity contour were noted between fused scans, but
ony anatomy was relatively well aligned along the poste-
ior aspect of the ribs and the spine, such that minor changes
t the anterior aspect of the thorax were assumed to be due
o the types of breathing in the study. Tumor volume was
ubsequently drawn on each of the multiple scans for each
atient. All image fusions and definitions of tumor contour
ere performed by a single physician (H.A.S.) and re-
iewed by a second radiation oncologist with thoracic ex-
ertise (N.C.C.).

ata analyses
All CT data, along with the contours, were subsequently

nalyzed with software developed in house. The software is
ritten in Interactive Data Language (Research Systems,
oulder, CO). It reads CT data and contours for all scans

free-breathing scan, slow scan, and breath-hold scans) and
or each GTV, calculates the volume, mass, average density,
enter of mass, centroid, and center of bounding box, as
ell as the change of margins in three principal directions.
he centroid of the GTV, which is independent of tumor
ensity, was used to assess the extent of tumor movement
y means of the magnitude of its displacement in all three
irections: right–left (x axis), SI (y axis), and AP (z axis).
he centroid of the GTV defined by the fast helical scan was
et as the reference, and the amount of displacement was
easured according to the distance between the centroids of

he reference and test GTVs.
The ITV was defined as the sum of the individual GTVs

efined at different phases of respiration and the volume
hat it travels under normal respiratory and cardiac move-
ent. It was hypothesized that the best estimate of the ITV

s the composite volume of each GTV from all three scans.
his was also termed composite GTV. The composite GTV

ITV) should be inclusive of individual GTVs from all
vailable planning CT scans. The internal margin is the
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xpansion margin beyond each GTV to approximate the
omposite GTV.

To determine the internal margin for the individual GTV
f each scan defined by (1) fast helical scan at quiet free
reathing, (2) breath-hold scans at the end of tidal volume
nspiration and expiration, and (3) 4-s slow scan at free
reathing, a bounding box was calculated and used to esti-
ate the necessary margins to approximate the composite
TV along the three orthogonal axes (x, y, and z). Thus, for

he first seven tumors, the composite GTV was determined
y the fusion of the fast scan at quiet free breathing and both
reath-hold scans. For the remaining seven tumors, the
omposite GTV was defined by the fusion of the 4-s slow
can at free breathing to that of the fast scan at free breath-
ng and the combined GTV of both breath-hold scans at the
nd of tidal volume inspiration and expiration. For the
urpose of this study, no additional margin was added to the
TV to define either CTV or PTV.

RESULTS

atient characteristics
A total of 13 patients with 14 tumors participated in this

tudy. All patients had lung cancer and were simulated for
D-CRT between February 2001 and April 2002. One pa-
ient had two separate primary lesions, one at the lingular
obe of the left upper lobe and the other at the right upper
obe (Patients 1A and 1B of Table 1). Tumor size, measured
s the maximal dimension on any orthogonal plane but most
ommonly on axial image, ranged from 1.6 � 1.1 cm to
� 3.5 cm. The patient characteristics and their tumor size

nd location are listed in Table 1.

atterns of tumor motion as determined with tumor
entroid

The centroid of each tumor was determined as the center
f tumor volume drawn by the physician. We postulated that
he centroids of the gross tumors determined with fast scan

Table 1. Pat

Patient no. Tumor no. Age (y) Lo

1A 1 70 L
1B 2 70 R
2 3 90 R
3 4 76 L
4 5 69
5 6 66 R
6 7 79 L
7 8 73 L
8 9 65 L
9 10 73
10 11 73 L
11 12 67 R
12 13 68 R
13 14 77 L

Abbreviations: LUL � left upper lobe; LLL � left lower lobe; L
iddle lobe; RLL � right lower lobe; T � tumor; N � no; Y �
t free breathing and with 4-s slow scan would lie between
he centroids of those defined with the breath-hold scans at
he end of tidal volume inspiration and expiration. Contrary
o expectations, the motion of the centroid for each tumor
as markedly variable as referenced by the standard fast

can at quiet free breathing in all three planes of SI (cranial–
audal), left–right, and AP directions (Figs. 1a–1c). There
as no reproducible pattern of centroid position in any axis.
Patient 1 had two tumors with different histologic types:

ne (Tumor 1) at the left upper lobe and the other (Tumor
) at the right upper lobe of the lung (Table 1). The mag-
itude of tumor motion between these two tumors was quite
ifferent in all directions (x, y, and z) (Figs. 1a–1c). Even
or the tumors in the same lobe, no consistent pattern of
umor movement was found. Six of 14 tumors (Tumors 1, 4,
, 8, 9, and 14) were located at the left upper lobe of the
ung. The extent of tumor motions at x, y, z directions were
arkedly variable among the tumors without consistent

atterns (Figs. 1a–1c). There were four lower lobe tumors,
wo on each side. The extent of the centroid displacement at
, y, and z directions was again markedly variable among
hese (Figs. 1a–1c).

In several patients, the centroids of breath-hold scans at
he end of tidal volume inspiration and expiration were
loser to each other than to that of the fast scan at quiet free
reathing. In addition, no correlation was noted between the
entroid of tumor determined with 4-s slow scans and that
f the breath-hold scans. When the centroids of the fast and
-s slow scan at free breathing were compared, there was no
onsistent and reproducible pattern. These data were com-
ined to plot the net displacement of the centroids in SI, AP,
nd lateral directions (Fig. 1d).

nternal margins (expansion margins) of GTV to
pproximate composite GTV
Internal margins for the GTV of a single fast helical scan

t free breathing (n � 14) consisted of a mean 3.5 mm,
aximum 18 mm, and standard deviation (SD) 4.2 mm,

aracteristics

T stage Size (cm) 4-s slow scan

T2 4.5 � 4.0 N
T1 2.3 � 1.3 N
T1 5.7 � 3.9 N
T1 1.8 � 1.7 N
T3 6.0 � 3.5 N
T1 1.9 � 1.5 N
T3 3.0 � 4.0 N
T2 4.5 � 3.0 Y

T2–3 2.0 � 1.2 Y
T3 4.0 � 4.0 Y
T3 2.0 � 1.3 Y
T2 3.7 � 3.0 Y
T2 3.8 � 4.2 Y
T1 1.6 � 1.1 Y

left main stem bronchus; RUL � right upper lobe; RML � right
ient ch

cation

UL
UL
UL
UL

LLL
ML
UL
UL
UL

LLL
MSB
LL
LL
UL

MSB �
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ompared with mean 2.7 mm, maximum 14 mm, and SD 3.5
m for the GTV of 4-s slow scan and mean 1.1 mm,
aximum 9 mm, and SD 1.9 mm for the combined GTV of

reath-hold scans at the end of tidal volume inspiration and
xpiration (Table 2). The GTV determined with fast helical
can at free breathing showed the largest variation in inter-
al margins, with a maximum displacement of 17.8 mm in
he posterior direction, whereas the GTV of breath-hold
cans showed the narrowest internal margins, with a range
rom 0.4 mm (posterior direction) to 2.2 mm (anterior
irection). Although the GTV defined by the 4-s slow scan
as larger than that of the fast scan at free breathing, it was
ot as close as the combined GTV of breath-hold scans in
atching with the composite GTV.
Thus, the expansion margins (internal margin) required to

pproximate the composite GTV in 95% of cases were 13
m (mean � 2 SD), 10 mm, and 5 mm for the GTVs of a

ingle fast scan, 4-s slow scan, and combined GTV of

Fig. 1. Extent of tumor motion in the (a) superior–infer
directions, and (d) net tumor motion were determined b
contoured tumor volume, independent of tumor density)
circles represent breath-hold at the end of tidal volume ex
of tidal volume inspiration (bh-insp); open squares repres
numbers 1 and 2 are from the same patient.
reath-hold scans at the end of tidal volume inspiration and
xpiration, respectively.

DISCUSSION

The method of determining the internal margin, repre-
enting the expansion margin beyond CTV or GTV (if CTV

GTV), to account for the movement and deformation of
TV associated with physiologic organ motion has not been

tandardized. Thus, how much internal margin one should
dd to GTV, which is defined by a fast helical scan to avoid
eographic miss, has been largely left to clinical judgment
nd fluoroscopic evaluation, if necessary.

Clinical research in 3D-CRT for radiation dose escalation
as been conducted with an expansion margin of 10–15 mm
rom CTV or GTV (if CTV � GTV) to PTV for both
nternal margin and setup error, with the GTV defined with
single fast scan at free breathing. If it is assumed that an

I), (b) left–right (L-R), and (c) anterior–posterior (A-P)
movement of tumor centroid (defined as the center of
lated to that of a fast scan at quiet free breathing. Filled
n (bh-exp); open circles represent breath-hold at the end
slow scanning at quiet free breathing (4-sec fb). Tumor
ior (S-
y the
and re
piratio
ent 4-s
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xpansion margin of �5 mm is required for setup errors,
any studies have used only a 5–10-mm expansion for

nternal margin to account for the movement and deforma-
ion of GTV associated with physiologic organ movement
12–15). However, based on the available clinical data, it is

reasonable assumption that these studies are at risk for
ncreased local failure as a result of geographic miss in a
ertain proportion of patients. Therefore, it is an important
ssue in high-dose radiation therapy that PTV includes an
nternal margin adequate for the coverage of tumor move-
ent and deformation associated with physiologic organ
ovement.
Ekberg et al. (16) measured the movement of GTV as-

ociated with shallow respiration and cardiac motion using
uoroscopy in 20 patients with lung cancer. The magnitudes
f GTV movement with quiet breathing consisted of a mean
.4 mm, maximum 5.0 mm, and SD 1.4 mm in the medio-
ateral and dorsoventral directions, and mean 3.9 mm, max-
mum 12.0 mm, and SD 2.6 mm for the craniocaudal
irection. They also evaluated 553 electronic portal images
rom the 20 patients for setup errors. Discrepancies between
he planned and actual field positions were measured, and
he systematic and random errors were identified. The sys-
ematic setup errors included a mean 2.9 mm, maximum
6.4 mm, and SD 3.8 mm in the transversal plane and mean
.6 mm, maximum 15.7 mm, and SD 4.6 mm in the cranio-
audal direction. The expansion margins required to cover
he GTV movement plus setup errors in 95% of the ob-
erved cases were 15.7 mm for transversal (x, z) and 22 mm
or craniocaudal (y) directions. On the basis of these data,
he authors stated that they use a margin of 11 mm for the
ransversal plane and 15 mm for the craniocaudal direction
n the daily clinical routine. However, these expansion
argins that the authors chose to use are adequate for only

5% of patients.
We fused GTVs defined with a single fast helical CT

can, 4-s slow scan, and breath-hold scans at the end of tidal
olume expiration and inspiration to determine the compos-
te GTV, which represents GTV of each scan plus internal

Table 2. Maximum and mean val

Combined GTVs of
bh-insp and bh-exp

Max Mean

eft 3.6 0.5
ight 3.8 1.0
nterior 8.9 2.2
osterior 3.1 0.4
uperior 5.9 0.6
nferior 8.9 1.7

ean 1.06
D 1.93

Abbreviations: GTV � gross tumor volume; bh-insp � breath-ho
t the end of tidal volume expiration; 4-sec-fb � 4-s slow scan at fre

Internal margins beyond the boundary of (1) combined GTV
pproximate the composite GTV of all scans.
argins. The internal margins were determined with the
xpansion margins that were required for each GTV from a
ingle scan or combined scans to approximate the composite
TV. The internal margins for GTV defined with a fast scan

t free breathing consisted of a mean 3.3 mm and maximum
7.8 mm in the transversal plane, compared with mean 3.75
m and maximum 11.9 mm in the craniocaudal direction

Table 2). The internal margins for GTV defined with a 4-s
low scan at free breathing included a mean 2.45 mm and
aximum 14.3 mm in the transversal plane, compared with
ean 3.25 mm and maximum 8.9 mm in the craniocaudal

irection. The internal margins derived from our study are
ery similar to those of Ekberg et al., except that the
aximum in the transversal plane was much larger than in

heir study.
The extent and the range of variation in the internal
argins are also related to the types of planning CT scans.
he internal margin for GTV defined with a single fast scan
t free breathing is the largest, whereas it is the least for the
TV obtained with breath-hold scans at the end of tidal
olume inspiration and expiration. It is hypothesized that
he likelihood of a geographic miss increases as the standard
eviation of internal margin becomes larger when a popu-
ation-based margin is used to account for the movement of
TV. Our data suggest that GTV defined with breath-hold

cans at the end of tidal volume inspiration and expiration
ffers the least risk for geographic miss, compared with
ither a 4-s slow scan or a single fast scan at free breathing
Table 2). It is also shown that a population-based internal
argin might not serve all patients well, because there is a

ignificant individual variation in the extent of movement
nd deformation of GTV associated with respiratory and
ardiac function (Figs. 1a–1d). To mimic the routine clinical
etting, we obtained fast helical CT scans at tidal volume
ree breathing, breath-hold at the end of tidal volume inspi-
ation and expiration, and 4-s slow scan at free breathing
olely based on verbal instructions and patient compliance.
hus, the absence of an adequate control of the respiratory
olume or cycle with spirometry during CT scanning might

millimeters) of internal margins

4-sec-fb GTV fs-fb GTV

Mean Max Mean

3.2 11.4 2.3
2.6 14.3 2.2
1.4 12.0 2.7
2.6 17.8 6.0
1.4 11.9 3.7
5.1 11.9 3.8

2.71 3.45
3.48 4.25

n at the end of tidal volume inspiration; bh-exp � breath-hold scan
thing; fs-fb � fast scan at free breathing; SD � standard deviation.
insp and bh-exp, (2) GTV of 4-sec-fb, and (3) GTV of fs-fb to
ues (in

Max

7.7
14.3

6.4
6.4
7.0
8.9

ld sca
e brea

of bh-
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ave introduced some inaccuracies. However, the fact that
he ITV determined with the breath-hold scans is larger than
hat of the 4-s scan at free-breathing suggests that the
atients’ compliance to the instruction for breath-holding
as reasonable.
Van Sörnsen de Koste et al. (17) performed six spiral CT

cans (three rapid and three slow) in 7 patients with lung
umors located in the lower lobe to determine the minimal
umber of scans required for the determination of internal
argins. Slow CT scans generated larger and more repro-

ucible target volumes than did rapid planning scans, with
mean ratio between the overlapping and encompassing

olume of 71.9 � 8.7% and 58.0 � 12.7%, respectively.
hen only a single slow CT scan was used for planning, an

ddition of a symmetrical 3D margin of 5 mm ensured 99%
overage of the “optimal” target volume that was derived
rom summation of the target volumes from all six scans.
he authors concluded that the PTVs derived from a single
low CT scan plus a 5-mm internal margin covered the
optimal” PTV generated from six scans and that only two
T scans (i.e., a full rapid scan of the entire thorax and a

imited slow scan) are necessary for treatment planning in
eripheral lung cancers.
However, our results are not in agreement with the con-

lusions of van Sörnsen de Koste et al. (17). For the com-
osite GTV, we fused GTVs of breath-hold scans at the end
f tidal volume inspiration and expiration to that of a fast
elical scan for a better definition of internal margins at the
xtreme positions in normal tidal volume breathing for the
nitial 6 patients with seven tumors and created similar
usions with the addition of the 4-s slow scan for the
ubsequent 7 patients. Because of the breath-hold scans at
he end of tidal volume inspiration and expiration, the
omposite GTV determined in our study might have been
arger than that of van Sörnsen de Koste et al. (17). Our data
ndicate that expansion margins (internal margins) required
o approximate the composite GTV in 95% of cases were 13
m, 10 mm, and 5 mm for the GTVs of a single fast scan,

-s slow scan, and breath-hold scans at the end of tidal
olume inspiration and expiration, respectively. Even with
ome differences in the method for determining composite
TV and tumor movement between these two studies, we
bserved that the extent of tumor movement at x, y, and z
irections was markedly variable among the tumors, with-
ut consistent patterns (Figs. 1a–1c). Even for the tumors in
he same lobe, no consistent pattern of tumor movement was
ound. Six of 14 tumors (Tumors 1, 4, 7, 8, 9, and 14) were
ocated in the left upper lobe of the lung. The extent of the
entroid displacement at x, y, and z directions was markedly
ariable among the tumors. There were four lower lobe
umors, two on each side (Tumors 5, 10, 12, 13). Marked
ariation in the extent of the centroid displacement at x, y,
nd z directions was again noted among these four tumors
Figs. 1a–1c).

Population-based margins for tumor movement and setup
rrors can be too large for at least 75% of patients if they are
esigned for the coverage of 95% of patients. In addition,
he extent of tumor movement is not uniform in all x, z, and
directions. Therefore, better normal tissue sparing might

e achieved if the internal margins are decreased and opti-
ized for individual patients. Indeed, clinical research in

umor tracking, respiratory gating, or breath-hold tech-
iques is in progress in an attempt to optimize the size of
nternal margins (18–26). Tumor tracking is an attractive
pproach, which requires highly specialized technology (18,
9). Respiratory gating systems are based on reflective skin
arkers or airflow parameters and are being tested (20–23).
reath-hold technique at deep inspiration is another ap-
roach for sparing normal lung tissue surrounding GTV
24–26).

However, the magnitude of gain in preserving pulmonary
issue with the specialized technologies depends on clinical
ituations. The majority of patients with medically inoper-
ble Stages I and II lung cancer have severe chronic ob-
tructive pulmonary disease (COPD), and their tumor is
ften situated in the region of the lung with extensive bullae
nd very little residual function. An axial view of a CT scan
n a patient with medically inoperable Stage I non–small-
ell lung cancer (T1 lesion) involving the right upper lobe
hows a tumor in the region with severe COPD and multiple
ullae (Fig. 2a). An axial view of a CT scan at the lower
hest of the same patient showed that the lower lobes of the
ung are relatively well preserved from COPD (Fig. 2b). In
uch a situation, an improvement in overall pulmonary
unction was observed after radiation therapy to the region
f tumor (27, 28). In locally advanced-stage lung cancer, the
rimary tumor might move relatively little in association
ith respiration when it is attached or anchored into the

urrounding normal organs or tissues (T3 or T4 lesion), such
s mediastinum, chest wall, or vertebrae, which moves
elatively little with respiratory movement.

Four-dimensional (4D) CT might be able to define GTV
ith a lesser degree of deformation than fast helical CT scan

n 3D-CRT planning (29, 30). Rietzel et al. (29) tested a 4D
T scanning protocol for quantification of respiration-in-
uced motion and deformation of lung tumors. Instrumen-
ation used in this study included a GE LightSpeed CT
canner (four slices, 0.8 s) and a Varian RPM respiratory
onitoring system (Varian Medical Systems, Palo Alto,
A). Scans were acquired in axial cine mode, timing signals

elated scan acquisition with abdominal motion during res-
iration. Scan data were acquired at a given table position
ver an entire respiratory cycle. For each couch position,
ypically 10–15 images were reconstructed, each at a dif-
erent phase of the patient’ s respiratory cycle. In general, as
any as 1500 slices were acquired, after which the data
ere sorted according to small intervals of respiratory phase

o generate up to 10 complete volumetric CT data sets over
respiratory period. Suitable parameters for the 4D CT

canning protocol were assessed by scanning phantoms of
nown size and shape placed on an oscillating sled to
imulate respiratory motion. Furthermore, the accuracy of
he 4D scanning data was evaluated with phantom experi-
ents. Phantom studies showed marked improvement in the
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rtifact with 4D CT scanning. The typical distortions of the
hape and location of the objects were significantly reduced.
owever, artifacts in the axial slices were still present,
articularly near the SI (direction of motion) aspects of the
bject. The volume of spheres of known size varied from
35% to �40% during the conventional helical scans. In

he phantom studies, 4D scanning reduced the variation in
olume of the spheres with a radius of �1.8 cm to �7%.
owever, the utility of 4D CT scanning in 3D-CRT remains

o be proven.
Gross tumor volume defined with positron emission to-
ography (PET) represents a time-averaged position and

hape of GTV that includes tumor movement and deforma-
ion associated with respiration over a period of PET scan-

ig. 2. (a) Axial view of a CT scan shows a tumor (T, arrow) (T1
esion) in a region of the right upper lobe with severe chronic
bstructive pulmonary disease (COPD) and multiple bullae (B,
rrows). The left upper lobe shows a similar degree of COPD. (b)
xial view of CT scan of the same patient at the lower chest shows

hat both lower lobes are relatively well preserved from COPD.
ote normal-appearing lung parenchyma (N, arrows).
ing time for one bed position, which is usually 10–15 min.
aldwell et al. (31) compared fast helical CT scan with PET
sing a positron emitter, 22Na (half-life 2.6 years, maximum
ositron energy 545.5 keV) at a concentration of 1 mCi/mL
n a phantom study. Three fillable spheres were imaged both
hile stationary and during periodic motion with spiral CT

nd PET (20 min of image acquisition time). CT- and
ET-imaged volumes were defined quantitatively according

o voxel values. Ideal PTVs as internal target volume (ITV)
or each scenario were calculated. CT-based PTVs were
enerated with margins of 7.5 mm, 10 mm, and 15 mm to
ccount for both organ motion and setup uncertainties.
ET-based PTVs were derived with an assumption that
otion was captured in the PET images and only a margin

7.5 mm) for setup errors was necessary. Comparisons
etween CT-based and PET-based PTVs with ideal PTVs
ere performed.
Computed tomographic imaging of moving spheres re-

ulted in significant distortions in the 3D image-based rep-
esentations and did not, in general, result in images well
epresentative of either moving or stationary spheres. PET
mages were similar to the ideal capsular shape encompass-
ng the sphere and its motion. In all cases, CT-imaged
olume was larger than that for the stationary sphere (range
f excess volume, 0.4–29 cm3 for stationary volumes of
.14–172 cm3) but smaller than that for the true motion
olume. PET-imaged volumes were larger than the true
otion volume (difference from ITV ranged from 3 cm3to

4 cm3 for motion volumes of 1.2–243 cm3) and much
arger than the stationary volume. With CT data, geographic
iss of some part of the ideal PTV occurred for 0 of 24

ases, 11 of 24 cases, and 18 of 24 cases with a 15-mm,
0-mm, and 7.5-mm internal margin, respectively. Geo-
raphic miss did not occur in any case for the PET-based
TV. The amount of “normal tissue” included in CT-based
TVs was dramatically greater than that included in PET-
ased PTVs. The authors concluded that fast CT imaging of
moving tumor could result in a poor representation of the

ime-averaged position and shape of the tumor. PET imag-
ng can provide a more accurate representation of the 3D
olume encompassing motion of model tumors and has the
otential for providing patient-specific and individualized
nternal target volume.

Although the phantom study by Caldwell et al. (31)
howed that the time-averaged GTV obtained with PET
maging was very close to the ideal PTV, which is ITV,
t was obtained by choosing an arbitrary threshold value
f 15% relative to the maximum value within the object
o match the ITV. There is a wide range of fluorodeoxy-
lucose (FDG) uptake in lung cancer, and one threshold
alue of FDG uptake would not be suitable for all pa-
ients. In addition, poor resolution of PET imaging (6 –8
m) makes the definition of the boundary of ITV less

recise. Nonetheless, PET imaging can provide biochem-
cal or molecular characteristics of tumor engraved in
TV for which radiation therapy can be tailored for the
est possible outcome (32).
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In our follow-up study, ITV derived from breath-hold
cans at the end of tidal volume expiration and inspiration
ill be compared with those of 4D CT scanning and PET-
ased study in an attempt to improve the accuracy and
efinition of internal margins and internal target volume.

CONCLUSIONS

A significant degree of tumor motion occurs in associa-
ion with respiratory and cardiac movement. The internal
argins required to account for the internal tumor motion in

D-CRT are substantial. Given the wide range of internal
1

1

1

1

1

1

1

2

2

2

2

2

2

2

argins at different directions (x, y, z) even for tumors in
he same lobe of the lung, the use of an individualized
nternal margin for each patient would be desired to avoid
eographic miss and spare the adjacent normal tissue. For
he use of symmetric and population-based margins to ac-
ount for internal tumor motion, GTV defined with breath-
old scans at the end of tidal volume inspiration and expi-
ation has a narrower range of internal margins in all
irections than that of either a single fast scan or 4-s scan.
reath-hold scanning might be a relatively simple method

or improving the definition of internal target volume and
umor targeting.
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