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Fig. 2. Display of the Monte
Carlo dose on the XiO RTP
system. A 6-MYV photon
beam was used to calculate
the MC dose using CT data
from a thorax phantom. Top
left, axial view of the
isocenter slice; top right,
dose-volume histograms of
the gross tumor volume
(GTV), planning tumor
volume (PTV), and right
lung; bottom left, coronal
view; bottom right, sagittal
view. The target was in the
right lung; it was 2cm in
diameter, which was defined
as the GTV. A 5-mm margin
around the GTV was
considered the PTV. A four-
field plan was generated, and
symmetrical 3 X 3cm beams
were applied to cover the
target volume
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Fig. 3. Dose-volume histograms of Monte Carlo doses for 6-, 10-,
and 18-MV photon beams calculated using the CT data of a thorax
phantom. The diameter of the GTV was 2cm, the PTV was GTV
+ 0.5mm, and the applied beam size was 3 x 3cm

the companion code DOSXYZnrc' performs particle
transport in a rectilinear voxel geometry and can be used
for the simulation of patient irradiation. All dose calcu-
lations in this work for kVp and MV energies were per-
formed using phase space files calculated and stored
previously.*® Although a phase space file is inconvenient
to handle owing to its large size, it gives the most accu-
rate dose results.’ Therefore, this was the method used
in this study.

st A

As it is important to evaluate MC dose distributions
in defined anatomical CT structures in the form of
DVHs, some tools based on the MATLAB environment
have already been developed.'®'” This toolbox supports
DICOM (Digital Imaging and Communication in Medi-
cine) radiotherapy extension (DICOM-RT)'*" or RTOG
(Radiation Therapy Oncology Group, respectively)'®
formats to import the plan from the RTP system and
allows analysis of the three-dimensional (3D) RTP dose
for RTP dose plan verifications. The toolbox provides
an independent piatform for 3D dose data analysis and
the capability to analyze MC dose data.

In this study, we have developed the interface to
convert the MC dose file format to XiO dose file format
and to export the MC dose to the XiO RTP planning
system for display and quantitative analyses. It is key-
board-interactive software, and its operation is simple.
Once the conversion is performed, the result of the MC
.dose calculation can be treated in the same manner as
the usual XiO manipulation. The interface software is
based on the Linux environment and is written in the
C++ language; it does not require any commercial soft-
ware for XiO users. The developed toolbox/software can
be requested from the authors. Although the current
version is compatible with XiO 4.2, we are planning to
upgrade the interface for version 4.3 of XiO.

BEAMnrc and its associated code DOSXYZnrc are
extensively used in radiotherapy research. Three-dimen-
sional display of DOSXYZnrc dose on a dedicated RTP
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Fig. 4. Monte Carlo dose
calculated for a human lung
tumor for X-ray energies

of 200k Vp (top panels),

300k Vp (middle panels), and
500k Vp (bottom panels).
Dose distributions on the
axial images (isocenter slice)
and coronal images
displayed with the XiO RTP
system are shown in the
figure with the beam
arrangement. In all cases,
doses were normalized with
the isocenter dose within the
GTV. Isodose lines with
orange, red, green, blue, and
yellow colors indicate 95%,
80%, 60%, 40%, and 20%

of the isocenter dose,
respectively

Fig. 5. Monte Carlo dose-volume histogram of the target, with

the GTV dose calculated for a human lung tumor with X-ray
energies of 200, 300, and 500k Vp. In all cases, doses were
normalized with the isocenter dose within the GTV
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system can provide all the existing facilities of the system
for quantitative dose analysis. The interface we have
developed to display the 3DCRT DOSXYZnrc MC dose
on the XiO RTP system is an excellent tool, and all the
facilities of the XiO RTP system can be used for quan-
titative evaluation of doses such as DVH on a defined
structure.
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External radiation therapy for thyroid disease
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Abstract
The external beam irradiation plays a very important role in the treatment of some
thyroid diseases, such as primary @ncérs (papillary, follicular, medullary and anaplastic),
malignant lymphoma and bone metastasis. The treatment policies, the irradiation
techniques and the treatment results of these diseases are described from our experiences
and the literature. The recent improvements of irradiation techniques are also explained.
Key words: external irradiation, thyroid cancer, malignant lymphoma, bone metastasis
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Differences in the definition of internal target volumes using
slow CT alone or in combination with thin-slice CT under
breath-holding conditions during the planning of
stereotactic radiotherapy for lung cancer
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Abstract

Purpose: To investigate how the delineations of the internal target volume (ITV) made from ‘slow’ CT alter with
reference to ‘thin-slice’ CT. ,

Materials and methods: Thin-slice CT images taken under breath-holding conditions and slow CT images taken under
shallow-breathing conditions (8 s/image) of 11 lung cancers were used for this study. Five radiation oncologists
delineated ITV of the 11 lesions using slow CT images (ITV1), and then redefined them with reference to thin-slice CT
images (ITV2). SD-images (standard deviation image) were created for all patients from ITV images in order to visualize
the regional variation of the ITVs.

Results: The mean value of ITV2 was smaller than that initially defined by ITV1. There was no SIgmﬁcant change in ITV1
and ITV2 between operators with regard to standard deviation in volume. There was a significant difference in the
distribution of the ratio of ITV1 to ITV2 obtained on thin-slice CTs between cases with and without ground glass opacity.
In cases without ground glass opacity there was a tendency for ITV2 to have a smaller volume than ITV1.

Conclusions: Combined use of slow CT and thin-slice CT in delineation of ITV contours appeared to be useful in making

adjustments for obscured tumor images caused by respiratory movement.
© 2007 Elsevier Ireland Ltd. All rights reserved. Radiotherapy and Oncology 85 (2007) 443—449.

Keywords: Stereotactic radiotherapy; Lung cancer; Target volume delineation; Slow CT

Stereotactic irradiation can deliver high radiation doses
to localized lesions with great accuracy, allowing a strong
anti-tumoral effect while lessening radiation injury to nor-
mal tissues. Although historically it has been applied to
the treatment of small intracranial tumors with excellent
results [1], its indications have been widened recently to in-
clude the treatment of lesions of the trunk [2—6]. Defining
the extent of the area to be targeted is crucial for this treat-
ment. Inadequate target volumes alter the dose distribution
to the lesion, as well as to the surrounding normal tissues,
and may therefore lead to inadequate therapeutic out-
comes. For tumors of the trunk, such as lung cancer, target
tumors move with the respiration-induced motion of the
thorax or diaphragm [7].

If a large internal margin (IM) is deﬁned excessive doses
of irradiation may be delivered to normal tissues. Con-
versely, if small internal target volume (ITV) is defined,

potentially insufficient irradiation doses are delivered to
the tumors, as tumor mobility may extend beyond the pre-
viously defined target region [8—10].

Although CT data acquired under breath-holding condi-
tions can be used to visualize tumor shape, it cannot be
used directly to determine the planning target volume,
due to movement during the respiratory cycle or for other
reasons. Even with CT images acquired under free breath-
ing, limited tumor trajectory volumes can be detected if
conventional short scanning times are used [11].

Four-dimensional CT (4D CT) has been used to investigate
the motion of the anatomical structure and the tumor [12—
16]. This technique is superior for detecting respiration-in-
duced, three-dimensional motion of the tumor and will be-
come the dominant technique in the near future [12—16].
However, it requires multi-detector low CT (MD-CT) as well

-as a device that can detect respiratory motion [17].

0167-8140/$ - see front matter © 2007 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.radonc.2007.10.010
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The visualization of respiration-induced tumor mobility
has been attempted using CT scans taken with very long
scan times per slice (slow CT) [18—20]. However, this tech-
nique can fail to visualize fine structures surrounding solid
parts of the tumor [21]. There is a possibility that more pre-
cise definitions of target volumes could be achieved by com-
bining thin-slice CT obtained under breath-holding
conditions that are capable of visualizing fine tumor shape,
and slow CT capable of visualizing the entire volume of the
tumor trajectory. The purpose of our study was to investi-
gate how the delineations of ITV made from slow CT alter
with reference to thin-slice CT.

Materials and methods

Five experienced radiation oncologists were selected as
operators for CT images from 11 patients with T1 to T3 lung
cancer (mean tumor diameter=2.8+1.0cm) who were
scheduled to undergo hypofractionated stereotactic radio-
therapy. The locations of the lesions are shown in Fig. 1.
Thin-slice helical CT under conventional breath-holding con-
ditions and slow CT under steady respiration were per-
formed using a CT scanner (X-Vigour, Toshiba, Tokyo,
Japan) on all 11 patients. Thin-slice CT scanning was con-
ducted with a slice thickness of 2 mm (pitch 1:1, 120 kVp,
and 200 mA) at 1s per image under breath-holding condi-
tions. Thin-slice CT series were taken for the target lesion
and the adjacent range during a single breath-hold, with
the inspiration levels being approximately the mid point of
shallow inspiration and shallow expiration following training
of shallow and regular respiration of the patients.

For slow CT scanning, patients were instructed to
breathe shallowly. If fluoroscopic observation revealed that
tumor mobility exceeded 1 cm in the cranio-caudal direc-

'Casez(j

Caseﬁ{’\}

\\—/J

>
N

Q

Case 11

tion, a corset was used to inhibit movement of the abdom-
inal wall and diaphragm. Slow CT scans were performed
between 20 mm from the cranial and 20 mm from the cau-
dal tumor edge, with a slice thickness of 2 mm, at 120 kVp
and 400 mA. Scan time per image was 8 s, which was longer
than the duration of one respiratory cycle.

Definition of target delineation

Each operator independently defined the target delinea-
tion from the CT images using the radiation therapy plan-
ning system (RTPS; XiO, CMS, St. Louis, Missouri). To avoid
discrepancies in the appearance of ITV depending on differ-
ent window levels, targets were delineated under the lung
window setting with a window width of 2000 HU and window
level of —700 HU for all experiments.

Delineation of ITV with slow CT alone (ITV1) ,
As the first step, the ITV outline image was delineated
using slow CT (ITV1). No particutar common guideline crite-
ria were laid down at this point regarding the degree to
which speculation, atelectasis and so on were to be in-
cluded, with judgment instead being left to the discretion

of each individual operator.

Second delineation of ITV with slow CT, while
referring to thin-slice CT (ITV2)

Following the delineation of ITV1 as described above, ITV
outline was delineated by using slow CT images once again.
While simultaneously referring to thin-slice CT images taken
under breath-holding conditions, the previously created ITV
was modified with the aid of RTPS (ITV2).

The thin-slice CT images taken under breath-hold condi-
tions were displayed on a computer display adjacent to the
display of RTPS. During the delineation of ITV2, the opera-
tors were allowed to scroll both the displays when required.

Fig. 1. Calculation of delineated target area and volume. Localizations of lung tumors in cases 1—11 are shown in the figure. The numbers of
the circles indicate the case numbers. The position and size of each tumor are as follows. Case 1: tingula of left lung, T1 @2 cm, case 2: upper
lobe of right lung, T3 ®4 cm, case 3: lower lobe of left lung, T1 ®2 cm, case 4: upper lobe of left lung, T2 ®4 cm, case 5: upper lobe of left
lung, T2 ®3 cm, case 6: upper lobe of right tung, T2 ®3 cm, case 7: upper lobe of left lung, T1 ®2 cm, case 8: lower lobe of right lung, T2
@3 cm, case 9: middle lobe of right lung, T3 ®3 cm, case 10: lower lobe of left lung, T2 ®3 cm, case 11: lower lobe of right lung, T1 ®2 cm.
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The slice positions of both the breath-holding CT and slow
CT may not correspond with each other, as the inspiration
level of the former CT series was not necessarily totally
reproducible or stable. Therefore, adjustments of the two
CT series were made according to the view of the operators,
based on careful observation of the detailed morphological
characteristics of the lesion and other structures such as
vessels or bronchi.

The number of pixels included inside the ITV1 delinea-
tions was counted to obtain the tumor area for each slice.
The ITV1 was then calculated from the sum of the areas
multiplied by the slice thickness. ITV2 was calculated in
the same way.

Statistical images

To visualize the differences in individual target defini-
tions between operators, the extent of target delineation
was statistically analyzed pixel by pixel. Prior to statistical
analysis, contour shapes were converted to binary images by
replacing each pixel inside and outside the delineated area
with pixel values 1 and 0, respectively.

The standard deviation (SD) of each pixel was then calcu-
tated using the formula shown below. Statistical images for
ITV1 and ITV2 were generated from the binary images of all
patients using the programming language Matlab (Ver.
2006a, The MathWorks, Inc., Natick, MA, USA).

SD-image (standard deviation image):

N
Pixel value: o =% > (Zi-n)
i=1

N: number of operators;

i: operator, :

Z;: pixel value of operator i for the corresponding pixel;
u: mean of pixel values obtained by all operators.

Results
Comparison of ITV

The mean and standard deviation of ITVs amongst all
operators for each case are shown in Table 1. The ratio of
[TV2 to ITV1 was used in order to examine the changes be-

Table 1 ,
Mean volume .

ITV2/ITV1 - GGO

ATV T2 e

‘Case1 - 2.9:1.4  3.0$20° ° 1.03:020 (+)
Case2 - 462375 356:43 077£0.09. . (=) °
Case3 ©°.3.9:04 .42:1.2 . 1.06:0.24 ().

Case 4., 48.2:6.0  47.1:49 0.98:0.02 )
~Case 5+ 11.3£2.5° - 11.544.6 - 1.02£0.27 " (+)
Case 6 17.2+1.5  ..15.4%1.5 = 0.90£0.04  (~)
Case7 ' :80%2.9 . 60:1.6 = 0741019 (=) .
Case8 16.4:4.4 12.7+3.6 © 078+0.27. (=)
Case9  ~-21.1¢54 17.0:35° 0.80:0.24 = (+) -
Case 10 '11.2£3.2 7 8.6+3.2 ° 077012 (=)
Case 11 ... 25.4+8.9  '18.7:+9.4 - 0.73:0.28 . (-)

(ITV, internal target volume; GGO, ground glass opacity; 1TV1,
“ITV delineated -using slow CT only; ITV2, ITV delineated using
slow CT images, referring to breath-holding thin-slice CT. '

954}

tween ITV1 defined with slow CT alone, and ITV2, which is
a modification of ITV1 with reference to thin-slice CT.

The ITVs were compared by two-way analysis of variance
(ANOVA) to estimate the effect of the [TV delineation
among operators and cases. While there was no significant
difference between the five operators for the size of ITV
delineations, there was a significant difference between
ITV1 and ITV2 volumes (p < 0.01). The ITV2 volumes were
on average 18% smaller than the ITV1 volumes (Table 1).

A radiologist (5.S.) independently evaluated each case
and categorized them into those with ground glass opacity
in the surrounding area of the tumor and those without
ground glass opacity (Fig. 2). The definitions of ground glass
opacity were made using thin-stice breath-hold CT. There
was a significant difference in the ratio of ITV2 to ITV1 be-
tween the cases with and without ground glass opacity
(Fig. 3). That is, there were no evident decreases in target

GGO ()

Fig. 2. Example of a case with ground glass opacity (a), and a case
without ground glass opacity (b).

1 I

TTV2TTVI

GGO Not GGO

Fig. 3. The distribution of the ratio of ITV2 to ITV1 between the
cases with and without ground glass opacity. There was a clear
tendency for smaller ratio of ITV2 to ITV1 in cases without ground
glass opacity than in cases with ground glass opacity.
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volume when the operators refer to thin-slice CT in cases
with ground glass opacity. '

We performed more detailed analyses of target delinea-
tions by means of SD-images (Figs. 4 and 5). Although there
were differences in the area of tumor delineation between
ITV2 and ITV1 in many cases, relatively small changes in the
distribution pattern of SD values were observed. The analy-
ses indicated that there were some cases in which the ref-
erence to thin-slice CT images had influenced the target
outline recognition (Fig. 5). In this case (case 10}, the struc-

Case 8

Coronal image

Slow CT

Thin slice CT

ture seen as a spiculation on the left lower site of the tumor
shown on the slow CT image corresponded to the region
with high SD values for ITV1. A higher value meant there
was a greater degree of inconsistency between the decisions
of the operators as to whether or not the area should have
been included in the ITV. The regions with high SD values for
ITV1 were excluded from the target delineations by the
operators in ITV2 (in which thin-slice CT of the same posi-
tion was considered). The thin-slice CT apparently revealed
this region to be a part of the bronchi. Table 2 shows the

ITV1 : ITV2

Fig. 4. SD-image (ITV1, ITV2) for case 8. Highest pixel SD values are shown in yellow, followed by green, and blue in descending order. The
central part of the target (shown as black) means that all operators recognized it as the target volume. The outer part of the target (also shown

as black) means that no operators recognized it as the target volume.

Coronal image

Thin slice CT

Slow CT

Fig. 5. SD-image (ITV1, ITV2) for case 11. The regions with high SD values for ITV1 were excluded from the target delineations by the operators
in [TV2. The thin-slice CT apparently revealed this region to be a part of the bronchi.
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Table 2 :
Volumes that all operators recognized as the internal target
volume

iTVct 1TVc2 ITVe1/1TV1 1Tve2/1TV2
Case 1 1.3 1.1 0.47 0.38
Case 2 28.7 23.6 0.62 0.66
Case 3 2.9 2.4 0.73 0.57
Case 4 37.2 . 347 0.77 0.74
Case 5 6.9 6.2 0.61 0.54
Case 6 12.1 11.0 0.71 0.72
Case 7 4.4 3.7 0.55 0.63
Case 8 8.7 8.4 0.53 0.66
Case 9 1.7 11.1 0.55 0.65
Case 10 5.3 5.1 © 0.48 0.60
Case 11 12.1 7.0 0.48 0.38

1TVc, the volume that all operators recognized as the internal
target volume; ITVc1, ITVc delineated using slow CT only; 1TVc2,
ITVc delineated using slow CT images, referring to breath-hold-
ing thin-slice CT. :

volumes that all the operators judged as the target volume,
ITVct or ITVc2 (i.e., the union of all target volumes deter-
mined by operators) in each case.

Discussion

To minimize the effect of respiratory motion, stereotac-
tic radiotherapy for lesions of the trunk has been conducted
using various techniques, including breath-holding [22,23],
respiratory-gated tracking [24,25] and real-time tumor
tracking [26,27]. The ICRU (international Commission on
Radiation Units and measurements) report 62 [28] proposed
a definition for four tumor volumes, gross tumor volume
(GTV), clinical target volume (CTV), internal target volume
(ITV), and planning target volume (PTV). The term ITV was
adopted into the ICRU-62 report and was taken to represent
the CTV plus the Internal Margin (IM), and was intended to
compensate for movement and variation in site, size, and
shape of organs and tissues contained within or adjacent
to the CTV. In a review article in 2004, Purdy discussed some
of the limitations and potential pitfalls of the recommenda-
tions contained in the current ICRU Reports 50 and 62, par-
ticularly in regard to issues of organ mation [29].

Free breathing irradiation

Although the planning target volumes tend to be larger,
irradiation under free breathing is a simple and reliable
method, which can be performed without the need for spe-
cial equipment to detect respiratory motion, providing that
appropriate internal margins are used. However, the ques-
tion of how to determine these internal margins remains a
difficult problem [29,30]. If large margins are used, then
the irradiation volume increases, resulting in excessive radi-
ation exposure to normal tissues. However, if small margins
are used, then it becomes unlikely that the periphery of the
target will receive a sufficient radiation dose. More sophis-
ticated margin recipes to create the PTV have been pro-
posed by several investigators {31,32].

While fluoroscopy-based observation of the tumor trajec-
tory is another possible approach to define the margin, mar-
gins based on fluoroscopically two-dimensional tumor
trajectories may not adequately cover substantial tumor
mobility, as tumor motion associated with respiration oc-
curs not only in the cranio-caudal direction but also in the
antero-posterior direction.

4D CT

4D CT (acquisition of a sequence of CT image sets over
consecutive segments of a breathing cycle) [12] is able to
demonstrate both respiratory and cardiac motion and has
been applied to the treatment planning of radiotherapy.
4D CT can provide three-dimensional data on tumor position
at several points during the breathing cycle, with a some-
what reduced temporal resolution compared to conven-
tional CT, thus providing a compromise between the high-
quality time resolution of a fluoroscopic study and the de-
tailed 3D information of a CT scan. Although it requires ded-
icated devices with which conventional radiotherapy
departments are not commonly equipped, this technique
has a fundamental advantage in terms of detecting tumor
motion [33].

Slow CT

Lagerwaard et al. used a slow CT technique with a scan-
ning time of 4 s per slice, in addition to conventional CT for
radiotherapy planning, in an attempt to generate more
accurate target volumes during shallow respiration. Based
on the images obtained, they reported being able to define
target volumes with high reproducibility and reliability with-
out the need for specialized equipment [34,35]. De Koste
et al. analyzed seven lung tumors located in the lower
lobes, which is the most mobile location [35]. They showed
that slow CT scans generated larger and more reproducible
target volumes than rapid planning scans. They proposed
PTVs derived from a single slow CT scan plus a 5-mm margin
to represent the “‘optimal’’ PTV, and concluded that a full
rapid scan of the entire thorax and a limited slow scan were
necessary for treatment planning in patients with peripheral
lung cancers. Wurstbauer et al. reported that the use of
slow CT enabled the drawing of tighter margins in the plan-
ning of external beam treatment for lung cancer [36].

Takeda et al. also performed slow CT at a rate of 8 s per
slice in order to define an optimal ITV that included the en-
tire tumor trajectory volume [21]. However, these scanning
strategies were devised to visualize the average density of
the anatomical structures in the tumor trajectory, and
therefore that movement during a long scanning time can
lead to obscure images of the tumor and adjacent anatom-
ical structures such as bronchi or vessels. Thus, stow CT is
generally thought to be unable to visualize complicated tu-
mors or areas of fine spiculation, consolidation, or emphyse-
matous changes with any degree of accuracy, which
suggests that optimal ITV definition may not always be pos-
sible with the use of slow CT alone.

Based on target tumor delineation, differences between
the spatial distribution of ITV1 and ITV2 were assessed to
investigate the impact on ITV delineation of referring to
thin-slice CT under breath-holding conditions.
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A comparison of the volumes of ITV delineated with slow

CT alone, and ITV determined using thin-slice CT showed that
the latter was smaller with regard to target volume overall. It
is thought that this is related to blurring of the image, which
occurs with slow CT under free breathing conditions, due to
the respiration-induced motion effect of the tumor, thorax,
bronchus and blood vessels. The outline of the tumor periph-
ery cannot be visualized clearly with slow CT. Differentiation
of normal structures (i.e., blood vessels, etc.) from tumors
was often impossible. It is assumed that wider target delinea-
tions were preferred by the operators during the ITV1 defini-
tions, in order to avoid a situation in which the tumor was no
longer included in the target volume.

By referring to breath-holding CT images, the detailed
structure of the tumor periphery can be visualized with in-
creased clarity. It is thought that operators were able to
recognize structures, within the region indistinct with slow
CT, that do not need to be included as part of the target
volume. :

On the other hand, there were also cases in which ITV2
became larger than ITV1, such as in cases'1, 3 and 5. By
examining the characteristics of the images in cases such
as these, we were able to conclude that when a large
amount of ground glass opacity was included within the tu-
mor there was a tendency for ITV2 to be larger than ITV1, or
for it not to get smaller.

It would be fair to say that by referring to thin-slice CT,
there is a possibility that ITV may be delineated as smaller
than necessary. However, creating a standard that would
serve as the '‘correct way’’ to carry out ITV delineation is
an extremely difficult and almost unsolvable problem. For
this reason, this study did not fully examine the question
as to whether or not the change corresponded to the ‘‘real’’
lesion confirmed by pathological findings. However, this
study indicated there was a tendency for ITV2 to have a
smaller volume than ITV1, especially in cases without
ground glass opacity.

Breath-hold CT is considered to be a standard for target
delineation for small lung tumors because of its ability to
show detailed structures if internal margins and reproducibil-
ity of the target position are not taken into account. On the
other hand, slow CT has superior reproducibility for target
positioning and detecting the range of interfractional motion.

Using thin-slice breath-hold CT as a planning CT may
cause systemic errors in target positioning, as the inspira-
tion level at breath-hold is not always reproducible [32].
However, our proposed technique uses thin-slice breath-
hold CT as a reference for observing the detailed structure
of the tumor peripheral and does not use it as a reference
for the ‘"position’’ of the tumor. For these reasons, we con-
sider it reasonable to use breath-hold CT with slow CT for
treatment planning of small lung lesions.

- Regarding the standard deviation (SD) of target volume of
all the operators, there was no tendency towards a clear in-
crease or decrease between the SDs for ITV1 and ITV2. In
other words, referring thin slice, high-resolution CT did
not improve the variation in target volume recognition be-
tween the operators.

The regional analyses with SD-images indicated that
there were some cases in which the reference to thin-slice
CT images influenced target outline recognition (Fig. 5).
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Trying to determine the proportion of actual tumor from
the opacity visualized in the original CT image is fraught
with great difficulty, and it is not possible to prepare a stan-
dard outline delineation. It is thought that the variation ob-
served among operators is due to- uncertainty regarding
outline delineation. Although it is necessary to make com-
parisons with more detailed pathological findings in order
to eliminate variation among operators, such comparisons
fall outside the scope of this study.

While there is no fixed standard for GTV delineation
among radiation oncologists, reference to thin-slice CT
images may be a useful strategy to correct information in
images that are unclear due to respiratory movement,
thereby improving the accuracy of ITV description.

Positron emission tomography (PET) or single photon
emission tomography (SPECT) is usually performed with
longer data acquisition time than CT. Therefore, these tech-
niques may provide a more accurate representation of the
GTV encompassing motion of such tumors and therefore
have the potential to provide patient-specific motion vol-
umes for an individualized ITV [29]. However, to date the
resolution of PET and SPECT may be insufficient for delin-
eating small lung lesions without using CT. Future develop-
ment of these modalities may widen their application for
delineating small lung lesions.

Conclusion

We compared target delineation for lung tumors with
slow CT alone, and then with slow CT and high-resolution
thin-slice CT. Standard deviation images were created from
the delineations of each operator in order to analyze the in-
ter-operator differences for individual structures. The use
of stow CT images together with thin-slice CT would be a
useful technique for achieving more elaborate treatment
plans concerning fine structures in the tumor peripheral
area. With slow CT alone, there is a possibility that tiny le-
sions in the tumor area or ground glass opacities may be
delineated inaccurately. Furthermore, there is a tendency
to erroneously incorporate surrounding structures such as
blood vessels in the target volume.
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analyzed. EPL was a little shorter for inspiration than for expiration, although there were
larger and reverse trends in path length. A leftward shift of the DVH obtained for the inspira-
tion state when MG superposition was used.
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Introduction scanning procedures in three breathing conditions and the

Stereotactic radiotherapy (SRT) is currently performed to
treat small tumors of the trunk [1,2]. In particular, SRT has
gained acceptance as an effective means of treatment for
lung tumors [3—5]. However, factors such as the presence
of inhomogeneous density within the chest, respiratory mo-
tion, and lack of lateral electron equilibrium due to a small
radiation field may have an effect on the accuracy of the
dose calculation for lung SRT performed with an X-ray com-
puted tomography (CT)-based radiation treatment planning
system (RTPS) [5,6].

CT scans for SRT planning for lung tumors are often
obtained with deep-inspiration breath hold or other breath-
hold techniques. To estimate the mean position and range
of tumor motion during respiratory cycles, CT scans during
free breathing, called *‘stow CT,’’ are often used [7—10]. A
pair of inhalation and exhalation breath-hold CT scans, and
four-dimensional CT [11—13] are able to indicate the range

of the tumor motion without the blurring effect caused by -
stow CT. These techniques were well summarized in a report

from the American Association of Physicists in Medicine

(AAPM) Task Group 76 [14]. However, based on respiratory - ) ° . e
~-. thickness reconstruction with exposure conditions of

conditions, variations in lung densities will cause changes

in the mean path-length (PL), mean effective path-lengthg.,:
(EPL), and energy distributions in the medium and ﬁnallyy;j
bring about a change the density-scating factor, Wthh 1s'"

used to correct the inhomogeneity correction. .

This study was designed to clarify the effects of re-
spiratory condition on dose distribution using convolutlon
and superposition algonthms [15,16] 1n SRT for small lung
path- length and effective path-length data under extreme
breathing conditions (i.e. deep-expiration,. and deep-
inspiration breath-hold) as well as stablé stete breath-
hold conditions. Dose distributions’ were obtained for
rotation and multiple static-port irradiation, based on CT
images of patients who were scheduled to undergo lung
SRT. Furthermore, we investigated _changes in dose
distribution in the breathing condltlons to determine the
degree of influence on the dose calculation using clinical

Methods
CT images

A total of 9 lung tumors (diameter range, 2.1-3.6 cm;
mean, 2.7 cm) from 9 patients diagnosed with early-stage
lung cancer (4 men, 5 women; mean age, 70 years) were
evaluated. The cases used for this study were selected
from consecutive patients treated with SRT for their lung
lesions who agreed to be enrolled in this study. The approx-
imate positions of the lesions are indicated in Fig. 1. CT

WaTT

use of data for this analysis were approved by the Institu-
tional Review Board. Written informed consent was
obtained from each participant prior to the CT scans after
the purpose of the study had been fully explained.

Whole lungs including tumors were scanned using
a multi-detector row (16 rows) helical CT (MDCT) (Aquilion;
Toshiba Medical Systems Co., Ltd., Tokyo, Japan). A
stereotactic body frame (Elekta AB, Stockholm, Sweden)
was used for patient fixation, As a routine procedure for the
planning of stereqtactic radiotherapy, a series of breath-
hold scans were carried out at approximately the mid-point
of inhalation and expiration in the stable respiratory cycle
(stable- -state breath-hold). A series of slow CT scans during
stable respiration for the tumor and the adjacent area was
carried out to take the tumor motion into account. In
addition, for those patients who agreed to take part in this
study on a voluntary basis, two series of CT were performed

.for the whole lung under deep expiration breath-hold and
- deep inspiration breath-hold conditions. These three-phase
breath-hold CT series were used for the following analysis.
= The breath-hold CT scans were obtained using 0.5 s/rota-

tion, a helical pitch of 5.5, 2-mm thickness, and 7-mm

120 kV and 200 mA.

Treatment planning

CT data were transferred to 3D-RTPS (XiO version 2.4.0,
CMS Co., St. Louis, Missouri, USA) via DICOM protocol from
the CT scanner. CT data for stable-state breath-hold were
used for treatment planning of the actual treatment.

Body contours, both lungs, and gross target volume
(GTV) were delineated on each of the three-phase CT
images by a radiation oncologist. The GTV was first created
on stable-state breath-hold CT images and the delineation
was then copied manually to the expiration and inspiration
breath-hold images to follow the tumor motion. The iso-
centers were placed at the center of the GTV for each
breath-hold CT series. A window width of 1500, and
a window level of —700 were used to determine the GTV.
Clinical target volume (CTV) was the same as the GTV and
a 0.5 cm margin was added to the CTV in all directions in
order to create the planning target volume (PTV).

For this experimental study, despite whatever technique
was actually used for treatment, we adopted Rotational
Irradiation with 3 non-coplanar arcs (—30°, 0°, +30° couch
angle; 220° gantry arc on the lesion side) as shown in Fig. 2a
(Rotational Irradiation) and Static Irradiation with 18 non-
coplanar ports (—30°, 0°, +30° couch angle; 0°, 30°, 150°,
180°, 210°, 330° gantry angle on the lesion side) as shown
in Fig. 2b (Static Irradiation). In all cases an additional
0.5cm field margin was added to the PTV to generate
a rectangular field size. Although the PTV sizes were
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