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Fig. 1. Methods for calculation of cerebrospinal fluid—cranial ratio (CCR): (A) maximal distance between the internal ta-
bles of the skull. (B) minimal width of the frontal horns, (C) minimal width of bodies of the lateral ventricles, and (D) num-
berof sulci of 3.3 mm or greater on a slice 7 cm above the orbitomeatal line. CCR is obtained by 42.66 x BfA +12.52 x C/

A+0232 x D - 292,

properly evaluate the incidence of radiation-induced brain at-
rophy and dementia, we considered it necessary to carry out
a prospective study to exclude as much as possible the influ-
ence of other factors. In this report, we present results of a pro-
spective study of the Chubu Radiation Oncology Group,
Japan (CROG-0301), that estimated the incidence of de-
crease in Mini-Mental State Examination (MMSE) scores
{(14) and brain atrophy after WBRT in patients with brain me-
tastases who did not undergo a neurosurgical operation or
concurrent chemotherapy.

METHODS AND MATERIALS

Eligibility

Patients who met the following criteria were considered for entry:
those who were judged to be indicated for treatment with WBRT
alone, with no prior brain surgery, with an MMSE score of at least
21, those who were not using and would not use corticosteroids for
longer than 2 weeks, and those expected to survive at least 3 months,
Considering the possibility that the presence of tumors may lower
the MMSE score before treatment, the lower limit of MMSE score
was set at 21, but all except | patient had an MMSE score of 23
or higher. This study was approved by the respective institutional
review boards. Informed consent was obtained from all patients.

Table 1. Characteristics of 101 patients who entered the

study

Age (y) 62 (31-78)
Men/women 52/49

WHO performance status (0/1/2/3) 9/28/33/31
Primary tumor 6724731215

(lung/breast/bone/colon/other)

Tumor number (1/2/3/=4) T10/15/69
Largest tumor diameter (cm) 20(0.6-8.0)
MMSE score 28 (21-30)
Cerebrospinal fluid—cranial ratio 5.5(1.5-9.8)
Imaging modality (MRI/CT) 6734

Total radiation dose (50/40/<40 Gy) 66/26/9
No. of assessable patients at 92/68/45/30/25/17/10/4/3/3
0/3/6/9/12/15/18/24/30/36 mo

Abbreviations: WHO = World Health Organization; MMSE =
Mini-Mental State Examination; MRI = magnetic resonance imag-
ing; CT = computed tomography.

Values expressed as median (range) or number,

We intended 1o obtain at least 40 assessable patients at 6 months
10 determine the incidence of brain atrophy and MMSE score de-
crease with a 95% confidence interval (CI) £ 15%. Because median
survival time of patients with brain metasiases was usually 46
months (15), but patients with an expected survival time less than
3 months were excluded from entry, it was considered necessary
1o accrue 100 patients,

Treatment

After evaluation, patients underwent WBRT with 2-Gy daily frac-
tions up to 40 Gy over 4 weeks by using parallel-opposing fields.
The dose was prescribed at the midline. Thereafter, a boost to
main tumor sites was given when possible, with 10 Gy in five frac-
tions. Even in patients with multiple metastases, booster radiation
was recommended by excluding as much normal brain tissues as
possible. When radiation field reduction was considered difficult,
radiotherapy was stopped at 40 Gy. Chemotherapy was prohibited
until 2 weeks after completion of WBRT.

Evaluation

Before WBRT, patients underwent contrast-enhanced magnetic
resonance imaging (MRI) and/or computed tomography (CT) of
the brain, in addition to physical examination and MMSE. These
examinations were repeated immediately after WBRT, every 3
months for 18 months, and every 6 months thereafter. For follow-
up, use of the same imaging modality (i.e., either MRI or CT) was
mandatory. Brain atrophy was evaluated as change in cerebrospinal
fluid—cranial ratio (CCR), as proposed by Nagata ef al. (16); the
method is shown in Fig. 1. Briefly, the CCR was calculated from
the equation shown in the caption of Fig. | by measuring the max-
imal distance between the internal tables of the skull, minimum
width of the frontal homs of the bilateral lateral ventricles, minimum
width of the bodies of the bilateral lateral ventricles, and the number
of widened sulci (=3.3 mm) on a slice 7 cm above the orbitomeatal
line. The atrophy index was defined as postradiation CCR divided
by preradiation CCR. Differences in incidences of brain atrophy
and MMSE score decrease between groups were examined by
means of Fisher's exact test. The MMSE was performed by the
same radiation oncologists for respective patients.

Evaluation was terminated when intracranial lesions progressed
so that evaluation was considered to be influenced by disease pro-
gression or second-line treatment became necessary. Data for these
patients before this point of intracranial progression were used for
analysis.
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Fig. 2. Changes in mean atrophy index (A) in 68, 45, and 30 patients who were assessable for 3 (open circle), 6 (closed
circle), and 9 months (open square); and (B) 25, 17, and 10 patients assessable for 12 (open circle), 15 (closed circle), and
18 months (open square), respectively. Bars represent SD.

RESULTS

Between Jan 2002 and Aug 2006, a total of 115 patients
were evaluated for entry, but 14 were excluded because of
low MMSE scores. Table | lists characteristics of the 101 pa-
tients who entered the study. Median patient age was 62
years, Ninety-three percent of patients had multiple tumors.
Nine patients could not complete the planned radiotherapy
because of deterioration in general conditions in 8 patients
and change in treatment policy in 1 patient; therefore, post-
treatment evaluation was not possible. Of the remaining 92
patients, 66 received a total dose of 50 Gy, whereas 26 under-
went WBRT with 40 Gy alone.

Figure 2 shows changes in atrophy index values in groups
of patients who were assessable for 3-18 months, The atro-
phy index tended to increase over time, although SDs were
relatively large. The trend toward a mild increase in the atro-
phy index at completion of radiotherapy was considered to be
caused by tumor response; therefore, brain atrophy was eval-
uated by regarding the atrophy index at completion of radio-
therapy as the control level in each patient. Compared with
the index at completion of radiotherapy, atrophy increased
by 30% or more in 9 of 68 patients (13%:; 95% CI, 5.0-21)

Table 2. Incidence of 30% or greater increases in atrophy
index compared with immediately after whole-brain radiation
according to patient age

who were assessable at 3 months, 8 of 45 patients (18%:
95% CI, 6.8-29) at 6 months, 5 of 30 patients (16%; 95%
Cl, 2.9-29) at 9 months, 7 of 25 patients (28%: 95% CI,
10-46) at 12 months, 5 of 17 patients (29%: 95% CI, 7.4~
51) at 15 months, 3 of 10 patients (30%: 95% CI, 1.6-58)
at 18 months, and 3 of 4 patients (75%: 95% CI. 33-100)
at 24 months. Of 3 patients who were assessable at both 30
and 36 months, increases in atrophy index by 30% or more
were seen in 2 (67%; 95% CI, 14-100). Tables 2 and 3 list
incidences of 30% or greater increase in atrophy index com-
pared with the index value immediately after radiotherapy ac-
cording to patient age and radiation dose, respectively. There
were no apparent differences in incidence according to age
and radiation dose, although patients receiving 50 Gy (40-
Gy WBRT + 10-Gy boost) tended to have a greater incidence
at 9 and 12 months. Table 4 lists the incidence of 30% or
greater increase in atrophy index according to pretreatment
CCR. At 12 and 15 months, the incidence was greater in pa-
tients with a pretreatment CCR less than median than in those
with a CCR at or greater than median.

Figure 3 shows changes in MMSE scores in groups of pa-
tients who were assessable for 3 to 18 months. Mean MMSE
scores were relatively constant, and no apparent decreases
were observed. However, individually, decreases in MMSE
scores of four points or more were observed in 5 of 68 patients

Table 3. Incidence of 30% or greater increase in atrophy

Months after whole-brain radiation index compared with immediately after whole-brain radiation
according to radiation dose
Age (y) 3 6 9 12 15 18
Months after whole-brain radiation
<60 2/32 6/27 3/16 5/13 49 s
=60 7136 218 2/14 2/12 118 0/5 Dose (Gy) 3 6 9 12 15 18
P 0.16 0.45 1.0 0.38 0.29 0.17
<70 8/54 B/38 5/25 722 5/15 p 40 (without boost) 3/19  2/13 (/6 0/4 /1 —_
=70 1/14 o7 05 073 02 o1 50 (with boost) 649 632 5724 1721 516 34
P 0.67 032 0.56 0.53 0.56 1.0 P 1.0 1.0 055 029 10 —
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Table 4. Incidence of 30% or greater increases in atrophy
index compared with immediately after whole-brain radiation
according to pretreatment CCR

Months afier whole-brain radiation
CCR 3 6 9 12 15 18
<Median 634 622

=Median 334 223
P 048 0.3

4ns
1/15
0.33

ma
0/13
0.0052

35
075
0.17

B
om
0.029

Abbreviation: CCR = cerebrospinal fluid—cranial ratio.

(7.4%: 95% CI, 1.2-14) who were assessable at 3 months, 5 of
45 patients (11%; 95% CI, 1.9-20) at 6 months, 6 of 30 pa-
tients (20%:; 95% CI, 5.7-34) at 9 months, 3 of 25 patients
(12%: 95% CI, 0-25) at 12 months, 1 of 17 patients (5.9%:;
95% CI, 0 - 17) at 15 months, 0 of 10 patients (0%) at 18
months, 0 of 4 patients (0%) at 24 months, and 0 of 3 patients
at 30 and 36 months. Table 5 lists incidences of MMSE score
decrease according to patient age; there were no significant
differences in incidence according to age. About half the pa-
tients with an MMSE score decrease had systemic disease
progression (outside the central nervous system). There ap-
peared to be no correlation between brain atrophy and
MMSE decrease (data not shown). Seven patients received
systemic chemotherapy during follow-up periods, and 1 pa-
tient had a decrease in MMSE score of four points or more
at 6-12 months.

DISCUSSION

The apprehension that WBRT might cause brain atrophy
and dementia seems to have grown gradually among medical
oncologists and neurosurgeons. Several retrospective studies
suggested it (6-11), but others reported maintenance of neu-

17

rocognitive function in long-term survivors with glioma and
other primary brain tumors after radiation therapy (17-20).
Because retrospective studies cannot exclude the influence
of other factors, such as surgery, chemotherapy, and disease
progression, that can be associated with the development of
brain atrophy and dementia, we conducted the present pro-
spective study and attempted to eliminate as many of these
factors as possible. As a result, we found that brain atrophy
can develop in a proportion of patients, but decrease in
MMSE scores was relatively infrequent. It was reported
that other radiologic findings can develop after radiation to
the brain, especially on MRI (21), but we used brain atrophy
as an end point because it often is regarded as a late sequela of
radiation linked to dementia (9). Another reason is that MR1
was difficult to perform because of the long waiting time for
booking in some institutions: however, brain atrophy could
be evaluated easily by using CT.

We used the method of Nagata ef al. (16) to evaluate brain
atrophy. It is a simple method that can be used in multi-insti-
tutional studies, but the widths of the lateral ventricles and
sulei are influenced by the mass effect of the tumors. An in-
crease in atrophy index was found in many patients at com-
pletion of radiation therapy. This was not caused by brain
atrophy, but rather tumor shrinkage. Therefore, we used atro-
phy index at the completion of radiotherapy as a control to
evaluate posttreatment brain atrophy in individual patients.
Asai ef al. (9) reported the development of brain atrophy in
56% of patients undergoing radiation therapy. They used Na-
gata’s method, as we did, but they defined development of
brain atrophy as an atrophy index of 1.13 or higher. In our ex-
perience, measurement of CCR is not accurate enough to en-
sure that an atrophy index of 1.13 really represents brain
atrophy, We believe an atrophy index of 1.3 is reasonable
for visual recognition of brain atrophy on MRI and CT. In
addition, all patients in the study of Asai ef al. (9) had

]

F::ér-ﬁ;.

B

L] 8 10

2 0 2 6 8

10 12 14 16 ‘IIS 20

Months after radiation

Fig. 3. Changes in mean Mini-Mental State Examination (MMSE) scores in (A) 68, 45, and 30 patients who were assess-
able for 3 (open circle), 6 (closed circle), and 9 months (open triangle); and (B) 25, 17, and 10 patients assessable for 12
(open circle), 15 (closed circle), and 18 months (open square), respectively. Bars represent SD.
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Table 5. Incidence of decrease in Mini-Mental State
Examination score of four or more points after whole-brain
radiation according to patient age

Months afier whole-brain radiation

Age(y) 3 6 9 12 15 18

<60 1/32 127 1/16 113 0o 0/5
=60 4136 4/18 5/14 212 1/8 /5

P 0.36 0.14 0.072 0.59 1.0 —
<70 4/54 4738 415 322 1/15 09
=70 1/14 177 25 073 072 0/1
P 1.0 1.0 0.55 1.0 1.0 —

undergone brain surgery. They reported that no brain atrophy
was found after brain surgery alone, but it is not known
whether surgery can be an additive factor in the development
of brain atrophy when combined with radiation. In our study,
excluding the influence of brain surgery, we found brain at-
rophy in up to 30% of patients at 6-18 months. However,
about 40-50% of patients maintained an atrophy index of
around 1 during these periods, We could not prove an asso-
ciation between the incidence of atrophy and patient age or
use of the 10-Gy boost. Meanwhile, patients with a pretreat-
ment CCR less than the median value had a greater incidence
of increase in the atrophy index. This is in contrast to findings
reported by Nieder et al. (22) showing that patients with pre-
existing atrophy had a greater risk of continuous deteriora-
tion. One reason for the finding in the present study may be
that the index is likely to increase when the denominator (pre-
treatment CCR) is small,

The MMSE alone is considered to be an insensitive
method to evaluate higher brain dysfunction, and it now
seems clear that the combination of various neurologic tests
is necessary to evaluate more subtle cognitive dysfunction
(23). Therefore, the aim of the present study is to detect appar-
ent dementia. In a prospective study comparing WBRT plus
SRS and SRS alone, Aoyama er al. (24) evaluated changes in
MMSE scores in a proportion of patients. They found that
although there was no significant difference in change in
MMSE scores after treatment between the two groups, the
scores tended to decrease, especially after WBRT plus
SRS. However, they did not clearly differentiate between dis-
ease progression—induced deterioration and treatment-related
decrease. In the present study, mean MMSE score did not
decrease on the whole, and proportions of patients with an
MMSE score decrease of four points or more were only
11% at 6 months, 12% at 1 year, and 0% at 18 months, We
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excluded patients with intracranial progressive disease from
further evaluation, but we did not exclude patients with sys-
temic disease progression. As a consequence, about half the
patients with an MMSE score decrease had systemic progres-
sive disease and a decrease in performance status; thus,
purely radiation-induced decrease appeared to be still less fre-
quent. In the present study, only brain atrophy was evaluated
by using MRI and CT, and there appeared to be no correlation
between brain atrophy and MMSE score decrease. In addi-
tional investigations, we plan to evaluate MRI findings that
may characterize patients with an MMSE score decrease.

Radiation dose per fraction may influence the occurrence
of late morbidity for radiation therapy. It is well-known
that central nervous system tissues have low a/8 ratios and
therefore are susceptible to greater doses per fraction (25).
In WBRT for brain metastases, 10 fractions of 3 Gy com-
monly are used, but we did not use the 3-Gy/d dose in this
study in the belief that a 2-Gy/d fraction is better than a 3-
Gy fraction in terms of preventing late adverse effects in
long-term survivors. Most previous studies reporting deterio-
ration in neurocognitive function used 3-Gy or even higher
doses per fraction (6-8, 26). In addition, 10 fractions of 3
Gy given for prophylactic cranial irradiation in patients
with small-cell lung cancer are considered to be more likely
to produce neurotoxicity than 2- or 2.5-Gy/d fractions (26—
29), In a Radiation Therapy Oncology Group study using
10 fractions of 3 Gy for brain metastases, 81%, 66%, and
57% of patients maintained an MMSE score higher than 23
at 6, 12, and 18 months, respectively (30). Although the bi-
ologically effective dose for 10 fractions of 3 Gy is less
than that for 20 fractions of 2 Gy assuming an a/f ratio of
1—4 Gy, the incidence appeared greater than that observed
in the present study. Thus, use of a 2-Gy/d fraction might
have contributed to the favorable effects on neurocognitive
function observed in the present study. Of course, we use
3.Gy fractions for palliative cases and patients with a short
expected survival time, but we will continue to use the 2-
Gy fraction for patients expected to survive longer than 6
months.

In summary, the present study shows that brain atrophy
can develop after WBRT in a certain proportion of patients
(up to 30%), but a decrease in MMSE scores was less fre-
quent. Avoiding WBRT for the reason that it causes dementia
appears 10 be a groundless idea in patients with metastatic
brain tumors. The WBRT with or without stereotactic boosts
should be a reasonable treatment for patients with multiple
brain metastases.
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Abstract

The purpose of this study was to develop a computerized method for estimation
of the location of a lung tumor in cine images on an electronic portal imaging
device (EPID) without implanted markers during stereotactic body radiotherapy
(SBRT). Each tumor region was segmented in the first EPID cine image, i.e.,
reference portal image, based on a multiple-gray level thresholding technique
and a region growing technique, and then the image including the tumor region
was cropped as a ‘tumor template’ image. The tumor location was determined
as the position in which the tumor template image took the maximum cross-
correlation value within each consecutive portal image, which was acquired
in cine mode on the EPID in treatment. EPID images with 512 x 384 pixels
(pixel size: .56 mm) were acquired at a sampling rate of 0.5 frame s~ by using
energies of 4, 6 or 10 MV on linear accelerators. We applied our proposed
method to EPID cine images (226 frames) of 12 clinical cases (ages: 51-83,
mean: 72) with a non-small cell lung cancer. As a result, the average location
error between tumor points obtained by our method and the manual method
was 1,47 + 0,60 mm. This preliminary study suggests that our method based
on the tumor template matching technique might be feasible for tracking the
location of a lung tumor without implanted markers in SBRT.
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1. Introduction

In stereotactic body radiotherapy (SBRT), high dose per fraction is delivered to small tumors
and early metastases in lesser fractions. However, it could be possible that enough high doses
would not be delivered to a target in a body such as a lung due to respiratory motion (Suh
et al 2004, Vedam et al 2005). Therefore, International Commission on Radiation Units and
Measurements (ICRU 1999) Report 62 recommends that the internal margin (IM) should be
added outside the clinical target volume (CTV) while taking into account uncertainties in
size, shape, locations of the CTV, etc. The sufficient IM to tolerate respiratory motion can be
determined, for example, by a slow scan computed tomography (CT) or four-dimensional (4D)
CT in each radiotherapy treatment planning (Ford er al 2003, Rietzel et al 2006, Slotman et al
2006, Keall er al 2006, Shekhar et al 2007, Seco er al 2008). However, it is very important
to monitor the location of a tumor in cine images by using an electronic portal imaging
device (EPID) during SBRT because it has been unclear whether the IM is appropriate for
displacements of a tumor due to respiratory motion.

Several methods for monitoring the location of a lung tumor have been developed with or
without implanted markers (Keall er al 2006, 2004, Shirato et al 20004, 2000b, Shimizu er al
2001, Meyer er al 2006, Berbeco er al 2007). Shirato et al. developed a system which was
capable of tracking the three-dimensional (3D) position of a metallic marker in the body in
real time by means of four sets of diagnostic x-ray imaging equipment (Shirato ef al 20004,
2000b, Shimizu er al 2001). The system significantly improved the accuracy of irradiation of
targets in motion at the expense of an acceptable amount of diagnostic x-ray exposure. Keall
et al (2004) developed an EPID-based marker-tracking system that can be used for real-time
tumor targeting, or 4D radiotherapy. Their study showed that the EPID-based system was
feasible for 4D radiotherapy. Meyer er al (2006) investigated different algorithms with regard
to their suitability to detect and track a moving object in TV camera-based portal images of
a phantom without implanted markers. As a result, the best geometric tracking was obtained
with the mean of the sum of squared differences. Berbeco er al (2007) developed an image-
guided method for treatment verification and adaptation during SBRT by using implanted
radio-opaque markers. Their clinical experience with the tool indicated that the cine EPID
verification modality is a useful tool for tumor localization while the treatment beam is on.
Our motivation for this study is a clinical need of software for (1) investigating whether the
IM is appropriate for a moving tumor due to respiration, and (2) tracking the moving tumor
in real time without implanted markers, because a majority of researchers have used markers
implanted adjacent to a tumor, which are invasive approaches for patients. Therefore, our goal
of this study was to develop a computerized method for estimation of the location of a lung
tumor in EPID cine images during treatment without implanted markers in SBRT.

2. Materials and methods

Figure 1 shows an overall algorithm for estimation of the location of the lung tumor on
EPID cine images, which was based on a template matching technique with cross-correlation
coefficient (hereafter referred as cross-correlation value). Details of the proposed method are
described in this section.

2.1. Determination of an irradiation field image by an awtomated thresholding rechnigue

The irradiation field region was cropped from an original EPID cine image by analyzing the
histogram of the original EPID image (Arimura er al 2007). Figure 2 shows the illustration
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Figure 1. Overall algorithm for estimation of the location of the lung tumor on EPID cine images.

Background

Pmax - 2SD

Number of pixels

f Irradiation field

Pixel value

Figure 2. Illustration of a typical histogram in the EPID image, which has small and large peaks
corresponding 1o an irradiation field region and a background (non-irradiation field), respectively.

of a typical histogram in the EPID image, which has small and large peaks corresponding to
an irradiation field region and a background (non-irradiation field), respectively. The large
peak of the background usually has more than a certain number of pixels, Nb, in the EPID
image as shown in figure 2. For extracting the irradiation field region, the maximum pixel
value corresponding to the large peak and the standard deviation (SD) were calculated only
for a part of the histogram with more than the threshold number of pixels, Nb, which was
constant for all cases. Finally, the irradiation field region was determined by binarizing the
original EPID image using the maximum pixel value minus twice the SD as shown in figure 2.
Figures 3(a) and (b) show an original EPID image and segmented irradiation field region,
respectively. Note that the threshold number of pixels, Nb, was empirically determined so that
the irradiation fields can be well segmented for all cases, as shown in figure 3(b), where Nb
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(a)

(c) (d)

Figure 3. llustration of (a) an original EPID image, (b) segmented i
rectangular area fitted with the imadiation field region, indicated by dotted lines and (d) cropped
image assigned pixel values outside the irmdiation field region zero and smoothed by a Gaussian
filter, which correspond to the reference portal image or consecutive portal image.

iation field region, (¢) a

was set as BU0. A rectangular area fitted with the irradiation field indicated by a dotted line, as
shown in figure 3(c), was cropped as the irradiation field image. The pixel values outside the
irradiation field were assigned zero, and the area corresponding to ‘set-up margin’ defined as
5 mm was eroded by a morphological filter with a 3 x 3 square kemnel. Finally, the irradiation
field image was smoothed by a Gaussian filter and one of the irradiation field images is shown
in figure 3(d).

2.2, Extraction of a tumor region and a tumor template image from a reference portal image

A tumor region was extracted from the first irradiation field image, i.e., reference portal image,
by using a multiple-gray level thresholding technique (Arimura et al 2004), which is described
in the next paragraph, and a region growing technique, and then the cropped image including
the tumor region was used as a ‘tumor template’ image. A Gaussian function was used for the
stable production of a tumor template, because it could be easy to segment the tumor region
by weighting each pixel value in the reference portal image, where noise and pixel value
fluctuations are possible, with the Gaussian function. Since we assume that the tumor would
be located at around the centroid of the irradiation field region in the reference portal image,
the center of the Gaussian function was put at the centroid of the irradiation field region. The
Gaussian-weighted image /g (x, y) was obtained by the following equation:

X = .lnl: +(y— _\'U}J

Ia(x,y) = F(x,y){- (1)

20t

where x and y are the coordinates in the images, x; and yy were the coordinates of the centroid
of the irradiation field region in the reference portal image and o is the standard deviation of
the Gaussian function. The standard deviation was empirically determined so that all tumor
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(o)

{c) (d)

Figure 4. lllustration of (a) a reference portal image multiplied by a 2D Gaussian function, (b) an
original reference portal image with a candidate point indicated by an open circle, which was
determined by the multiple gray-level thresholding technique, (c) a tumor region segmented by the
region growing technique and (d) a tumor template image produced by the proposed method.

regions can be well segmented. In this study, the standard deviation was set as 6.5 mm.
Figure 4(a) shows an example of the reference portal image multiplied by the Gaussian filter.

The candidate location of a tumor was identified, as shown in figure 4(b), in the reference
portal image by means of the multiple-gray level thresholding technique (Arimura ef al 2004),
which is one of methods for detecting local maximum points in an image in terms of a pixel
value by using multiple binary images produced by the corresponding threshold levels. Each
threshold level was determined according to a certain specific percentage of the area under the
pixel-value histogram in the image. The beginning, ending and increment percentages used
for the multiple-gray level thresholding technique were empirically determined so that the
local maximum points of all tumor regions can be detected for all cases. The beginning and
ending percentages determine the highest and lowest levels, respectively, in terms of the local
maximum point, and the increment value determines the resolution of finding local maximum
points. The local maximum point was considered as the candidate location of a tumor in this
step. In this study, the specific percentages of 1% and 28% were selected as the beginning and
ending percentage threshold levels, respectively, with an increment of 1%.

For extracting a tumor region, the region growing started at the candidate location of a
tumor determined by the multiple gray-level thresholing technique. A tumor region in the
reference portal image was automatically segmented by monitoring two image features, iLe.
normalized effective diameter and contrast of the grown region, while a threshold value was
changed from the maximum pixel value in the tumor region 1o 10% of the maximum value,
with an increment of 1%. The normalized effective diameter was defined as an effective
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diameter, which is a diameter of a circle with the same area as that of the tumor, divided by
a longer side length of the reference portal image. The contrast was defined by the following
equation:

Contrast = M‘ )

Hy

where H, is the mean pixel value in nine neighbors including a pixel with the maximum
pixel value within the tumor region, and L, is the mean pixel value in the outer region (i.e.
narrow band region) of a tumor region. The outer region was considered as a portion of the
background of the target, which was empirically determined by dilation of the tumor region
so that enough area can be obtained as the background, but the dilated region cannot go over
the IF region. In this study, 2.2 mm narrow band-width was set as the outer region. The
tumor region was determined if the normalized effective diameter exceeded 0.4 or the contrast
exceeded 0.8. This condition was empirically determined so that all tumor regions can be well
segmented. Figure 4(c) shows a tumor region obtained by the region growing technique and
the morphological dilation operation. The tumor template image, as shown in figure 4(d), was
obtained by cropping a rectangular area from the reference portal image fitted with the tumor
region and by assigning pixel values outside the tumor region zero.

2.3. Estimation of a tumor location based on a template marching rechnique

The tumor location was estimated as the position in which the target template image took the
maximum cross-correlation value within the consecutive portal image. The coordinate system
in the reference portal image was used for the template matching technique. For performing
the template matching between the tumor template image T (x, y) and the consecutive portal
image C(x, y), the cross-correlation coefficient R was calculated, within the irradiation field
as shown in figure 3(b), based on the following equation (Arimura ef al 2002):
1 ”Z‘E "Z‘E (T(x.y) = T)C(x,y) =€)

R=—N- (3)

=0 y=0 ke

where x and y are the coordinates in the image, T'(x, y) is the pixel value at (x, y) in the tumor
template image, C(x, y) is the pixel value at (x, y) in the consecutive portal image. T and ¢
are the mean and the standard deviation of the pixel values within the tumor template image
T(x, y), respectively, C and ¢ are the mean and the standard deviation of the pixel values
within the consecutive portal image C(x, y), respectively, and X and Y are the numbers of
pixels in x and y widths of the template image, respectively, N is the number of pixels within
the irradiation field. The correlation value ranges from —1.0 to 1.0. The template matching
was performed for finding a rough tumor location with the maximum cross-correlation value
between the tumor template image and the consecutive portal image, by shifting the position
of the tumor template image within the irradiation field of the consecutive portal image.
Finally, the tumor location was determined by the centroid of the tumor region in the tumor
template image, which was put on the consecutive portal image at the pixel with the maximum
cross-correlation value.

2.4, Test cases

Twelve cases (age: 51-83 years old, mean: 72) with a non-small cell lung cancer who received
a lung stereotactic radiotherapy were selected for this study under the protocol approved by
an institutional review board in Kyushu University Hospital. Portal images of these cases
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Table 1. Case characteristics for |12 cases used for this study.

Case Age Tumor Effective Number of
number  (years) Gender location diameter (mm) frames
1 77 M RL 24 16
2 68 M RL 15 17
3 51 F RU 20 21
4 81 F LM s 7
5 69 F LM 22 36
6 56 M RL 15 20
7 80 F RM 20 17
8 75 F RM 30 15
9 83 F LU 27 18
10 71 M LM 20 18
11 73 M RU 40 19
12 85 M LM 20 22
Mean 72 - - 24 19
sD 10 - - 8 7

were acquired in cine mode (sampling rate: 0.5 frame s~!) by using an EPID (AS-500, Varian
Medical System, Palo Alto, USA) with energies of 4, 6 or 10 MV on linear accelerators (Clinac
21EX, Varian Medical System, Palo Alto, USA). The number of all frames (reference portal
images and consecutive portal images) in 12 cases was 226, and the number of all consecutive
portal images was 214. Each EPID image consisted of 512 x 384 pixels with a pixel size of
0.56 mm and a gray level scale of 16 bits. The source tumor distance (STD) and the source
detector distance (SDD) were 100 cm and 140 cm, respectively. The case characteristics of
tes! cases are shown in table 1. A total dose of 48 Gy was delivered for all patients in four
fractions in 1 week. Lung tumors in various locations, i.e. the upper lobe (n = 3), middle lobe
(n = 6) or lower lobe (n = 3), were chosen for this study because the displacements of tumor
motion depend on the location in a lung due to respiratory motion. The effective diameter d
was measured from the clinical target volume (CTV) by using the following equation:

! 3""
d=2) =X (4)
4

where Vepy is the CTV determined by a radiation oncologist on a treatment planning system
(Eclipse, Valian Medical System, Palo Alto, USA).

2.5. Performance evaluation of our proposed method

For performance evaluation of the proposed method, we calculated the following two values:
(1) the location error, i.e., the Euclidean distance from the ‘tumor” point to the candidate point
and (2) the overlap measure between the target candidate regions obtained by the manual
method and our automated segmentation method. The tumor ‘truth” point was defined as
the centroid of a tumor region determined manually by a radiation oncologist and a medical
physicist, and the tumor region was determined manually by them by using image processing
software (Image J, National Institute of Health).

The overlap measure was obtained by the following equation, which denotes the degree
of coincidence between the target candidate region C (as shown by a white line in figure 6)
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Figure 5. Relative locations of tumors in the x (lefi—right direction) and y (inferior-superior
direction) coordinates for two clinical cases obiained by our proposed method and the manual
method: (a) and (b) case |, and (c) and (d) case 1] in table 1. Solid and open circles indicate target
locations obtained by our method and a manual method, respectively.

obtained by our method and the tumor ‘truth’ region T (as shown by a black line in figure 6)
by the manual method:

n(T'NC) a
n(TucC)
where T was the tumor region manually determined by a oncologist and a medical physicist, C
was the tumor candidate region that automatically determined by using our method, n(7 U C)
is the number of logical OR regions between 7 and C and n(T N C) is the number of logical
AND regions between T and C.

Overlap measure (%) = 100, (5)

3. Results

Figure 5 shows the relative locations of tumors in the x (left—right direction) and y (inferior—
superior direction) coordinates for two clinical cases (cases | and 11 in table 1) obtained by
our proposed method and the manual method. The relative locations were determined based
on ‘tumor’ points in the reference portal images determined by the manual method. Although
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(a) (b) (c)

Figure 6. Results of segmentation of a lumor in consecutive portal images in frames 7-10 of case
11 at treatment times of 12, 14, 16 and 18 5. The black line indicates the ‘tumor’ region determined
by the manual method, and the white line indicates the twmor template. Marks of *x" and *square’
show the tumor locations determined by the manual and our methods, respectively.

100 v T -

Overlap measure (%)

0 10 20 30
Treatment time (sec)

Figure 7. Overlap measures of cases 1 (solid circle, solid line) and 11 (solid square, dot-dashed
line) for treatment time.

the tumor location for case 1 in the y coordinate rapidly changed at a treatment time of 16 s as
shown in figure 5(b), the tumor location was tracked by our method with an average location
error of 1,03 mm. Also, our method traced the tumor location for case 11, which moved
periodically as shown in figure 5(d), with an average location error of 1.12 mm. Figures 6(a)
to (d) show the results of segmentation of a tumor in consecutive portal images in frames 7-10
of case 1 at treatment times of 12, 14, 16 and 18 s, respectively. Despite an abrupt change at
16 s as shown in figure 5(b), each tumor region in each frame indicated by a black line was
well tracked by the tumor template indicated by a white line as shown in figures 6(b) and (c).
The tumor region of case 1 was well segmented with an average overlap measure of 69.9%
for all frames. Figures 7 and 8 show the overlap measures and location errors, respectively,
of cases | and 11 for treatment time, respectively. The overlap measure denotes the degree
of the coincidence between the tumor regions obtained by the manual and an automated
segmentation method, and the location error was defined as the Euclidean distance from the
tumor ‘truth’ point to the candidate point detected by our method. As shown in figure 7, the
overlap measure varied with treatment time, and the overlap measure for case | dropped down
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Figure 8. Location errors of cases | (solid circle, solid line) and 11 (solid square, dot-dashed line)
for treatment time.

Table 2. Performance evaluation of our proposed method for 12 cases, based on the overlap
measure (equation (5)), the location error, i.e. Euclidean distance from the true tumor model point
to the candidate poinl, and the maximum cross-correlation value between a tumor template and
cansecutive portal images.

Case Overlap Location Maximum cross-
number  measure (%)  error (mm)  correlation coefficient

1 69.9 1.03 0.883
2 68.0 0.89 0.845
3 689 0.86 0.852
4 75.1 1.78 0.806
5 54.9 0.58 0.897
6 73.5 1.48 0.935
7 78.5 2.53 0.905
8 75.5 225 0.810
9 68.4 2.02 0.894
10 774 1.56 0919
11 734 1.12 0.861
12 787 1.49 0.897
Mean 719 147 0.875
SD 6.6 0.60 0.041

from larger than 80% to smaller than 60% after a treatment time of 15 5. Nevertheless, as
shown in figure &, the location errors were smaller than or equal 1o 2.0 mm. Table 2 shows the
performance evaluation of our proposed method for 12 cases. As a result, the average overlap
measure was 71.9 = 6.6% for 12 cases, and the average location error was 1.47 £+ 0.60 mm.

4. Discussion

In summary, the location errors for 79% (168 frames) of 214 frames in 12 cases were smaller
than 2.0 mm, which would be required as the minimum error for the standard SBRT, and
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those for 94% of all frames were smaller than 3.0 mm. However, we should employ a larger
database including a non-small cell cancer with various shapes, locations and sizes in the next
step. On the other hand, the overlap measures for 38% (82 frames) of all frames were lower
than 70% because most of target regions segmented by the region growing technique were
partially overestimated compared with the ‘tumor” regions determined by the manual method
due to blurred boundaries of the tumors. Since the candidate tumor points were determined
based on the centroid of segmented tumor regions extracted by the region growing technique,
we should improve our segmentation method based on the region growing technigue or other
techniques.

Shirato ef al (2000b) developed a real-time tumor-tracking system with implanted markers
using four sets of diagnostic x-ray television systems, and demonstrated that the geometric
accuracy of the tumor-tracking system was better than 1.5 mm for moving targets in phantom
experiments. Keall er al (2004) developed an EPID-based marker-tracking system, and
reported that the location errors for implanted markers in dynamic phantom images and
the static phantom images are 0.4 mm in EPID. Meyer er al (2006) performed a phantom
simulation for tracking moving objects, and mentioned that the overall error ranged from 0.15
to 12.6 mm when tracking an object in phantom simulations. Tang er al (2007) proposed
a marker tracking system that can track multiple markers simultaneously. and reported that
tracking errors for fiducial markers in two patients were from 0.6 to 2.3 mm based on an
anterior-posterior fluoroscopic video and from 0.2 to 0.4 mm based on a lateral fluoroscopic
video for superior-inferior directions. On the other hand, in our study, we have proposed a
computerized method for estimation of the location of a lung tumor region without implanted
markers. As a result, the average location error between tumor cenler points obtained by our
method and the manual method was 1,47 = 0.60 mm for 12 patients. In addition, our proposed
method estimated each tumor region in each frame of EPID cine images, where the degree of
coincidence between the target candidate region obtained by our method and the tumor truth
region was 71.9 = 6.6% for 12 patients on average. If our software let users know the tumor
region within the irradiation field, the users could verify whether the IM would be appropriate
for the tumor.

In our method, we assumed that the tumor would be located at around the centroid of the
irradiation field region in the first frame, i.e., reference portal image. On that assumption, the
tumor template image is produced in the reference portal image for each patient. However,
if the tumor moved out of the centroid of the irradiation field region due to the respiration
motion or setup errors in the reference portal image, the tumor template image would include
some errors. In fact, the location errors for three cases (cases 7-9) were larger than 2.0 mm,
which might show the relatively low accuracy for these cases. The reason can be explained as
follows. Figure 9 shows the illustration of the tumor ‘truth” region and its centroid indicated by
a black line and ‘x*, respectively, and of the tumor template region and its centroid indicated by
a white line and *square’, respectively, for case 7. The tumor truth region indicated by a black
line is displaced out of the centroid of the tumor template region indicated by a white line.
In this case, the distance between the centroids of the tumor truth region and wmor template
region was 2.24 mm. Such a displacement, as shown in figure 9, leads to larger location
error, and the problem occurred for the other two cases, Therefore, we should improve the
production method of the wumor template in future work.

A report of AAPM Task group 76 (Keall er al 2006) recommended that a real-time tumor
tracking method should preferably provide three-dimensional (3D) coordinates of the tumor,
although two-dimensional (2D) motion in the plane perpendicular to the beam direction such
as our proposed method is also acceptable. The EPID images acquired by obligue beams at
least two images or more should be needed for measuring the 3D coordinates of the tumor
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Figure 9. llustration of a tumor ‘truth’ region and centroid indicated by a black line and *x°,
respectively, and of the tumor template region and centroid indicated by a white line and *square’,
respectively, for case 7.

locations. In future work, we will attempt to develop a method for the 3D coordinates of the
tumor based on the oblique acquisitions of the EPID images.

We believe that the reproducibility of the results obtained by the proposed method is
important for many researchers. Therefore, in this paper, we described all empirical procedures
for determination of several parameters, e.g., a parameter for segmentation of the irradiation
field, the standard deviation of a Gaussian function in equation (1), parameters for the multiple-
gray level thresholding technique and a parameter used for the outer region of contrast in
equation (2). However, all parameters are associated with the image quality of the EPID cine
images, which depend on manufacturers and institutions. Therefore, if researchers apply our
proposed method to their EPID cine images, they should adjust each parameter according to
the procedures presented in this paper.

The final goal of our study is to develop a real-time tumor tracking method during
treatment without implanted markers in SBRT. The frame acquisition time was 2 s/frame,
because the frame rate was 0.5 frame s™', which was determined by the specification of the
EPID used in this study. On the other hand, the processing time was about 1.8 s/frame on
average for determination of a tumor region and location by using 2.4 GHz central processing
unit (CPU) and 4 GB memory. The processing time might be acceptable for the current
system used in this study, but could be unacceptable for the latest EPID system. Although
the template matching technique took most of the calculation time, the faster CPUs could
process the technique rapider than our result. Nevertheless, the report of Task group 76 (Keall
et al 2006) recommended that the total time delay of the real-time tracking system should be
kept as short as possible and not more than 0.5 s because the breathing irregularity makes it
difficult to predict more than 0.5 s with sufficient accuracy. Therefore, we should improve the
proposed method in terms of the calculation time for clinical use.

5. Conclusions

We have proposed a compulerized method for estimation of the lung tumor location in EPID
cine images during treatment without implanted markers in SBRT. As a result, the average
location error between tumor center points obtained by our method and the manual method
was 1.47 £ 0.60 mm. The location errors for 79% of all frames (214 frames) in 12 cases
were smaller than 2.0 mm, and those for 94% of all frames were smaller than 3.0 mm. This
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preliminary study suggests that our proposed method based on the tumor template matching
technique might be feasible for monitoring a tumor location without implanted markers in
SBRT.
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Background: We investigated the interobserver variation in the prostate target volume and
the trend toward the use of diagnostic computed tomography (CT) or magnetic resonance
(MR) images for treatment planning.

Methods: Twenty-five radiation oncologists were asked to draw the external contour of
the prostate on CT images (0.3 cm spacing) of a patient with localized prostate cancer. They
also answered a questionnaire regarding the use of diagnostic CT or MR images for the
contouring.

Results: Of the 25 physicians, 28% rarely or never referred to the diagnostic CT images. In
contrast, the physicians tended to refer to the MR images more frequently. Approximately
50% of the physicians believed in the usefulness of contrast-enhanced images for the deli-
neation of the prostate. As for the variation of the prostate contouring, the median craniocau-
dal prostate length was 36 mm (range, 21-54 mm), and the median prostate volume was
43.5 cm® (range, 23.8—-98.3 cm®). The interobserver variability was not significant in the dur-
ation as a radiation oncologist, the board certification status as radiation oncologists, and the
number of treatment plans developed for prostate cancer during the last 1 year.

Conclusion: A wide variety of the definitions of the prostate was found among Japanese
radiation oncologists.

Key words: radiation oncology — urologic-RadOncol — radiology-CT/MRI

INTRODUCTION
Three-dimensional conformal radiotherapy (3DCRT) is used

techniques for the same complication rate. Dose-escalation
studies in patients with prostate cancer have been reported to

in many institutions for the treatment of localized prostate
cancer in Japan (1,2). As 3DCRT can decrease the incidence
of normal tissue toxicity, the dose delivered to the tumor can
be higher than the dose delivered with conventional
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Radiology, School of Medicine, Fukuoka University, 7-45-1 Nanakuma,
Jonan-ku, Fukuoka, 814-0180 Japan. E-mail: nakami@fukuoka-v.ac jp

improve the biochemical relapse-free survival rates (3,4).
The radiation doses employed in Japanese institutions have
also been increasing (1,2,5). To achieve a good treatment
result, ensuring adequate coverage of the target area remains
necessary.

Currently, one of the most important challenges for
IDCRT is the accurate delineation of tumor and target
volumes (6). Several studies have shown marked

C The Author (2008). Published by Oxford University Press. All rights reserved.
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interobserver variability in target volume definition for pros-
tate cancer (7—9). However, there have been few reports on
this type of study among Japanese radiation oncologists.

This study aimed to investigate the interobserver variation
in the prostate target volume among Japanese radiation
oncologists. In addition, we evaluated the trend toward the
use of diagnostic computed tomography (CT) or magnetic
resonance (MR) images for treatment planning.

MATERIALS AND METHODS

Twenty-five radiation oncologists, who attended the 18th
Annual Meeting for Radiation Oncologists in Kyushu, were
enrolled in this study. The characteristics of the physicians
were as follows: the median period of their career as a radi-
ation oncologist was 8 years (range, 1—36 years) and 12
physicians (48%) were board-certificated radiation oncolo-
gists. All but one physician had experience with CT-based
3DCRT. The numbers of treatment plans for prostate cancer
developed during the last 1 year were: 09, eight physicians
(32%); 10—19, eight physicians (32%); 20—39, six phys-
icians (24%); and =40, three physicians (12%).

The sample questionnaire for the contouring of the pros-
tate is included in the Appendix. Briefly, it consisted of two
sections: (1) questions regarding the use of diagnostic CT or
MR images for the contouring; and (2) the sample CT
images of a patient with localized prostate cancer for the
delineation of the prostate.

The CT images were obtained using a Mx8000 (Philips
Medical Systems, Andover, MA, USA). The CT data set
(0.3 cm spacing) was from a patient with localized prostate
cancer, who was treated by 3DCRT. This patient was
considered to be typical, with an average prostate shape and
size,

For the delineation of the prostate, 25 physicians were
asked to draw its outline as the clinical target volume (CTV)
directly on a high-quality hard copy (Appendix). The cranio-
caudal prostate length was calculated from the number of
slices contoured multiplied by the slice thickness. The
volume of the typical CTV outline of the prostate was calcu-
lated using three-dimensional treatment planning software
Eclipse (Varian, Palo Alto, CA, USA). For the calculation of
the prostate volume, the contours of the prostate were cut
away from the hard copy, measured on a high-precision elec-
trical balance (Sartorius BP211D, Goettingen, Germany),
and compared with the weight of the typical CTV volume.

The Student’s r-test was used to compare means. A P
value <0.05 was considered to indicate a statistically signifi-
cant difference.

RESULTS

The trend toward the use of diagnostic CT and MR images
for the contouring is shown in Fig. 1. Of all physicians,
seven physicians (28%) rarely or never referred to the

diagnostic CT images. In contrast, the physicians tended to
refer to the MR images more frequently. As for the
contrast-enhanced CT or MR images, approximately 50% of
the physicians believed in the usefulness of contrast
materials for the delineation of the prostate (Fig. 2).

The interobserver variation of the CTV delineation is
shown in Fig. 3. The median craniocaudal prostate length
and CTV volume were 36 mm (range, 21—54 mm) and
43,5 cm® (range, 23.8-98.3 em?), respectively. Although the
board-certificated radiation oncologists tend to contour the
prostate with smaller variability, the interobserver variation
was not significant with regard to the duration as a radiation
oncologist, the board certification status as radiation oncolo-
gists, and the numbers of treatment plans developed for pros-
tate cancer during the last 1 year (Figs. 4-6).

DISCUSSION

The interobserver differences in the target volume definition
for prostate cancer have been investigated. Livsey et al. (8)
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Figure 1. The use of diagnostic images for the delineation of the prostate.
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Figure 2. The opinions of radiation oncologists about the usefulness of
contrast-enhanced images for the prostate delineation,
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