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Table 2. Mean value of ICRUgp or dose—volume parameters
‘ according to rectal bleeding

Mean dose + SD (Gya 5 3)

Variable Overall Bleeding (-)  Bleeding (+) p*

ICURRgp 69 + 17 64 + 17 83 £ 20 <0.001
Diece 72+ 16 68 £ 15 85+ 14 <0.001
Dice 8242 76 £ 15 98 + 19 <0.001
Do.1ce 117 £ 49 107 & 47 145 + 41 0.004

Abbreviation: ICRUgp = International Commission on Radiation
Units and Measurements Report 38 rectal reference point; Dyce,
Dice, Do.1ec = minimum dose received by the 2-cm®, 1-cm?, and
0.1-cm® volumes with the highest irradiation, respectively.

* Student’s ¢ test.

symptoms requiring no treatment; Grade 2 to symptoms responding
to simple outpatients management; Grade 3 to distressing symptoms
requiring hospitatization for diagnosis, minor intervention, or trans-
fusion; and Grade 4 to fistula formation or the need for major surgi-
cal intervention.

Source strength

Data for the '*?Ir source strength were collected on each day of
the HDR-ICBT session, and the average source strength was calcu-
lated over three or four ICBT sessions.

Statistical analysis
The actuarial rate of rectal bleeding was estimated using the Ka-
plan-Meier method, and differences between factors were examined
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with the log-rank test. Student's t-test was used to compare the mean
dose when the rectal bleeding occurred to the mean dose without us-
ing the dose~volume parameters (Dace, Dice» Do.tee) Or ICRUgp
data.

RESULTS

Of the 62 patients, 17 (27%) developed late rectal bleed-
ing, including 13 (21%) with Grade 1 toxicity, 2 (3%) with
Grade 2, 0 (0%) with Grade 3, and 2 (3%) with Grade 4.
The median EQD, representing the sum of the EBRT and
HDR-ICRT dose was 65 Gy (range, 22-118 Gy) for
ICRUgp, 71 Gy (range, 29-112 Gy) for D, 80 Gy (range,
32-150 Gy) for Dy, and 108 Gy (range, 39-285 Gy) for
Dg.1cc. Differences in the mean EQD, dose for patients
with or without rectal bleeding are shown in Table 2.
Patients with rectal bleeding received a significantly greater
nominal total dose for ICRUgp (p < 0.001), Dy (p <
0.001), Dy (p < 0.001), and Dy s (p = 0.004). The patients
were divided into low-EQD, (<median dose) and high-
EQD, (=median dose) groups. The actuarial rectal bleeding
rate for each group is shown in Fig. 1. The 2-year rectal
bleeding rates for the low-EQD, and high-EQD, groups
were, respectively, 12% and 47% for ICRUgp, 15% and
44% for Doe., 12% and 47% for D, and 8% and 51%
for Dg 1ce. The high-EQD, group had a significantly greater
rectal bleeding risk for all parameters (ICRUgp, Dace; Dices
and DOA!cc)-
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Fig. 1. Actuarial rectal bleeding rates for two groups based on the biologically equivalent dose in 2-Gy fractions (EQD2)
(<median dose vs. =median dose for each parameter). (A) International Commission on Radiation Units and Measure-
ments Report 38 rectal reference point (ICRUgp) (B) Dacc, (C) Diee. D) Do jce
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Fig. 2. Actuarial rectal bleeding rates for two groups based on *’Ir

source strength threshold values of 2.4 ¢Gy.m*h.

Patients were also divided into two groups based on the
threshold source strength of 2.4 <;Gy.m2.h'I (the median
source strength was 2.512 cGy.mz.h'l with a range of
1.904—4.631 cGy.m%h™"). The group with the stronger source
strength showed greater rectal bleeding, but the difference
was not statistically significant (15% vs. 34% at 2 years;
p = 0.08), as shown in Fig. 2.

Next, the patients were separated into four groups accord-
ing to the median rectal EQD, and the threshold source
strength of 2.4 cGy.mZ.h"; Group 1 (<median dose and
<24 c¢Gym*h'), Group 2 (<median dose and =2.4
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cGy.mz.h'l), Group 3 (=median dose and <2.4 cGy.m*h’
1, and Group 4 (=median dose and =2.4 cGy.m2h™). The
actuarial rectal bleeding rate for each group is shown in
Fig. 3. There was a significant difference in rectal bleeding
between Group 4 and Groups 1-3 for ICRUgp, Dy, and

" Djee. For EQD; at Dg ¢, there was a significant difference

in rectal bleeding between Group 4 and Groups 1 and 2.
Group 4 also had greater rectal bleeding than Group 3, but
the difference was not statistically significant (p = 0.1). The
relationship between the rectal dose and source strength for
each patient is also shown in Fig. 4. Correlation coefficient
analysis showed no significant relationship between rectal
dose and source strength. Both patients with Grade 4 rectal
bleeding were in Group 4. Clinical parameters of patients
who did and did not develop late rectal bleeding were also
compared (Table 3), but there was no significant difference
between the two groups regarding age (<70 vs. =70 years
old), stage (Stage I-II vs. Stage III-IV), or concurrent chemo-
therapy (No vs. Yes).

DISCUSSION

In a previous report, we demonstrated that patients with
not only BED =100 Gys; but also an average source strength
of >2.4 cGy.mZ.h‘l showed a correlation with a high inci-
dence of rectal bleeding (5). To our knowledge, this was
the first report to demonstrate the effect of source strength
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and rectal BED on rectal complications after HDR-ICBT in
patients with uterine cervical carcinoma. However, the previ-
ous study had a limitation in that we had defined the rectal
dose as the dose to the lead wire inserted into the rectal lu-
men, which made it difficult to compare our result with those
of other reports. We therefore decided this time to calculate
the rectal dose by using the ICRUgp or GEC-ESTRO DVH
parameters, which are considered to represent generally ac-
cepted dose points or parameters for communicating results
among institutions. For the current study, the establishment

Table 3. Correlation of clinical factors with rectal bleeding

Rectal bleeding, 1 (%)

Factor Patients, n No Yes p*
Age (y) 0.85
<70 32 24 (75) 8 (25)
=70 30 21 (70) 9 (30$)
Local stage 0.89
HI 37 26 (70) 11 (30)
m-1v 25 19 (76) 6 (24)
CCRT 0.17
No 37 29 (78) 8 (22)
Yes 25 16 (64) 9 (36)

Abbreviation: CCRT = concurrent chemoradiotherapy.
* Log—rank test.

of four groups of patients by using threshold levels for the
rectal dose (= or <median dose) and source strength (= or
<24 ¢Gy.m>h™") showed that patients with values above
the respective thresholds experienced a significantly greater
frequency of rectal bleeding than did other patients. It should
be noted that patients with a rectal median dose above the
threshold did not show a greater frequency of rectal bleeding
unless the source strength exceeded 2.4 ¢Gy.m*h™'. These re-
sults are in agreement with those reported by the previous
study. These findings together suggest that rectal bleeding
is affected not only by rectal dose but also by 921; source
strength during HDR-ICRT.

Figure 2 shows that the source strength is not the only
prognostic factor for rectal bleeding (p = 0.08). For Do.cc
(which would correspond to the maximal dose as determined
by X-ray-based planning), there was no significant differ-
ence in rectal bleeding between Group 4 (=median dose
and =24 cGy.mz.h'l) and Group 3 (=median dose and
<2.4 ¢Gy.m>h™) (Fig. 3). These data indicate that the rectal
dose is a more powerful prognostic factor for rectal bleeding
than is the source strength.

In our previous study, the rectal dose was calculated as the
BED by combining the EBRT and the HDR dose. In the cur-
rent study, rectal dose is shown as the EQD, dose for reasons
of simplicity and to allow for correlation with standard low-
dose-rate (LDR) doses. The median EQD, values were 65 Gy
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for ICRUgp and 71 Gy for Dy, which correspond to a BED
Gy of 107 Gy and 119 Gy, respectively. These values are
a little higher than those of our earlier results using data ob-
tained by inserting a lead wire into the rectal lumen (with
a median BED of 101.5 Gys), because the lead wire in the lu-
men tends to separate from the rectal wall and thus to result in
underestimation of the rectal wall dose as confirmed in the
cohort of the present study (data not shown).

These days, conventional ICRUgp is not always considered
to be the best predictor of rectal dose (9). However, there are
a few reports of ICRUgp correlating well with Do in a CT-
based DVH analysis (10, 11). Additionally, GEC-ESTRO
has recommended both ICRUgp and DVH parameters for
recording and reporting because the correlation between
dose—volume relations and dose—volume effect has scarcely
been investigated (7). We therefore decided to analyze rectal
dose by using both ICRUgp and CT-based DVH parameters.
Many studies using ICRUgp (12, 13) or DVH parameters in
HDR-ICBT have indicated that a higher rectal dose is signifi-
cantly related with rectal bleeding. Noda et al. (14), uvsing
a CT-based rectal mucosal point dose, showed that a rectal
BED =140 Gy, was associated with a significantly greater fre-
quency of rectal complications, and Koom etal. (15) found that
several DVH parameters obtained from three-dimensional CT-
based treatment planning or ICRUgp are significantly associ-
ated with endoscopic scoring of mucosal changes in the rectum.
However, these reports of CT-based DVH analysis results
show only the relationship between rectal dose and rectal bleed-
ing but do not deal with the power of the source.

The dose—rate effect has been analyzed in several LDR
studies, which have shown that a higher dose-rate iS associ-
ated with a higher incidence of late morbidity (16, 17). There-
fore, we hypothesized that a higher dose-rate is also
correlated with a higher incidence of rectal bleeding in 192p
HDR-ICBT. However, it is difficult to evaluate the dose—
rate effect in '°%Ir HDR-ICBT compared with LDR-ICBT be-
cause the 192Ir source has a short half-life (about 74 days) and
attenuates rapidly during the treatment period (intra- or inter-
fraction). In as much as the strength of the source is thought to
affect the dose-rate, the 1921r source strength was measured
on each day of the HDR-ICBT session, and the average
source- strength was calculated over three or four sessions
as an indicator of the dose-rate.

The dose-rate effect at HDR is thought to be smaller than
that at LDR because there is little impact of sublethal damage
repair. However, the dose—rate effect at HDR is more compli-
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cated than at LDR because fractionation compensates for the
relative lack of protection of late-responding normal tissues.
An effect of dose—rate in HDR brachytherapy has been found
in radiobiologic models (18, 19). Manning et al. (18) esti-
mated the dose-rate effect using a single-plane template
model, with examination of variability in dose-rate in bra-
chytherapy performed with an HDR stepping source. Differ-
ent late adverse effects were found between the relatively
uniformly irradiated central zone of the template and the het-
erogeneously irradiated peripheral zone. The model also
showed pronounced dependence on source strength, espe-
cially in cells of late-responding tissues with short repair
times. In HDR treatment of cervical carcinoma using a step-
ping source, the instant dose-rate at each stepping point
(dwell point) changes dramatically during the time course
of irradiation. A peripheral location of the applicator, such
as the rectal wall, may provide irradiation at an ultra-high
dose—rate. Positioning of the source at the ovoid apex is likely
to provide a higher dose-rate and a higher source strength,
and it is likely to be associated with a late rectal effect.

One weakness of this study is that CT scans after insertion
of an applicator were obtained only during the first HDR-
ICRT session. However, the occurrence between sessions
of substantial changes in the spatial relationship of the appli-
cator relative to target structures and OARs have been dem-
onstrated (20, 21), and these findings indicate the importance
of individual treatment planning for each fraction. Examina-
tion of pelvic CT images for every ICBT session would allow
precise calculation of dose parameters, but this approach
would be time consuming and not cost effective in actual
practice. The GEC-ESTRO group has provided recommen-
dations for target delineation using MRI-contoured volumes
(6, 7). MR1 is superior to CT for imaging the normal anatomy
of the female pelvis and for identifying the extent of cervical
carcinoma, but we were unable to perform MRI scans during
ICBT because of the lack of an MRI-specific applicator. Vis-
wanathan et al. (22) reported that CT tumor contours can
overestimate the tumor volume but that there were no signif-
icant differences between CT and MRI in terms of volumes or
doses to the OARs. We therefore believe that CT-based con-
touring is adequate for DVH analysis of OARs.

In conclusion, this is the second report on evaluation of the
effect of '*2Ir source strength on rectal bleeding in patients
undergoing HDR-ICRT. Our results show that both rectal
dose and source strength affect rectal bleeding after HDR-
ICRT using ICRUgp and CT-based DVH parameters.
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BACK‘ OUND' Postoperatwe rad|atron therapy for, thymoma is wndely used, although the, clrmcal beneﬂts

analyses after stratifymg by Masaoka stage and WHO cell type demonstrated that the 10-year dlsease spe—
cific survival rate for patients without postoperative radiation therapy with Masaoka stage I'and 1, as well
as those: wrth WHO cell types A AB or Bl was 100%, which was sat:sfactory Furthermore the rates for
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When dassifying the advancement of thymomas, the Masaoka staging system ™ has been widely used
because it is a good predictor of prognosis for those patients,” in addition to its clarity in assigning patients
to an appropriate stage. Conversely, thymomas are also histologically classified based on a system proposed
in 1999 and revised in 2004 by the World Health Organization (WHO). In that classification, which is also
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considered to compose another prognostic factor inde-
pendent of Masaoka stage,5'7 thymomas are divided into
5 types; A, AB, B1, B2, and B3.

Although to our knowledge no randomized con-
trolled trial has been conducted to date to establish a
standard treatment for a thymoma, empiric evidence has
led surgical resection to become the mainstay therapy.
However, thymomas are also sensitive to radiation ther-
apy (RT), which is often used in nonresectable patients
and after surgery as an adjuvant therapy. The impact of
postoperative RT on survival after complete resection of a
thymoma has been reported in several reports, although
the results vary.5*® All of those reports used Masaoka
stage to stratify their patients; however, to our knowledge,
no known correlations between the effects of postopera-
tive RT and WHO cell type have been presented to date.
We conducted the current retrospective study to deter-
mine whether certain patients with a thymoma could
achieve prolonged survival by receiving postoperative RT
after a complete resection, by stratifying the patients
according to Masaoka stage and WHO cell type. The rela-
tion between RT status and pattern of disease recurrence
was also examined to investigate the effects of RT on the

clinical course of thymoma patients.

MATERIALS AND METHODS

We reviewed the records of 324 patients who underwent
complete resection of a thymoma at Osaka University
Hospital and its affiliated hospitals during the 36-year pe-
riod between 1970 and 2005. Those with a final diagnosis
of thymic carcinoma and those who underwent a biopsy
alone were not included. The patients included 160 males
and 164 females, who ranged in age from 17 to 83 years
(mean, 51 years). Postoperative RT was inicially recom-
mended for all patients who underwent a complete resec-
tion; however, it was not performed in cases of patient
refusal. In addition, the criteria for postoperative RT at
Osaka University Hospital changed during the study pe-
riod, that is, Masaoka stage I patients were first eliminated
from this recommendation in 1985, followed by stage II
patients in 1998. Conversely, postoperative RT was not
always recommended to patients at other hospitals that
participated in this study. As a resul, 134 patients
received postoperative RT, of whom 119 were treated at

Osaka University Hospital.

5414

Postoperative RT was administered using megavolt-
age technology. Cobalt-60 and G-megavolt (MV) x-ray
devices were used from 1970 through 1981; cobalt-60
and 10-MV x-ray devices were used from 1982 through
1993; and 4-MV, 6-MV, and 10-MV x-ray devices were
used from 1993. In 1997, evaluation of dose distribution
using computed tomographic images and 3-dimensional
planning became available (n = 20). The typical volume

~ treated included the entire tumor bed and part of the

involved adjacent lung when there was parenchymal
involvement or as delineated by surgical clips, with at least
a 1.5-cm margin. For some patients, the entire mediasti-
num was included in the treatment field, whereas nonin-
volved supraclavicular fossa was never included. Treatment
portals included opposing anterior-posterior fields with
differential weighting (1:1, 3:2, 2:1, 3:1) or a single ante-
rior field. For all patients, a total dose of 40 to 50 grays
(Gy) with 2 Gy per fraction was intended, although the RT
course could not be completed in 12 patients. We adopted
in principle 40 Gy, which adhered fundamentally to the
recommendation stated in a study performed at our former
institute.” Thus, 84% of the patients in the postoperative
RT group received a dose of 40 Gy (median, 40 Gy; aver-
age, 39.3 Gy [range, 10-50 Gy]).

Patient characteristics in regard to Masaoka stages
and other perioperative therapy with reference to the sta-
tus of postoperative RT are summarized in Table 1.
Actuarial disease-specific and overall survival rates for all
patients and those in each stage were calculated after
dividing them by the status of postoperative RT. As we
previously reported, the survival rates of patients with a
stage 111 thymoma were found to be correlated with the
involved organs.3 Therefore, stage 111 patients were di-
vided into 3 groups according to the involved organs:
those with invasion to the great vessels (V[+]L[+ or
—]P[+ or —J), invasion to the lung but not the great ves-
sels (V[=]L[+]P[+ or —]), and invasion to the pericar-
dium but not the great vessels or lungs (V[=IL{=]P[+]).

Pathologic examinations were performed using he-
matoxylin and eosin-stained sections derived from paraf-
fin-embedded blocks. Histologic diagnosis with reference
to the WHO dlassification system was performed to clas-
sify the patients according to cell type A, AB, B1, B2, or
B3, which was identified in 290 patients. Actuarial sur-
vival rates were calculated, and patterns of disease recur-
rence were reviewed based on each cell type.
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Table 1. Patient Characteristics According to
Postoperative RT Status

Postoperative RT Yes No
Masaoka stage
| 31 119
il 43 33
i 53 30
IVA 4 5
VB 3 3
Total 134 190
Preoperative therapy 6 25
RT 2 9
Chemotherapy 4 10
Steroids 2 11
Postoperative therapy 17 18
other than RT
Chemotherapy
Steroids 12 13

RT indicates radiation therapy.

When considering the clinical course of a patient
with a thymoma, which lasts for more than a decade in
many, disease-specific survival rates may accurately reflect
the dlinical course of thymomas as compared with overall
survival rates. Therefore, both disease-specific and overall
survival rates were calculated in the current study. Patients
who died from a disease other than the thymoma were
regarded as censored at the time of death in treating dis-
ease-specific survival rates. Actuarial disease-specific and
overall survival rates were calculated using the Kaplan-
Meier method, and statistical differences between survival
curves were examined with a log-rank test. The frequen-
cies of distribution between groups were tested with a chi-
square test. A P value of <.05 was considered significant.
Statistical analyses were performed using the personal
computer software package StatView 5 (SAS Institute,
Cary, NC). The institutional review boarsi of Osaka Uni-
versity Hospital approved the design of the study and con-
sented to waive the need to obtain informed consent from

the patients.

RESULTS

The actuarial 10-year and 20-year disease-specific survival
rates for patients who received postoperative RT were
92.8% and 83.5%, respectively, whereas they were 94.4%
and 94.4%, respectively, for those treated without RT (P
= .2208). Conversely, the actuarial 10-year and 20-year
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overall survival rates for those who received postoperative
RT were 80.7% and 56.5%, respectively, whereas they
were 86.2% and 40.4%, respectively, for those treated
without RT (P = .0640). The distribution of patients in
regard to Masaoka stage was skewed in the present popu-
lation, thus disease-specific and overall survival rates for
the patients were calculated by stage (Table 2). The dis-
ease-specific survival rate for patients with stage I and II
was >90% regardless of the status of postoperative RT.
Furthermore, in all patients with stage III disease, there
were no significant differences noted in disease-specific
survival rate between those treated with and without post-
operative RT (Table 2). Next, we compared stage III
patients after dividing them according to the involved
organs. The actuarial 10-year and 20-year disease-specific
survival rates for patients in the V(+)L(+ or —=)P(+ or —)
group who underwent postoperative RT (n = 12) were
62.3% and 41.6%, respectively, whereas they were 77.1%
and 77.1%, respectively, for those treated without RT (n
= 13; P = .48). Similarly, those rates for the
V(=)L(+)P(4 or —) group treated with postoperative
RT (n = 27) were 93.8% and 54.8%, respectively.
Although the follow-up period for those treated without
postoperative RT in this group (n = 12) was not adequate
to calculate the 10-year disease-specific survival rate, the
disease-specific survival rate after 9 years was 80.0% P=
.2565). No patients in the V(—)L(—)P(+) group died dur-
ing the follow-up period of between 1.8 to 20.6 years (me-
dian, 9.9 years), which included 14 patients treated with
postoperative RT and 5 treated without it. In patients with
stage IVA disease, all 5 patients without postoperative RT
and 3 of 4 patients with postoperative RT survived >5
years, whereas the remaining 1 patient with postoperative
RT died 1.4 years after surgery. With regard to those with
stage [VB disease, all 6 died within 5 years.

The overall survival rate for patients with stage I and
II disease without postoperative RT was >90%, whereas
it was smaller in those treated with postoperative RT com-
pared with those treated without. Furthermore, in all
patients with stage I1I disease, there were no significant
differences in the overall survival rate noted berween those
treated with and without postoperative RT. With regard
to patients with stage IV disease, all deaths that occurred
were because of the tumor, thus, the overall survival rates
were identical to the disease-specific survival rates, which

. were analyzed above (Table 2).
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Table 2. Patient Survival Rate Based on Masaoka Stage

Stage Postop RT No. 10DSR, % 20DSR, % P 1008R, % 200SR, % P
i + 31 96.3 903 77.3 58.7

- 119 100 100 NA 923 0128
I + 43 100 100 85.0 73.6

- 33 100 NA 98.7 2486
1 + 53 87.7 62.3 79.9 355

- 30 85.1 85.1 8010 69.1 46.1 4852
v + 7 62.5 (5DSR) 62.5 (50SR)

- 8 66.7 (5DSR) 6628 66.7 (50SR) 6628

Postop RT indicates postoperative radiation therapy; 10DSR, 10-year disease-specific survival rate; 20DSR, 20-year disease-specific survival rate; 100SR, 10-
year overall survival rate; 200SR, 20-year overall survival rate; +, received; —, not received; NA, not applicable; 5DSR, 5-year disease-specific survival rate;
S5OS8R, 5-year overall survival rate.

Table 3. Survival Rates and Patterns of Disease Recurrence According to WHO Cell Type

WHO Postop Masaoka Total 10DSR, 20DSR, 100SR, 200SR, Patten of
Cell Type RT Stage % % % % Disease
Recurrence
| W VA IVB
A + 2 1 3 100 100 66.7 66.7 None
- 2 1 1 14 100 - 100 - None
AB + 9 12 5 28 92.4 84.0 88.9 66.6 PD (2), local, unknown
- 47 15 1 1 64 100 - 85.1 - None
B1 + 6 10 3 19 100 100 88.8 66.0 PD
- 25 5 5 35 100 - 90.5 - None
B2 + 10 12 25 3 1 51 94,9 73.9 76.5 48.3 PD (8), lung, local,
brain, and pericard
- 2t 6 12 5 1 45 92.9 92.9 825 41.3 Lung and PD (2)
B3 + 7 4 1 12 88.9 - 67.9 — PD + local + tiver,
local + lung,
and PD + lung
- 4 3 3 1 11 65.6 - 65.6 - Lung
Others” + ]
- 6 11 8
Tota! 142 72 61 9 6 290

WHO indicates World Health Organization; Postop RT, péstoperative radiation therapy; 10DSR, 10-year disease-specific survival rate; 200SR, 20-year dis-
ease-specific survival rate; 100SR, 10-year overall survival rate; 200SR, 20-year overall survival rate; +, received; —, not received; PD, pleural dissemination,

pericard, pericardial dissemination.
**Others” in WHO cell type includes cases that could not be assigned to type A, AB, B1, B2, or B3,

The distribution by WHO cell type according to treated with postoperative RT died at 1.5 years, 3.8 years,

Masaoka stage and status of postoperative RT for each cat- and 16.7 years, respectively, after surgery, whereas no
egory is summarized in Table 3. None of the patients with patient treated without postoperative RT died. Patterns of
WHO cell types A (n = 17) or Bl (n = 54) died during disease recurrence were found in 1 patient with pleural
the median follow-up period of 5.4 years and 8.3 years, and pericardial dissemination, 1 with pleural dissemina-
respectively, regardless of the status of postoperative RT. tion and lymph node metastasis, and 1 with disease recur-
Furthermore, no patient of disease recurrence occurred in rence at the site of a needle biopsy. The actuarial 10-year
cases with cell type-A, whereas 1 patient with cell type B1 and 20-year disease-specific survival rates for all patients
developed disease recurrence with pleural dissemination, with these 3 cell types who underwent postoperative RT
which had been classified as stage I1I disease at the time of (n = 50) were 95.8% and 91.5%, respectively, whereas
resection and the patient received postoperative RT. the 15-year disease-specific survival rate for those treated

Among those with cell type AB (n = 92), 3 patients without postoperative RT was 100% (n = 113).
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Of 96 patients with WHO cell type B2, 8 died,
which included 6 with stage 111 disease and 2 with stage
IVA disease. All but 1 of the patients who died received
postoperative RT. There was no significant difference
noted with regard to actuarial disease-specific survival rate
between patients treated with and those treated without
postopcfative RT (P = .4368) (Table 3). Disease recur-
rence occurred in 16 patients, which included 1 patient
with stage Il disease, 11 patients with stage III disease, and
4 patients with stage IVA disease, with postoperative RT
performed in 13 of those. The pattern of disease recur-
rence in most included pleural or pericardial dissemina-
tion and distant metastases. Local disease recurrence
without the existence of other recurrent disease occurred
in 1 patient with stage III disease who underwent post-
operative RT.

" Among patients with WHO cell type B3, 3 died
from the thymoma, 2 of whom received postoperative
RT. No significant difference in actuarial disease-specific
survival rates were found between those treated with and
without postoperative RT (P = .3501). Disease recur-
rence occurred in 4 patients, which included 2 with stage
IIL, and 1 each with stage IVA and stage [VB disease, with
postoperative RT performed in 3 of those. The patterns of
disease recurrence included pleural dissemination, distant
metastases in the liver and lung, and local disease recur-
rence. Local disease recurrence accompanied by distant
metastasis occurred in 2 patients.

No group of patients divided by WHO cell type
demonstrated a significant difference in overall survival
rate according to status of postoperative RT (P = .7496,
9634, .1837, and .7229 for WHO cell types AB, B1, B2,
and B3, respectively) (Table 3). Statistical analysis of over-
all survival rates for patients with WHO cell type A was
not attempted because no events occurred in those
patients treated without postoperative RT, and the num-
ber of patients treated with postoperative RT was too

small.

DISCUSSION

"In the current study, no significant improvement in sur-
vival was noted for patients who were treated with postop-
erative RT compared with those without, regardless of
Masaoka stage, which is consistent with previously
reported results.'%1¢ Witch regard to those with Masaoka
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stage I and 1I disease, the results of the current study can
be explained in part by the finding that the long-term out-
comes of our thymoma patients who did not undergo
postoperative RT were satisfactory, which made it diffi-
cult to demonstrate that postoperative RT had a further
benefit on survival, thus suggesting that complete resec-
tion alone was sufficient to achieve a good prognosis in
this population. Although the survival rates of stage 111
and IV disease patients were reduced compared with those
with stage I and II, the differences in survival according to
status of postoperative RT among each stage were not
found to be significant, which may indicate that postoper-
ative RT after complete resection in patients with stage I1I
and IV disease does not alter long-term survival,

The indication of postoperative RT for thymoma af-
ter complete resection has long been considered contro-
versial, mainly because, to the best of our knowledge, no
randomized controlled study has been conducted to date.
For patients with stage Il and III disease, Curran et al.?
and Nakahara et al.” advocated postoperative RT. Curran
et al.reviewed 19 patients with stage II disease and 7 with
stage III disease, and their findings supported postopera-
tive RT for stage II disease based on their finding that
mediastinal recurrence occurred in 6 of 18 patients treated
without RT within 5 years, whereas no recurrence was
noted in 1 stage II case and 4 stage III patients treated
with postoperative RT. The mediastinum was the most
common site of disease recurrence in their report. In addi-
tion, reports on the outcome of patients with a thymoma
have been accumulating]" BIZI4IGI7 which led us to
speculate regarding the effects of postoperative RT' on
stage 11 thymomas. Those reports studied from 25 to 61
patients with stage II disease, and noted a low rate of dis-
ease recurrence (range, 2.0-9.8%), with a frequent pattern
of disease recurrence being pleural dissemination, which
is consistent with the findings in the current study.
Although this issue would ideally be settled by a prospec-
tive randomized controlled study, we consider that the
accumulated data are sufficient to judge that postoperative
RT for stage I thymoma is not effective.

Conversely, Nakahara et al insisted that a patient
with a stage III thymoma should undergo postoperative
RT for the entire mediastinum after a complete resec-
tion.” That report, produced by our former institute, was
based on a 1-arm observation study that did not include
patients who did not undergo postoperative RT. Later,
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after accumulating clinical data for an additional 20 years,
we reported that the prognosis and pattern of disease re-
currence in patients with a stage III thymoma depended
on the involved organs, and that recurrence was most
often noted as pleural dissemination.>'® Thus, we cur-
rently consider that establishment of a strategy against
pleural dissemination, rather than mediastinal recurrence,
is more important than postoperative RT for this group of
patients, as described earlier. To the best of our knowl-
edge, no beneficial effect of postoperative RT on the sur-
vival of individuals with stage III thymoma has been
demonstrated to dare in reports published from other
institutions, *!® which is consistent with the results of the
current study.

Long-term survival rates for patients with WHO cell
types A, AB, and Bl were considered adequate without
postoperative RT, making it difficult to demonstrate fur-
ther improvement because of postoperative RT and sug-
gesting that its role was not apparent in this population,
which indicates that surgery alone is a sufficient treatment
strategy for thymoma patients with WHO cell types A,
AB, and B1, as well as those classified as having Masaoka
stage I and II disease who undergo 2 complete resection.
Thus, such patients may be eliminated as candidates for
postoperative RT. Furthermore, of the 56 patients in the
current study classified as having stage III, IVA, or IVB
disease, and WHO cell types B2 or B3, 37 were Masaoka
stage Il and WHO cell type B2, and there was no signifi-
cant difference in survival noted with regard to the status
of postoperative RT among them (data not shown). The
other combinations included no more than 8 patients,
which was not considered to be a sufficient number with
which to demonstrate the effect of RT on long-term
survival.

Patterns of disease recurrence are another issue
regarding postoperative therapy for patients with com-
pletely resected thymomas. The irradiation area in the
patients in the current study was the mediastinum, which
may function as a prophylactic against local recurrence of
the tumor. The most frequent pattern of disease recur-
rence was pleural dissemination, followed by distant me-
tastasis, mainly in the lungs. However, that phenomenon
was common in patients who were treated both with and
without postoperative RT and thus it does not appear that
postoperative RT to the mediastinum prevents local re-
currence. Other reports have also noted that the pleura is
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the most frequent site of recurrence,
formance of postoperative RT does not affect the rate of
pleural recurrence.’ Therefore, it would be reasonable to
form a strategy against pleural dissemination and distant
metastasis, rather than local control in the mediastinum,
for thymomas that may require treatment in addition to
complete resection. Some investigators have reported
reductions in disease recurrence rates after entire hemitho-
rax RT of approximately 15 Gy as adjuvant therapy after
complete resection of a thymoma.”**' However, they also
noted that radiation pneumonitis of grade 2 or greater
occurred in 15% to 25% of those patients who underwent
entire hemithorax RT, which led us to consider that this
treatment should not be routine. In this context, systemic
chemotherapy may be a good candidate modality.
Although we could not find any reports in literature indi-
cating that adjuvant chemotherapy after complete resec-
tion would ameliorate the outcome, there are studies
describing favorable effects of systemic chemotherapy for
patients with advanced thymomas. Various therapeutic
regimens were used in those, including the quadruplet of
doxorubicin, cisplatin, vincristine, and cyclophospha-
mide®* and triplets of cisplatin, doxorubicin, and cyclo-
phosphamideB ; cisplatin, doxorubicin, and
cyclophosphamid624; cisplatin, epirubicin, and etopo-
side?*?%; and cisplatin, doxorubicin, and methylpredniso-
lone,?% as well as others. Because to our knowledge there is
no standard chemotherapeutic protocol for a thymoma, it
is important to determine the most suitable regimen as
well as establish a multimodality treatment strategy for
patients with stage III/IV thymoma and WHO cell types
B2/B3.

A limitation of the current study is its retrospective
design. We clearly understand that it would be ideal for a
sufficient number of patients to be recruited within a
short period to form a prospective study; however, the rel-
ative rareness of the disease makes it quite difficult to do
so. In addition, confirmation of the effects of treatments
require a long period, because the clinical course of a thy-
moma is slow, making it difficult to perform prospective
randomized clinical studies of affected individuals. There-
fore, the distribution of patients in the current study in
regard to RT status was not randomized. However, we are
certain that the bias used for selecting patients who
received postoperative RT was minimal, because we deter-
mined the criteria for postoperative RT based on Masaoka
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stage, not on a “case-by-case” basis. Conversely, the ma-
jority of the patients who received postoperative RT
underwent surgery at Osaka University Hospital, which
might cause a bias from the differences among the hospi-
tals in this study. Nevertheless, all thoracic surgeons who
participated in the current study were trained under a sys-
tem established by Osaka University Hospital and its
affiliated hospitals, and we therefore are confident that
quality of the surgical procedures as well as perioperative
care was maintained at a high level. Another important
issue in the current study may be the long duration
required to accumulate an adequate number of patient
records because of the rareness of the disease, as such a
long period may skew the outcome of a retrospective
study. Over the study period of several decades, many
aspects of thymoma treatment have changed, such as
application of thoracoscopic surgery, new apparatuses for
RT, new chemotherapeutic agents, and improvements in
radiographic imaging technologies. Any of those varia-
tions in the patients in the current study might have
skewed our results.

In conclusion, the effects of postoperative RT on
survival and disease recurrence after complete resection in
patients with thymoma were examined based on Masaoka
stage and WHO cell type. A good candidate group of thy-
moma patients could not be identified after dividing by
Masaoka stage and \WHO cell type. However, patients with
stage I and II thymoma, as well as those with WHO cell
types A, AB, and B1, can be eliminated from the list of can-
didates for postoperative RT. Conversely, establishment of
an optimal treatment strategy for patients with Masaoka
stage I1l and IV disease, and WHO cell types B2 and B3, is

needed to further improve their long-term outcome.
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Computed radiography (CR) is gradually replacing film. The application of CR for two-dimensional
profiles and off-axis ratio (OAR) measurement using an imaging plate (IP) in a CR system is
currently under discussion. However, a well known problem for IPs in dosimetry is that they use
high atomic number (Z) materials, such as Ba, which have an energy dependency in a photon
interaction. Although there are some reports that it is possible to compensate for the energy
dependency with metal filters, the appropriate thicknesses of these filters and where they should be
located have not been investigated. The purpose of this study is to find the most suitable filter for
use with an IP as a dosimetric tool. Monte Carlo simulation (Geant4 8.1) was used to determine the
filter to minimize the measurement error in OAR measurements of 4 MV x-rays. In this simulation,
the material and thickness of the filter and distance between the IP and the filter were varied to
determine most suitable filter conditions that gave the best fit to the MC calculated OAR in water.
With regard to changing the filter material, we found that using higher Z and higher density material
increased the effectiveness of the filter. Also, increasing the distance between the filter and the IP
reduced the effectiveness, whereas increasing the thickness of the filter increased the effectiveness.
The result of this study showed that the most appropriate filter conditions consistent with the
calculated OAR in water were the ones with the IP sandwiched between two 2 mm thick lead filters
at a distance of 5 mm from the IP or the IP sandwiched directly between two 1 mm lead filters.
Using these filters, we measured the OAR at 10 cm depth with 100 cm source-to-surface distance
and surface 10X 10 cm? field size. The results of this measurement represented that it is possible to
achieve measurements with less than within 2.0% and 2.0% in the field and with less than 1.1% and
0.6% out of the field by using 2 and | mm lead filters, respectively. © 2009 American Institute of
Physics. [DOI: 10.1063/1.3103572]

I. INTRODUCTION

For radiation therapy, it is important to measure the dose
distribution in materials in order to put together a treatment
plan that will give an accurate dose distribution and ensure
that the dose to normal tissue is minimized. The usual way to
measure this is to use an ion chamber in water as a gold
standard. However, because this is a sort of point measure-
ment, it is time-consuming to measure the off-axis ratio
(OAR) in two or three dimensions. Furthermore, the reso-
lution of scans is limited due to chamber size.

To measure the dose distribution with high spatial reso-
lution the use of film is an easier solution.'™ However, the
film needs to be developed, and requires that the film pro-
cessor be maintained. With GafChromic film,>” it may be
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much easier and more useful because of no need to be
chemical processing; however, all facilities cannot afford to
purchase the film digitizer and use such expensive films con-
stantly as a quality assurance tool. On the other hand, com-
puted radiography (CR) system,® which has been originally
used for diagnostic purpose, has been more widely used than
GafChromic film. Additionally, it is being discussed that CR
becomes more prevalent in radiotherapy. The use of the film
processor is decreasing.

A new dosimetric method using an imaging plate”'? (IP)
in a CR system has recently been considered as a replace-
ment for film,''™" with the advantage that this method does
not need a film processor. However, IPs include high atomic
number (high Z) materials such as barium, for which there is,
in general, an energy dependency problem, which can pro-
duce an error in the measurements. It is reported that similar
errors occur even in film measurements, but it is possible to

© 2009 American Institute of Physics
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045101-2

Central axis of beam

- 35em

FIG. 1. Structure of the IP used in the MC simulation composed of three
tayers, a protective layer, a phosphor layer, and a support layer, respectively.
r is the distance from the center of IP. The center of IP is comesponding to
the central axis of x-ray. ’

compensate these errors with metal filters."*™'® There has
been a report asserting that filters can be used to compensate
the errors for IP measurements also.'! Nevertheless a detailed
discussion regarding the kind of materials to use or where
the filters should be placed, etc. has not taken place. The
purpose of this study is to use Monte Carlo (MC) simulation
to determine the most appropriate filter for IP measurements.
In this investigation, we attempt to find the most appropriate
material, thickness, and location of the filter for IP dosimetry
in order to minimize the dosimetric error in OAR measure-
ments with a 4 MV photon beam.

. MATERIALS AND METHODS

A. MC simulation parameter settings and evaluation

For the MC simulations, we used GEANT4 (version 8.1
patch-01). GEANT4 is a calculation code widely used for high
energy physics, nuclear physics, space physics, and medical
physics, etc. The photon and electron interactions in the ma-
terial are simulated down to 250 eV."” The GEANT4 physics
models selected for this study were the low-energy electro-
magnetic process, and the number of history was 2X 108
photons. GEANT4 utilizes a stopping range instead of energy
to control the tracking and production of secondaries. In
GEANT4, all particles are tracked to a zero range except for
secondaries with a range shorter than the production cutoff
range set by the user. In this study, the production cutoff
range was set to 0.01 mm.

The spectrum used in this study was a 4 MV photon
spectrum calculated from Schiff’s formula.'® There have
been reports that this formula has been extended for medical
linear accelerator.’®?' In this study, we calculated the spec-
trum using Schiff’s formula, where we attached 10 mm thick
copper attenuations by every 50 keV as the target and the
material under the target.

The IP used in the MC simulation is a ST-VN (FUJIF-
ILM Corp., Minato-ku, Tokyo). As shown in Fig. 1 the size
of the IP is 35 X 35X 0.0559 c¢m? and it is composed of three
layers, a protective, phosphor, and support layer and protec-
tive and support layers are made of Polyethylene terephtha-
late (PET), and the phosphor layer is BaFBrl. The composi-
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X-ray

Field size at surface
10 % 10cm?

40cm

FIG. 2. Materials setting. A 40X 40 %X 40 cm? water tank phantom was used
in the simulation. The SSD was 100 cm and the field size 10 X 10 cm®. The
middle of water phantom was irradiated with a 4 MV photon beam. The
incidence of photons was uniformly carried out in the exposure field. The IP
was place at a depth of 10 cm from the surface of water.

tion of PET is C:H:0=10:8:4 and the density is
1.38 g/cm3. BaFBrl consists of 56.45% Ba, 7.81% EF
27.92% B, 7.82% 1, and the density was set to 5.50 g/cm?,
To verify the calculation conditions, we compared measure-
ments and simulation.

1. Measurement

The linear accelerator used was Clinac2100C (Varian
Medical Systems Inc., Palo Alto, CA) and we used only
4 MV photons with a 10X 10 cm? field and a 100 cm
source-to-surface distance (SSD). For percentage depth dose
(PDD) measurements in water, we used a PTW Freiburg
N31005 ionization chamber in a three-dimensional (3D) wa-
ter phantom (Dynascan, Computerized Medical Systems
Inc., St. Louis, MO). We measured the PDD on the central
beam axis and the OAR at a depth of 10 cm. For the OAR
measurement with the [P, a 40X 40 cm? water equivalent
solid phantom (Solid Water Phantom, Gammex Inc., Middle-
ton, WI) was used instead of the 3D water phantom. The IP
(ST-VN, 35X35 cm?, Fujifilm Corp., Minato-ku, Tokyo)
was placed perpendicular to the beam axis at a depth of
10 cm in the stack of 40 cm solid phantom. The IP was
exposed to a dose of 12.5 mGy, and was then read out using
a FCRS5000 (Fujifilm Medical Co. Ltd., Minato-ku, Tokyo)
and converted to DICOM format where the S value, which
gives the sensitivity of the FCR during read out, was set to 2,
and the L value, which gives the latitude, was set to 4. The
other parameter settings were S-Shift: 1, C-Shift:1, GA:A,
GC:1.2, GS:0.00, RN:3, RT: F, RE:0.0, and DRC: off. These
values were all fixed. The OAR data were obtained from a
line profile on the acquired two-dimensional IP dose profiles.
To determine the dose deposited on the IP we made the dose
conversion table for the pixel value on the IP. First we mea-
sured at the central axis with an ion chamber from 2.5 to
15 mGy under the same condition, and next we read out the
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40cm

FIG. 3. Example showing the behavior of 100 photons in the water phan-
tom.

corresponding data area on the IP, 100X 100 pixels with
each pixel being 0.1X0.1 mm?, and which was compared
with the one with ion chamber.

2. MC simulation

The geometrical setup is shown in Fig. 2. First, the PDD
and OAR at 10 cm depth were calculated without anything
placed in water phantom, where these calculated data were
compared with the measured data from the ionization cham-
ber. The voxel size used for the calculation of the water
absorbed dose was 5X5 X5 mm?. For the simulation with
the TP, the IP was placed perpendicular to the beam axis at a
depth of 10 cm, and the OAR was obtained by calculating
the dose to the phosphor layer. The voxel size used for this
calculation was 5 mmX5 mmX210 pum. Figure 3 is a
schematic showing the result of the calculation.

B. Investigating the filter by MC simulation

This calculation also followed the above procedure. The
size of filters used in the simulation was 35X 35 cm?, and
the filters were set, as shown in Fig. 4, in three different
configurations: above only, below only, and one on each side
simultaneously. The material, thickness, and displacement of
the filters were varied. The same simulation was repeated
without the IP and filters, from which the OAR was obtained

K-ray

\

Filter at Upper Side

| Thickness

Interval

Filter at Lower Side

FIG. 4. Schematic diagram showing the location of double filters placed on
both sides of the IP. The size of the filter was 35X 35 cm? The material,
thickness, and the distance between the IP and the filter were varied.

Rev. Sci. Instrum. 80, 045101 (2009)

and used as a reference for comparison. From the simulation,
the appropriate filter was identified as the one for which the
calculation result was closest to the OAR data without the IP.
The following formula was used to determine which data
gave the closest comparison,

(OARp,— OARy )
OARy

where OARjp, is OAR on the IP (the phosphor layer) at r
millimeters from the central axis. OARy, is OAR with the
IP and the filter in r millimeters from the central axis and
likewise OARy is the one in 0 mm from central axis. Un-
less stated, the value for the OAR is computed with the arith-
metic average of relative errors locating from —60 to
—100 mm from central axis at a 10 cm depth, where the
errors obviously show up, with a 10X 10 cm? field size and
100 cm SSD.

(relative error) (%) = X 100,

1. Material of the filters

The materials used in this evaluation are simple sub-
stances with atomic number (Z) from 4 to 82. Concerning the
material data, the simulation was carried out in two ways,
one simply using the density of every material,” the other
setting the density to the one of lead, 11.35 g/cm?, for all
the materials in order to observe the Z dependency. The
thickness was fixed to 2 mm and there was no gap between
the filter and the IP.

2. Filter thickness

For this evaluation, only the lead filter was used. The
filter thickness was varied from 0 to 15 mm and there was no
gap between the filter and IP in the calculation.

3. Filters displacement

The lead filter was also used for this calculation. The
distance between the IP and the filter (expressed by “Inter-
val” in Fig. 4) was varied from O to 15 mm for two cases;
filter thicknesses of 2 and 1 mm. We set water equivalent
data in the interval.

Ill. RESULTS AND DISCUSSIONS

A. MC simulation parameter settings and evaluation

As reported by Olch,"" the dependence of the pixel value
from IP measurement on dose is given in Fig. 5, and this is
expressed by a logarithmic relationship. The energy spec-
trum used in the simulation is shown in Fig. 6. For compari-
son, the results of the calculation and the measured PDD and
OAR are shown in Fig. 7. As can be seen in Fig. 7(a), the
calculated depth dose relationship is in good agreement with
the measured data. From Fig. 7(b) we can find the average
values of the relative error from —60 to —100 mm from the
central axis with and without the IP. These are 20.7*2.6%
for the measurement and 20.5%=3.0% for the simulation,
showing good agreement for the OAR. These results infer
that the MC simulation settings used were realistic.
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FIG. 5. Relationship between absorbed dose and pixel value along the cen-
tral axis of a 10X 10 cm? field in 10X 10 mm?.

B. Investigating the filter by MC simulation

The calculated OAR is shown in Fig. 8, which shows
that, compared with the dose in water (dose with no IP in
water), there is a 20.5 * 3.0% difference in the average value
of the relative error from ~—60 to —100 mm from central axis
with the IP only, a 15.3=2.7% difference for the IP with a
2 mm copper filter placed above it and a 9.8 +2.2% differ-
ence for the IP with a lead filter. It can be seen that the use of
filters shifts the result closer to the dose in water with no IP.

First, we shall discuss the appropriate material to be used
for the filter. A similar calculation to that shown in Fig. 8 was
done for each material in order to determine the appropriate
filter. The results are shown in Fig. 9. As the results show,
placing a filter on each side of the IP produced a better effect
than with a single filter on either side. In Fig. 9(a), compared
to Ag(Z=47) and Nd(Z=60), Ba(Z=56) has a higher relative
error based on t-tests (P <<0.001). This is because Ba has a
density of 3.5 g/em?® and thus, compared with Ag (density:
10.5 g/cm?) and Nd (density: 6.9 g/cm?), has a smaller ra-
tio between density and Z. On the other hand, Fig. 9(b)
shows the Z dependency only for filter materials (Z=4-82),
from which we can see that the effect produced by the filter
improves as Z increases, and, as the results indicate, using a
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FIG. 6. Photon energy spectrum used in MC calculation.
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FIG. 7. Comparison of MC calculation with measurements. (a) PDD in
beam axis. (b) OAR at 10 cm depth.

high density filter material on both sides leads to a much
better effect. Considering the results and the materials that
are practical to use, we conclude that Pb would be the most
appropriate filter material.

Our second discussion is with regard to the filter thick-
ness. The MC simulation results are shown in Fig. 10, which

12

& Wafer Absorbed Pose
—B— [P: Non-Filter

1 H ~=— IP: Cu(29)

- -a--iP: Ph(82)

0.8

0.6

OAR

0 L
-106 -80 -60 -40 -20 Ll

Distance from Central Axis (mm)

FIG. 8. Comparison of the OAR in water for nonfilter and 2 mm thick Cu
and Pb filters where the filter is placed in contact with the IP.
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FIG. 9. Average value of relative error from —60 to —100 mm from the
central axis for different filter materials. Atomic number 0 means that no
filter is used. {a) Result using the density (g/cm®) associated with each
atomic number. (b) Similar to (a) but using a constant density value of
11.35 g/cm?® for each atomic number material.

shows the relationship between the relative error and the
thickness of the Pb filter from —60 to —100 mm from central
axis. It can be seen that there is a general trend for the rela-
tive error to fall to a constant value as the filter thickness is
increased. For the filter placed under the IP, this occurs for a
thickness of 1 mm, and is due to the contribution of low

& Above Only
B Below Ouly |
—+— Both Side

Average Value of Relative Error (%)

Eilter Thickness (mm)

FIG. 10. Average value of relative error vs Pb filter thickness, Filter thick-
ness 0 means no filter is used.
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FIG. I1. Average value of relative error as a function of the distance be-
tween the filters and the IP (interval). Interval 0 means that these are in
contact. (a) Average values of relative error using a 2 mm thick Pb filter. (b)
Average values of relative error using a | mm thick Pb filter.

energy photons scattered from the IP. According to the re-
sults, good agreement was found between the calculated
OAR without an IP and when using 1 mm thick Pb filters on
each side of the IP. If filters thicker than 1 mm are used, the
effect becomes excessive. As shown in Fig. 10, the gradient
of the relative error curve is steep at 1 mm, so that, when
making the filter, care should be taken in the precision of the
thickness; for example, if the filter were to be 0.75 or 1.5 mm
in thickness, relative errors of 1.8+0.8% or —0.9*+0.6%,
respectively, would arise.

So far we have determined the most suitable material
and the thickness of the filter. Finally, we discuss the position
of the filter with respect to the IP. The relationship between
the relative error and the distance of the Pb filter from the IP
was calculated. Figure 11 represents the results for 2 mm
thick Pb filters [Fig. 11(a)] as well as 1 mm thick filters [Fig.
11(b)]. There is no significant position dependent effect ob-
served for the filter placed above the IP; whereas, for ones
placed beneath or on both sides of the IP, the relative errors
increase linearly as the distance between the IP and the filter
increases. It is indicated that the filter effect tends to dimin-
ish. The scattered photons basically have a lower energy
spectrum and scatter into a larger solid angle. In addition to
this, since the IP includes high atomic number (Z) materials,
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FIG. 12. (a) Comparison between the OAR calculated in water {no IP) and
the OAR in water with an IP with 1 mm thick Pb filters and 2 mm thick Pb
filters. (b) Relative error vs distance from the central axis.

such as Ba, the lower energy photons are attenuated much
than higher ones. This is how the ratio of the energy given to
IP by the backscattered photons from down stream of the IP
is greater than that by photons scattered from upper stream of
IP where water exist between the IP and the filter and the
scatter is caused mainly by interaction with water. Therefore,
the contribution to the IP of photons backscattered from un-
der the IP is much larger than photons scattered from the
upper side of the IP. This is the reason, if the interval is large,
the filter position affects the relative ervors. Essentially, the
best options for position found from the results are with fil-
ters placed on each side of the IP, either with 2 mm Pb filters
with a 5 mm interval or 1 mm Pb filters with a O mm interval
(i.e., filters attached to both sides of the IP). Note that preci-
sion is also needed when placing the filters at the recom-
mended distances. The OARs of the optimum filter positions
and that without an IP (OAR in water) are shown in Fig.
12(a). In addition, the relative errors derived from the results
in Fig. 12(a) are shown in Fig. 12(b), which showed that the
relative errors of 1 mm Pb filters with a O mm interval and
2 mm Pb filters with a 5 mm interval distributed around 0%
both in and out of the field. There was a good agreement
with the result of the water absorbed dose. In detail, we
calculated the root mean square of the relative error in terms
of out-of-field (from —60 to —100 mm) and in-field (from
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FIG. 13. Comparison of the energy spectra of photons (1 X 10% photons)
interacting in the IP, on the beam axis and at —80 mm from the central axis
for the cases with no filter and 1 mim thick Pb filters attached to each side of
the IP.

0 to —50 mm). The results of 1 and 2 mm thick Pb filters
were 2.0% and 2.0% in the field and 0.6% and 1.1% out of
the field, respectively. Thus, this simulation study indicated
that, by using two 1 mm thick Pb filters attached to each side
of the IP or two 2 mm thick Pb filters placed 5 mm from each
side of the IP, it is possible to obtain OAR curve with IP as
accurate as the one based on the absorbed dose calculated
only in water.

We also investigated the energy spectra in the IP with
and without filters. We calculated the energy spectrum in
each case from the MC analysis and the results are shown in
Fig. 13. What the figure shows is that the number of photons
in the low energy range (especially keV range), where there
is an energy dependency on the IP, is reduced by the filter.
Thus, the accuracy of the [P measurement is improved when
the filter is used. The OAR measurement, in particular, can
be done without concern about the energy dependency
of the IP.

. In study of Olch,'' a 0.4 mm Pb filter was placed on both
sides of an IP and a 6 MV photon OAR measurement was
done. This is different from our study where 1 mm Pb filters
were attached to both sides of the IP. What we have done in
our study is completely different to his research with respect
to using different IPs, energies, different procedures, and so
on. To make a comparison with his study and also to develop
a more reliable filter, a further more detailed study using
more sophisticated calculation conditions would be needed.
Additionally a certain distance of 5 mm from each side of the
IP obtained in this study was suggested as one of parameters
for using the Pb filters as simply as possible. This was the
result that we tried to figure out some parameters as less as
possible, by which it is expected that the quality assurance
would be performed easily and quickly. However, it may also
be important that the consideration of specific parameters
suitable for each measurement condition would be needed to
investigate the possibility of use of IP as a quality assurance
tool with high accuracy.
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