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was displayed when the organs at risk were contoured using
postoperative radiation treatment planning CT. Diagnostic CT
images were not fused to the planning scans. In the remaining
5 patients, postoperative radiation treatment planning CT only
was used for contouring of the organs at risk. The peritoneal
cavity was defined as including the volume surrounding the small
bowel loops out to the edge of the peritoneum. The boundaries
included the abdominal wall anteriorly and anterolaterally, the
retroperitoneal and deep pelvic muscles posterolaterally, and the
great vessels, vertebral bodies, and sacrum posteriorly. The
rectum and bladder were excluded from the peritoneal cavity
volume. DVH parameters subjected to analysis included the mean
doses to the small bowel loops, large bowel loop, and peritoneal
cavity, and the volumes of these organs receiving more than 15,
30, 40, and 45 Gy (V15-V45).

Follow-up and evaluation of chronic GI
complications

The patients were followed up by gynecologic and radiation
oncologists on an outpatient basis every month in the first year, every
2 montbs in the second year, every 3 months in the third year, every
4 months in the fourth year, every 6 months in the fifth year, and
annually thereafter until 10 years after treatment. We defined
a chronic complication as a GI event that occurred more than
3 months after radiation therapy was started. The severity of the GI
complication was classified according to the RTOG/European
Organization for Research and Treatment of Cancer Late Radiation
Morbidity Score. Toxicity data including the grade of GI compli-
cations were collected retrospectively through hospitalization and
follow-up records.

Statistical analysis

Associations between selected DVH parameters (V15, V30, V40,
V45, and mean dose) and the incidence of grade 2 or higher
chronic GI complications were evaluated. The relationships
between clinical or DVH parameters and the incidence of chronic
GI complications were analyzed with the Mann-Whitney U test
for quantitative variables and the Fisher exact test for categorical
variables. The mean DVH parameters for the small bowel loops,
large bowel loop, and peritoneal cavity of patients with and
without GI complications were compared by Mann-Whitney
U test. Receiver operating characteristics (ROC) curve analysis
of each of the DVH parameters was performed to select the most
relevant threshold for prediction of a grade 2 or higher chronic GI
complication. The predictive value of a parameter was evaluated
based on the area under the ROC curve (AUC). The AUC reflects
the ability of the test to distinguish between patients with
and without disease. The optimal threshold for each DVH
parameter was defined as the point yielding the minimal value for
(1 — sensitivity)? + (1 — specificity)?, which is the point on the
ROC curve closest to the upper left-hand corner (9). Multivariate
analysis using Cox regression models was performed to identify
risk factors associated with grade 2 or higher chronic GI
complications. The actuarial incidence of GI complications was
calculated with the Kaplan-Meier method and differences between
groups were compared by log-rank test. A P value of <.05 or
a 95% confidence interval not encompassing 1 was considered to
be statistically significant. All statistical tests were 2-sided.

Results

The characteristics of the 97 patients are shown in Table 1. The
median follow-up period from the start of radiation therapy was
43 months (range 4-111 months). None of the patients experi-
enced a local or distant recurrence within 3 months. The Eastern
Cooperative Oncology Group performance status was 0-1 for all
patients. The median age of the patients was 51 years old (range
28-70 years old). Twenty-three patients (24%) had a history of
smoking, with a median Brinkman index (number of cigarettes
per day x smoking years) of 400 (range 100-1200). The median
total dose of nedaplatin was 285 mg (range 30-375 mg). Ninety-
two patients (95%) received the whole RT dose as planned (50
Gy), but 3 patients (3%) received only 46 Gy and 2 (2%)
received 44 Gy because of neutropenia (4 patients) or patient
refusal (1 patient). Fighty-one patients (84%) had grade 0-1, 6
(6%) had grade 2, and 10 (10%) had grade 3 chronic GI

. Table 1 - Patient and treatment characteristics
No. (%)

Age (v) :

Mean 51

SD +10
T-stage

T1 53 (55)

g , ' 44 (45)
N-stage

NO ‘ 64 (66)

N1 33 (34)
Histology ‘

ScC 71 (73)

Ad ' 24 (25)

Others 2(2)
Smoking

None 74 (76)

Yes : 23 24)
Diabetes )

None . . 94 (97)

Yes 3(3)
Abdominopelvic surgery :

None : 94 (97)

Yes . 3.03)
BMI (kg/m?)

Mean 21.6

'SD +3.8
RT total dose (Gy) :

50 92 (95)

46 3(3)

44 2
RT technique
2D ' 65 (67)

3D 32 (33)
Total nedaplatin (mg) ‘

Mean 274

SD , : +52

Abbreviations: - 2D = 2-dimensional; 3D = 3-dimensional;

Ad. = adenocarcinoma; BMI = body mass index; RT = radiation
therapy; SCC = squamous cell carcinoma; SD = standard deviation,
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ﬁTable 2 Univariate analysis (Mann-Whitney U test and
. Fisher exact test) for the development of grade 2 or higher
_chronic GI complications

Grade 0-1 Grade 2-3

Varjable No. No. P value

Age (y)
<52 39 10 294
>52 42 6

Total nedaplatin (mg)
<285 39 8 892
>285 42 8

T-stage
T1 46 7 338
T2 35 9

N-stage )
NO 53 11 798
N1 28 5

Histology
SCC 60 11 .660
Non-SCC 21 5

RT total dose :
50 Gy 76 16 .308
<50 Gy 5 0

RT technique
2D 57 8 133
3D 24 8

Smoking
None 66 8 .005
Yes 15 8

BMI (kg/m?)
<22 43 14 011
>22 38 2

Abbreviations: 2D = 2-dimensional; 3D = 3-dimensional; BMI
= body mass index; GI = gastrointestinal; RT = radiation therapy;
SCC = squamous cell carcinoma.

complications. Of the 10 patients with grade 3 GI complications,
5 (5% of all patients) had small bowel obstruction requiring
surgery.

The incidence of chronic GI complications was analyzed as
a function of clinical factors. Because there were few patients
with diabetes or a history of abdominopelvic surgery among the
study population, we did not analyze these factors. The results of
univariate analyses are shown in Table 2. Smoking habit and low
body mass index (BMI; <22) were significantly associated with
grade 2 or higher GI complications. The mean DVH parameters
of the small bowel loops, large bowel loop, and peritoneal cavity
of patients with and without GI complications are shown in
Table 3. Patients with grade 2 or higher GI complications had
significantly greater V15-V45 volumes in the small bowel loops
than did those without GI complications (P<.001). The mean
dose to the small bowel loops differed significantly for patients
with and without GI complications (39.94 vs 34.29 Gy, P<.001).
In contrast, none of the parameters for the large bowel loop
or peritoneal cavity were significantly associated with GI
complications. ‘

ROC curve analysis was performed to select the most rele-
vant parameter to identify predictors of grade 2 or higher
chronic GI complications among DVH parameters for the small

Table 3  Comparison of mean DVH parameters of the smallf

! bowel loops, large bowel loop, and peritoneal cavity in patients
. with and without chronic GI complications k(Mann-Whit‘neyg .
U test) ‘ .

P
Overall Grade 0-1 Grade 2-3.  value
Small bowel loops
Mean volume + SE (mL)
V15 337+ 15 299 £+ 13 527 + 37 <.001
V30 308 +£13 273 + 11 485 £ 29 <.001
V40 289 £ 13 255 £ 11 458 +£27 <.001
V45 280 £ 12 247 4+ 11 444 + 26  <.001
Mean dose (cGy + SE)
3,523 + 80 3,429 + 86 3,994 + 160 <.001
Large bowel loop
Mean volume + SE (mL)
V15 241 +£12 241 £ 12 239 + 34 730
V30 207 + 10 210 411 192 + 23 .550
V40 183 £ 10 189 + 11 156 + 17 331
V45 176 =9 182 -+ 10 149 + 16 321
Mean dose (cGy + SE)
2,747 £+ 62 2,768 + 66 2,639 + 174 - 487

Peritoneal cavity
Mean volume + SE (mL)

V15 1,151 +29 1,129 + 32 1,262 £+ 70 11

V30 1,045 £25 1,027 & 27 1,138 £ 64 174

V40 974 £ 25 960 &£ 27 1,049 £ 65 336

V45 941 +£ 24 927 + 26 1,013 + 65 .343
Mean dose (cGy £ SE)

3421 £ 47 3,387 + 50 3596 + 122  .169

Abbreviations: DVH = dose-volume histogram; GI = gastrointes-
tinal; SE = standard error; V15-45 = volume receiving more than
respective dose.

bowel loops. The results are shown in Table 4. Because AUCs
for mean dose, V15, V30, V40, and V45 were 0.693, 0.909,
0.912, 0.921, and 0.890, respectively, indicating that V15-V45
have good accuracy for prediction of GI complications. Strong
collinearity among V15-V45 was expected in multivariate

' Table 4 ROC curve analysis for DVH parameters of small -
. bowel loops in relation to grade 2 or higher chronic GI
. _complications ‘ :

Optimal threshold
Sensitivity/specificity

AUC 95% C1 Value (%)
Mean  0.693 0.580-0.806 3600 cGy 62.5/62.5
dose R
" V15 0.909 0.855-0.963 - 380 mL 93.8/82.1
V30 0.912 0.857-0.967 360 mL 93.8/82.1
V40 0.921 0.869-0.972 340 mlL 87.5/87.2
V45 0.890 0.819-0.962 340 mL 87.5/85.1

Abbreviations: AUC = area under the ROC curve; CI = confidence
interval; DVH = dose-volume histogram; GI = gastrointestinal; ROC
= receiver operating characteristics; V15-45 = volume receiving
more than respective dose.
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T able 5 - Multivariate analysis for the development of grade 2
or higher chronic GI complications "

Variable HR (95% CI) P value
V40 of small bowel 1.012 (1.007-1.018) <.001
loops (mL) :
BMI (<22 vs >22) 3.024 (0.585-15.622) .187
Smoking (yes vs no) 3.103 (1.023-9.415) .046

Abbreviations: BMI = body mass index; CI = confidence interval;
GI = gastrointestinal; HR = hazard ratio; V40 = volume receiving
more than 40 Gy.

analysis. Therefore, we used V40 of the small bowel loops in
multivariate analysis because this parameter had the highest
AUC value. The optimal threshold for V40 was 340 mL. Thus,
multivariate analysis was performed with V40 of the small
bowel loops and 2 other clinical parameters that were judged to
be potential risk factors for chronic GI complications: BMI and
smoking habit. Of these 3 parameters, V40 of the small bowel
loops and smoking emerged as independent predictors of GI
complications (Table 5).

The overall incidences of grade 2 or higher GI complications
were 0% (0/39), 7% (2/29), and 48% (14/29) for patients with V40
values of <250 mL, 250-340 ml,, and >340 mL, respectively.
Thus, the overall incidence of grade 2 or higher GI complications
increased in a volume-dependent manner. Therefore, we per-
formed Kaplan-Meier estimates of the cumulative incidence
curves for grade 2 or higher chronic GI complications stratified by
V40 of the small bowel loops using the above intervals. The
cumulative incidence curves for grade 2 or higher chronic GI
complications stratified by V40 of the small bowel loops are
shown in Fig. The 3-year cumulative incidences of grade 2 or
higher GI complications were 0%, 8.4%, and 46.2% for patients
with V40 values of <250 mL, 250-340 mL, and >340 mL,
respectively, with a significantly higher risk for patients with V40
> 340 mL than for the other groups (P<.001).

(%)

Discussion

Several previous studies have introduced predictive factors
potentially associated with chronic GI complications after RT for
gynecologic malignancies employing several types of therapy
(3, 10-14). These factors include total RT dose, RT dose per
fraction, history of diabetes, acute toxicity, BMI, age, previous
abdominopelvic surgery, and smoking. In our study, smoking and
low BMI were identified by univariate analysis as predictors of GI
complications. Moreover, the V15-V45 volumes and the mean
dose of the small bowel loops all showed a significant association
with chronic GI complications. In addition, multivariate analysis
identified V40 of the small bowel loops and smoking as inde-
pendent predictors of GI complications. To the best of our
knowledge, ours is the first study to show that DVH parameters of
the small bowel loops derived with an up-to-date approach are
associated with chronic GI complications after postoperative
concurrent chemoradiation therapy for cervical cancer.

We believe that our findings are important for the practice of
the radiation oncology, because adverse events caused by radiation
exposure, such as GI complications, may be relieved by using an
appropriate radiation technique or a mechanical device such as
a belly-board. Recently, intensity modulated radiation therapy
(IMRT) has emerged as a sophisticated technique for treatment of
tumor regions or areas at risk of recurrence, while sparing adjacent
normal tissue from high-dose irradiation, including in patients
with gynecological cancer treated with IMRT after radical
hysterectomy (15-18).

Two methods for contouring the small bowel volume have been
reported: one uses direct delineation of the individual loops,
whereas the other bases delineation on the peritoneal cavity
because the bowel may lie within this space at any time throughout
the course of treatment (5). Because these methods have not been
compared to determine which leads to better predictions of chronic
complications of the small bowel, we established separate param-
eters for the irradiated volume of the small bowel loops and the
peritoneal cavity to examine which parameters correlated with

100 ~
————— >340 cc (n=29)
80 4 e 250-340 cc (n=29)

b}

e <250 cc (n=39)

(] [ S S 4 —

S 60 1 b

e !

© '_LJ_!

% 40 A J_,__,J_;""‘ p<0.001

= Is

S &

(&} 'I | |

r 1 i) Jowabonbood Junul 11l 1 fod =
=0.1
0 FT“J"“T”!'}'T':J:H ITERT R ENIT] !n o ls 1l L —t 1~ P . 1
0 24 48 72 96 120 ()
Months from the start of radiotherapy

No. at risk
s340cc 29 20 14 10 5 3 3
250-340 ¢c 29 25 21 18 15 2 11
250cc 39 37 31 25 18 2 5

Fig. Kaplan-Meier estimates of cumulative incidence curves for grade 2 or higher chronic gastrointestinal (GI) complications stratified
by V40 of the small bowel loops. The 3-year cumulative incidences of grade 2 or higher GI complications were 0%, 8.4%, and 46.2%
for patients with V40 values of <250 mL, 250-340 mL, and >340 mL, respectively, with a significantly higher risk for patients with V40

> 340 mL than for the other groups (log-rank test; P<.001).
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development of chronic GI complications. Interestingly, patients
with grade 2 or higher chronic GI complications featured signifi-
cantly higher V15-V45 volumes and mean dose to the small bowel
loops than did patients without this feature. In contrast, none of the
parameters for the peritoneal cavity showed any association with
chronic GI complications. Similarly, parameters for the large bowel
did not correlate with radiation-induced chronic GI complications.
These findings suggest that, compared to the peritoneal cavity, the
small bowel loops may constitute a better predictor of chronic GI
complications. However, it is also likely that the dose to the peri-
toneal cavity will be a predictor of acute GI complications (5), and
Wedlake et al found that cumulative acute GI symptoms, measured
using the questionnaire, are associated with consequential late
symptoms (14). Collectively, these results suggest that our finding
that parameters for the small bowel loops are better predictors of
chronic GI complication, compared with those for the peritoneal
cavity, requires verification in larger prospective studies.

The findings in this study should be interpreted with an
understanding of the following limitations. First, the heterogeneity
in the treatment planning approach over the period of the study
(2D vs 3D), the low number of events, and the lack of a pre-
specified model or protocol are important limitations of the data
and analysis. Second, our method resulted in large uniform doses
to regions of the small bowel, which differ from the dose patterns
produced by techniques such as IMRT, which is becoming more
prevalent. Therefore, we cannot exclude the possibility that the
optimal DVH parameter predictors found in this study may differ
from those for IMRT.

Additionally, we used weekly nedaplatin as concurrent
chemotherapy, whereas chemoradiation therapy with 40 mg/m? of
weekly cisplatin is now accepted as a standard first-line treatment.
We therefore cannot exclude the possibility that the optimal DVH
parameter predictors found in the study may be chemotherapy-
type specific. Furthermore, the small bowel DVH parameters
were estimated based on only 1 radiation treatment planning CT
before RT, while in fact daily variability of the distention or
movement of the small bowels during the treatment course may
have affected the dose-volume profile. Also, especially in the 2D
era, radiation treatment planning CT performed with 5.0-mm sli-
ces without filling the bladder may not reflect the actual dose
received. Han et al reported that the dose distribution in the small
bowel as observed on CT varies significantly from week to week
because of the interfractional variations of small-bowel positions
(19). In addition, image guided RT is now widely used in many
institutions (20). Therefore, further studies using image guided RT
will be necessary to investigate the influence of intra- and inter-
fraction motion of the small bowel loops on chronic GI
complications.

Within these limitations, we conclude that DVH parameters of
the small bowel loops may serve as predictors of chronic GI
complications of grade 2 or higher after postoperative concurrent
nedaplatin-based chemoradiation therapy in early-stage cervical
cancer patients. For these patients, we recommend that V40 of the
small bowel loops should be <340 mL to avoid chronic GI
complications using a conventional 2D or 3D technique.
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To develop an easy independent patient-specific quality assurance (QA) method using a benchmark plan
for high-dose-rate intracavitary brachytherapy for cervix cancer, we conducted benchmark treatment plan-
ning with various sizes and combinations of tandem-ovoid and tandem-cylinder applications with ‘ideal’
geometry outside the patient. Two-dimensional-based treatment planning was conducted based on the
Manchester method. We predicted the total dwell time of individual treatment plans from the air kerma
strength, total dwell time and prescription dose of the benchmark plan. In addition, we recorded the height
(dh), width (dw) and thickness (dt) covered with 100% isodose line. These parameters were compared with
169 and 29 clinical cases for tandem-ovoid or tandem-cylinder cases, respectively. With regard to tandem-
ovoid cases, differences in total dwell time, dh, dt and dw between benchmark and individual plans were
on average —0.2% +3.8%, —1.0 mm+2.6 mm, 0.8 mm=1.3 mm and 0.1 mm=* 1.5 mm, respectively.
With regard to tandem-cylinder cases, differences in total dwell time, dhp,, (the distance from tandem
tip to tandem ring), dt and dw between benchmark and individual plans were on average —1.5% +3.1%,
~1.5 mm+4.9 mm, 0.1 mm= 1.0 mm and 0.2 mm + 0.8 mm, respectively. Of two cases, more than 13%
differences in total dwell time were observed between benchmark plans and the clinical cases, which turned
out to be due to the use of the wrong source position setting. These results suggest that our method is easy

and useful for independent verification of patient-specific treatment planning QA.

Keywords: independent verification;

treatment planning;

Manchester method; benchmark plan;

high-dose-rate intracavitary brachytherapy; uterine cervix

INTRODUCTION

Brachytherapy is an essential component of radiotherapy for
the carcinoma of uterine cervix and is often combined with
external beam radiation therapy (EBRT) for radical treat-
ment. Several studies have suggested that control rates are
significantly improved with EBRT and brachytherapy [1, 2].
High-dose-rate (HDR) remote afterloading intracavitary
brachytherapy is widely used throughout Asia and Europe
[31, and is becoming steadily more common in the USA [4].

The importance of independent verification of dosimetry
prior to HDR brachytherapy treatment delivery has been
recognized worldwide, and is specified in the guidelines
of international regulatory agencies [5]. The Nuclear
Regulation Commission (NRC) considers a 20% difference
between the prescribed total dose and delivered dose to be
a reportable medical event [5]. Thomadsen ef al. identified
44 medical events in HDR brachytherapy between 1980
and 2001 in data from the NRC and International Atomic
Energy Agency [6]. In fact, patients are often required to

© The Author 2012. Published by Oxford University Press on behalf of The Japan Radiation Research Society and Japanese Society for Therapeutic

Radiology and Oncology.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/
licenses/by-nc/3.0/), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



Independent patient-specific treatment planning verification method using a benchmark plan 937

wait during treatment planning with an applicator inserted
by a radiation oncologist, during which time errors and
miscommunications can easily occur. This situation clearly
indicates that patient-specific quality assurance (QA), in-
cluding independent verification of treatment planning
and confirmation of applicator geometry, should be done
quickly and easily.

Many studies have reported independent verification
methods for HDR brachytherapy treatment planning [7-16].
More recent reports have focused on the development of
in-house software based on the AAPM TG 43 [17] formu-
lism to calculate the dose at arbitrary points [13-15].
Although such software might be useful for the commis-
sioning of treatment planning systems, human errors in in-
dividual treatment planning in clinical practice will not be
identified due to the use of the same coordinate system,
digitized applicator paths and dose point coordinates as
those in the treatment planning system.

Although image-guided intracavitary brachytherapy has
been enthusiastically investigated [18], treatment planning
based on the Manchester method using two projection
radiographs is still used [3]. One of the goals in intracavi-
tary brachytherapy for carcinoma of the uterine cervix is to
achieve the same level of consistency as the Manchester
method. We have established the Osaka University Protocol

(a)

based on the Manchester method with some modifications
[19]. The goal of our institution is to achieve consistency
with our protocol-based benchmark plans.

Here, we propose a very quick, simple and easy patient-
specific independent verification method for Manchester
method-based treatment planning using benchmark plans to
detect human errors and evaluate the quality of the applica-
tor geometry in the patient.

MATERIALS AND METHODS

Creation of benchmark plans
In this study, Fletcher-type (Fletcher-Williamson
Asian-Pacific) tandem-ovoid and tandem-cylinder metal
applicators (Nucletron International B.V., Veendaal, the
Netherlands) were used. Various sizes and combinations of
these applicators were constructed by one radiation oncolo-
gist with the ‘ideal’ applicator geometry outside the patient
(Fig. 1a and b) and then reviewed by a medical physicist.
We constructed eight kinds of tandem-ovoid and six kinds
of benchmark plans (Table 1).

Figure 1c shows the ‘ideal’ geometry of a tandem-ovoid
applicator used in our institution. Namely, a flange on the
tandem tube is used at the origin, which is the cervical os

(b)

flange

Cervical os level

Cervical os level ’v

Fig. 1. Creation of benchmark plans. (a) Scheme for the construction of tandem-ovoid; (b) tandem-cylinder
applications; (c) typical dose distribution with the tandem-ovoid application.
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Table 1. Applicator settings used in benchmark plans

Tandem-ovoid Tandem-cylinder

Tandem

length (cm) Ovoid size Cylinder diameter (cm)
4 S SS 2 2.5 3
5 S SS N/A N/A N/A
6 S SS 2 2.5 3
7 S SS NA NA NA

The ovoid diameter of S size is 2.0 cm. The size of SS ovoid
is half-cut-size of S ovoid. NA, not applicable.

and the tip of the ovoid is aligned with the origin (a flange
on the tandem). Using these ideal applicator settings, treat-
ment planning was performed with PLATO (Nucletron
International B.V). Source dwell time was manually opti-
mized based on the Manchester method as demonstrated by
Tod and Meredith with minor modification [19-21]. Air
kerma strength and total dwell time were then recorded. All
benchmark plans were constructed by a medical physicist
and reviewed by another medical physicist.

Prediction of total dwell time for individual patient
treatments

Dose was calculated with the following formula introduced
in AAPM TG43-U1 [22].

GL(r ) 0)
GL(r07 60)
x dwell time

D(r,0) = Sg x A x x gr(r) x F(r, 0)

= S X dwelltime x A

where Sk, A, G, g and F represent air kerma strength,
dose rate constant, geometric function, radial dose function
and anisotropy function, respectively. Here, we defined A
as the product of A, Gy, g; (r) and F (r, 0).

The dose at the reference point in the benchmark plan is
therefore calculated by the following:

D(r, 8), = Ap x Sg_p x dwell time,, (1)

Similarly, the dose at point A in the individual plan is cal-
culated by the following:

D(r, 0), = Ap x Sx_s x dwell time, (2)

If the ‘ideal’ tandem-ovoid geometry is achieved in the
patient without any planning errors or misuse of the appli-
cator, Ay is nearly equal to A,. Dwell time in the individual
plan can therefore be predicted by the following formula
from (1) and (2):

, D(r, 8), x Sg_ x dwellti
Dwell time, = (r )[D?r Iggb i S:e % (3)
) b 3

where D(r, 6), and D(r, 6), represent the prescription dose
of each treatment and the benchmark plan, respectively.

Comparison of dose shape with that of the
benchmark plans

ICRU report 38 [23] recommends reporting the reference
volume as well as total reference air kerma strength and
absorbed dose at reference points. The reference volume is the
volume encompassed by the reference isodose surface, which
is represented by the major dimensions of the following:

(i) Height (dh), which is the maximum dimension
along the tandem source measured on an ‘oblique’
sagittal plane; ,

(ii) Thickness (dt), which is the maximum dimension
perpendicular to the tandem sources measured on

a transverse plane;

(iii) Width (dw), which is the maximum dimension
perpendicular to the tandem sources measured
on a transverse plane.

In addition to the above parameters, we defined the
dimensions of dhgn and dhey, which represent the dis-
tance from th 100% isodose line of the tip side of the
tandem to the origin and that from the 100% isodose line
of the connector side of the tandem to the origin, respect-
ively (Fig. 2c¢).

Figure 2 shows the definitions of these parameters. For
the tandem-cylinder, we recorded the additional parameters
of dhyy and dh.y, which represent the maximum dimen-
sion of the 100% isodose line of the tip side of the tandem
to the tandem flange, and that of the connector side of the
tandem to the tandem flange (Fig. 2c). These values were
measured for individual treatment plans and compared with
those of the benchmark plans.

Analysis of clinical cases

We retrospectively analyzed 168 and 29 clinical cases from
2009 through 2010 with a tandem-ovoid and tandem-
cylinder, respectively. The difference in total dwell time
between a benchmark plan and an individual treatment plan
was calculated using the following formula:

Tindividuat — T
Relativedifference (%) = —oidual = “benchmark 1)

Tbenchmark

where Tyenehmark @and Tingiviawa represent the total dwell
time of the benchmark and individual plans, respectively.
Differences in dose distribution shapes, including dh or
dhgon, and dhy,, dt, and dw between the benchmark and
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Fig. 2. Definitions of dh, dhfront, dhext, dt and dw used in this study based on ICRU report 38 [23]. These
parameters were defined in the plane of the cervical os. (a) Transverse plane of tandem-ovoid case; (b)
sagittal plane of tandem-ovoid case; (¢) sagittal plane of tandem-cylinder case. Red line shows the isodose

line of 100% of the prescription dose.

individual plans were calculated using the following
formula:

Relativedifference = shapepenchmark — Shape€individual

Where shapepechmark a0d shapeigaiviana represent the dose
distribution shapes of the benchmark and individual treat-
ment plans, respectively.

Correlations between the differences in total dwell time
and those in dh, dt or dw among the benchmark and indi-
vidual treatment plans were evaluated by Spearman’s rank
correlation coefficient using Dr. SPSS II software (IMB,
New York, USA).

Tolerance levels for total dwell time, dh or dhgen, and
dh,,, dt, and dw were calculated by the following formula,
which was first proposed by Venselaar ef al. [24]

Tolerance level = mean deviation + 1.96 SD

RESULTS

Tandem-ovoid cases

Prediction of total dwell time for individual
treatment plans

Figure 3 shows a histogram of differences in total dwell
time between benchmark and individual treatment plans.
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Fig. 3. Histogram of % differences in total dwell time between
the benchmark and individual treatment plans.

Differences averaged —0.2% +3.8% (range, —13.3-9.6%),
and exceeded 5% in 23 of 169 clinical cases.

Comparison of the dose distribution shapes of
individual treatment plans with those of the
benchmark plans

Figure 4 shows a histogram of differences in dose distribu-
tion shapes between the benchmark and individual treat-
ment plans in tandem-ovoid applications. The differences in
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dh, dt and dw between the benchmark and individual plans
averaged —1.0 mm + 2.6 mm (range, —-8.6 mm to +6.5 mm),
0.8 mm=+1.3 mm (range, —1.4 mm to +5.2 mm) and
~0.1 mm=+1.5 mm (range, -5.1 mm to +4.0 mm),
respectively.

Regarding dh, 9 of 169 cases showed a difference
between the benchmark and individual plans of greater than
5 mm. For dt and dw, in contrast, only one case showed a
difference of more than 5 mm.

Subset analysis of cases with large deviations
between the benchmark and individual treatment
plans

We verified that all tandem-ovoid treatment plans were ap-
propriately created without any planning errors, including
wrong source position, wrong decay correction of source
strength and inappropriate optimization or use of an un-
planned size or combination of applicators. However, 24 of
169 cases had a >5% difference in total dwell time. To
explain these differences, we investigated the correlation
between differences in total dwell times and dh, dt and dw
between the benchmark and individual plans. Figure 5a
shows the relationship of differences in total dwell time

(vertical axis) with those in dh (horizontal axis). Spearman’s
rank correlation coefficient (r,=0.836, P <0.01) showed a
strong relationship between the discrepancy in total dwell
time and those in dh. In contrast, no correlations were found
between the discrepancy in total dwell time and those in dt
(ry=0371, P =0.075) or dw (r,=0.290, P =0.149)
(Fig. 5b and c).

Tandem-cylinder cases

Figure 6a shows differences in total dwell time between
the benchmark and individual treatment plans. Differences
averaged —1.5% +3.1% (range, —-13.0% to +0.4%), with 2
of 29 cases exceeding 11%.

Figure 6b shows the differences in dhyqn, dhey, dt and
dw between the benchmark and individual treatment plans.
Differences averaged —1.5 mm = 4.9 mm (range, —19.0 mm
to +4.0 mm), +1.8 mm=52 mm (range, -2.2 mm to
+20.8 mm), +0.1 mm=z=1.0mm (range, -1.3 mm
to +4.3 mm) and +0.2 mm+ 0.8 mm (range, -0.4 mm to
+3.9 mm), respectively. The differences in 2 of 29 cases,
which also exceeded an 11% difference in total dwell time,
exceeded ~19 mm and +20 mm for dhgene and dhe,, re-
spectively. These cases were found to have been treated
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plans.

with an unplanned tandem length, resulting in an incorrect
setting for the source dwell positions in treatment planning.

Determination of tolerance limit

For tandem-ovoid cases, the tolerance level of total dwell
time, dh, dt, and dw were -7.5% to +7.2, —6.0 mm to
+4.1 mm, —1.8 mm to +3.4 mm and -3.0 mm to +2.8 mm,
respectively (Fig. 7a).

For tandem-cylinder cases, two cases were excluded
from the determination of tolerance limits because they
were human error-related. Tolerance limits for total dwell
time, dhgon, dhey, dt, and dw were -2.5% to +1.1%, —
2.6 mm to +2.3 mm, —2.2 mm to +3.0 mm, —-0.9 mm to
+0.6 mm and —0.4 mm to +0.4 mm, respectively (Fig. 7b).

DISCUSSION

We used benchmark plans to establish a highly simple,
easy, and fast independent treatment planning verification
method for high-dose-rate intracavitary brachytherapy for
carcinoma of the uterine cervix that requires no special
skills such as developing TG43-based in-house software.

Despite its great simplicity, analysis of a large number of
clinical cases showed that our method was able to detect
human error-related planning mistakes, and to evaluate the
quality and consistency of applicator geometry.

The Manchester method, which was first suggested by
Tod and Meredith in 1938, has been the most broadly used
for the treatment of carcinomas of the uterine cervix, with
some modifications from the original [20, 21]. They
demonstrated an ‘ideal’ system in which loading patterns of
milligrams of radium were determined based on the size of
the tandem and ovoids to achieve as constant a dose rate at
point A as possible, no matter what combination of applica-
tors was used, and to ensure a suitable ratio between the
intra-uterine and vaginal contribution [21]. This rule has
been applied to high-dose-rate brachytherapy with an
Ir-192 stepping source by modulating the weight of dwell
times. In our institution, manual optimization in treatment
planning is also based on the Manchester method with
some modifications [19]. In addition, the applicator is set
such that its geometry is consistent with the ‘ideal’ geom-
etry specified in the benchmark plan. If there were any
planning errors and inappropriate applicator setting, total
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dwell time and dose distribution shapes, including dh, dt
and dw, in individual treatment plans should agree with
those of the benchmark plan. From these points, we estab-
lished a method for the independent verification of patient-
specific treatment planning QA by comparing benchmark
plans with individual treatment plans.

Several other independent verification methods for indi-
vidual treatment planning have been reported. Kumar ez al.
developed an in-house application that calculates the dose
at arbitral points [13]. Lachaine er al. also developed an
in-house application that achieves very fast calculation of
point dose [14]. Such kind of applications are likely to be
useful in the commissioning of treatment planning systems
and partly also in individual treatment planning QA in
terms of parameters such as source strength, treatment
date and source table, which users input by themselves.
However, because these applications use the same Cartesian
coordinate system, digitized applicator paths and dose point
coordinates as those in the treatment planning system, they
are unable to detect human errors associated with the

Tolerance level
(% or mm)
L=

"

Towt dwell b g dw
time (W3 () (mmd ()

treatment planning process, such as setting of prescription
point (Point A) with the wrong coordinate, the incorrect
digitization of applicators, incorrect dose points or applica-
tor points, improper magnification of simulation films, or
use of an unplanned size or combination of applicators.
Several groups have previously proposed a method of
checking total dwell time as a fraction of treatment length
and dose prescription, or dose area index for planar
implants and single catheter interstitial brachytherapy
[8~11]. Recently, for example, Das et al. reported that total
dwell time can be predicted from the reference volume
covered with the prescribed dose (V100) in both single cath-
eter and multiple catheter interstitial implants by the retro-
spective analysis of V100 from many clinical cases [12]. All
these reports were focused on interstitial implants rather than
intracavitary brachytherapy, however, and little information
on intracavitary brachytherapy for carcinoma of the uterine
cervix is available. In 1992, Thomadsen et al. demonstrated
a method that assures the consistency of dwell times and
dose distribution with previous treatment fractions and

Tolerance level

Fotab dwell dhifons dbext  dt dw
time (%) {mm)  (mmy o {mun)  {mm)

Fig. 7. Tolerance levels of (a) tandem-ovoid and (b) tandem-cylinder.
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previous patients [7]. Although our method is basically
similar to their concepts, we created benchmark plans in
which the ‘ideal’ geometry of the tandem-ovoid or tandem-
cylinder can be achieved because these applications are con-
structed outside the patient’s body. Therefore the geometry
of the applicator can be evaluated in every treatment by
comparison with that of the ‘ideal’ geometry in the bench-
mark plan.

Although many independent verification methods have
been reported, as described above, our present study is one
of only a few to evaluate the usefulness of the method in a
large number of clinical cases of intracavitary brachyther-
apy. In tandem-cylinder cases, two cases were found to
have >11% differences in total dwell time between the
benchmark and individual treatment plans, and >18 mm
differences in dhy,,, and dh.,. Review of these two cases
showed that these differences were due to the unplanned
use of tandem length, which resulted in the use of incorrect
settings for the source dwell positions in treatment plan-
ning. The results clearly demonstrate that our method can
easily identify such kinds of human error.

Regarding tandem-ovoid cases, a thorough review
revealed no human-related planning errors. We next exam-
ined the reason why 24 cases of tandem-ovoid cases had
>5% differences in total dwell time between the benchmark
and individual plans. We found that these differences
strongly correlated with differences in dh (Fig. 6), indicat-
ing that when the ovoid position shifts cranially compared
with the benchmark plan, total dwell time decreases
because the distance between the sources in the ovoids and
point A becomes shorter. Conversely, if the ovoid position
shifts caudally to the tandem flange compared with the
benchmark plan, total dwell time increases, because the dis-
tance between sources in the ovoids and point A becomes
larger. These facts indicate that our method is useful in not
only finding human errors and software bugs but also in
evaluating the quality of the applicator insertion technique.
In other words, the evaluation of both the differences in
total dwell time and dh could provide a good indicator for
the quality of the applicator’s geometry.

We set tolerance limits for differences in total dwell time
and dose shape between the benchmark and individual
treatment plans. Ezell er al. reported that they set action
levels for per-patient intensity modulated radiation therapy
verification using confidence limits [25], as first proposed
by Venselaar ef al. [24]. If the confidence limit is estab-
lished with sufficient points to provide good statistics, then
the value of 1.96c suggests that variations in excesses of
the limit would occur about 5% of the time. We determined
the tolerance limits by using confidence limits for total
dwell time, dt, dh (dh¢n, and dh,,, for tandem-cylinder
cases) and dw. To calculate tolerance limits, we excluded
the two cases with >18% differences in tandem-cylinder
cases to eliminate the effect of human error-related planning

mistakes. These tolerance limits might be one indicator in
the evaluation of individual treatment plans (i.e. rechecking
of treatment planning, use of appropriate size of applicators,
inappropriate applicator geometry, etc.).

One limitation of our study warrants mention, namely
that our method is useful only for Manchester-based intra-
cavitary brachytherapy. For carcinoma of the uterus,
however, most treatment centers in the world have followed
a traditional concept based on the Manchester loading pat-
terns [3, 26]. Moreover, local control rates are significantly
improved with EBRT and brachytherapy based on the
Manchester method [1]. Our method therefore appears
useful despite this limitation.

In conclusion, we established a highly simple, easy and
quick independent verification method using benchmark
plans for intracavitary brachytherapy based on the
2D-based Manchester method. Despite the great simplicity,
our method can evaluate the quality of the applicator inser-
tion technique, as well as identify human errors in treat-
ment planning.
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MEGAVOLTAGE CONE BEAM COMPUTED TOMOGRAPHY DOSE AND THE
NECESSITY OF REOPTIMIZATION FOR IMAGING DOSE-INTEGRATED
INTENSITY-MODULATED RADIOTHERAPY FOR PROSTATE CANCER

Yuicar AkiNo, M.S.,* Masamko Korzumt, M.D.,T Tort Summa, Pu.D.,*! Yuraka TakanAsHI, Pr.D.,*
TosHaryurt OGATA, M.S.,*T SencHr OTa, B.S.,]t Fumiaxkr Isosasur, M.D.,* Kot Konisur, M.D., *
AND YAsuo YosHIOKA, M.D.*

*Department of Radiation Oncology, Osaka University Graduate School of Medicine, Suita, Osaka, Japan; 'Division of Medical
Physics, Oncology Center, and "Division of Radiology, Department of Medical Technology, Osaka University Hospital,
Suita, Osaka, Japan

Purpose: Megavoltage cone beam computed tomography (MV-CBCT) dose can be integrated with the patient’s
prescription. Here, we investigated the effects of imaging dose and the necessity for additional optimization
when using intensity-modulated radiotherapy (IMRT) to treat prostate cancer.

Methods and Materials: An arc beam mimicking MV-CBCT was generated using XiO (version 4.50; Elekta, Stock-
holm, Sweden). The monitor units (MU) for dese calculation were determined by conforming the calculated dose to
the dose measured using an ionization chamber. IMRT treatment plans of 22 patients with prostate cancer were
retrospectively analyzed. Arc beams of 3, 5, 8, and 15 MU were added to the IMRT plans, and the dose covering
95% of the planning target volume (PTV) was normalized to the prescribed dose with (reoptimization) or without
optimization (compensation).

Results: PTV homogeneity and conformality changed negligibly with MV-CBCT integration. For critical organs,
an imaging dose-dependent increase was observed for the mean rectal/bladder dose (D ,cqn), and reoptimization
effectively suppressed the D, ., elevations. The bladder generalized equivalent uniform dose (gEUD) increased
with imaging dose, and reoptimization suppressed the gEUD elevation when 5- to 15-MU CBCT were added, al-
though rectal gEUD changed negligibly with any imaging dose. Whereas the dose elevation from the simple addi-
tion of the imaging dose uniformly increased rectal and bladder dose, the rectal D,,,.,,, increase of compensation
plans was due mainly to low-dose volumes. In contrast, bladder high-dose volumes were increased by integrating
the CBCT dese, and reoptimization reduced them when 5- to 15-MU CBCT were added.

Conclusion: Reoptimization is clearly beneficial for reducing dose to critical organs, elevated by addition of high-
MU CBCT, especially for the bladder. For low-MU CBCT aimed at bony structure visualization, compensation is
sufficient. © 2012 Elsevier Inc.

Dose compensation, Megavolt cone beam computed tomography, Prostate IMRT, Reoptimization.
INTRODUCTION image contrast compared to kV-CBCT (8), although im-
provements to the latter have been made (9, 10).
Intensity-modulated radiotherapy (IMRT) allows a reduc-
tion in the dose to organs at risk (OARs) by modulating the
beam intensity in each beam field, using a multileaf collima-
tor (11, 12). Pelvic organs exhibit both systematic and
random motions, deformations, and size variations during
treatment and over the entire course of therapy (13-16).
Achieving the desired dose distribution requires still more
accurate patient setup, as any uncertainty will be

Megavoltage cone beam computed tomography (MV-
CBCT) using a MV treatment beam and an electronic portal
imaging device enables precise quantitative evaluation of
patient setup error (1-3). The technology allows
verification of organ alignment and estimation of the
actual dose delivered to patients (4—6). Advantages of MV-
CBCT include its stable geometry and low incidence of
metal artifacts compared to kilovoltage CBCT (kV-
CBCT). Disadvantages include elevated dose (7) and low
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accompanied by deformation of dose distribution, resulting
in the failure of dose delivery to targets and elevated dose
to OARs (17). For setup verification in our institution, we
routinely used a monitor unit (MU) value of 3 for CBCT,
which is the minimum value for image acquisition protocols.
We verified that the image quality of 3-MU CBCT was
adequate for recognizing skeletal structures. For soft tissue
visualization, however, we consider that 8 or more MU are
required, based on clinical experience. Similarly, Morin
et al. (1, 18) have suggested that the image contrast of 9-
MU CBCT is sufficient for soft tissue visualization.
Typically, an IMRT series consists of many fractions, and
the contribution of the MV-CBCT dose may be unacceptable
if image acquisition with high MU is applied to every treat-
ment fraction. The characteristics of the CBCT beam are
quite similar to those of the treatment beam, meaning that
MV-CBCT dose distribution can be estimated using a radio-
therapy treatment planning system (RTPS) (2). Morin et al.
(18) introduced a methodology for integrating MV-CBCT
dose with the prescribed dose, which used 5 MU for the
head and neck region and 9 MU for the pelvic region. Those
imaging doses were integrated into prescribed doses for
radiotherapy by scaling down the dose weights from the total
prescribed dose of the treatment beams. Miften et al. (19)
showed that IMRT optimization performed after addition
of the MV-CBCT beam reduced OAR dose by taking into
consideration the contribution of the MV-CBCT beam.
That study’s MV-CBCT protocols used 15 MU for the pelvic
region. The MU values for MV-CBCT were fixed in those
studies, and no study has investigated the effects of MU
alteration on dose distribution, although imaging dose is
known to affect both patient dose and MV-CBCT image
quality (2, 20).

Here, we investigated the effects of MV-CBCT imaging
dose alteration and the necessity for reoptimizing MV-
CBCT dose-integrated IMRT related to dose distribution in
treating prostate cancer.

METHODS AND MATERIALS

Linear accelerator and MV-CBCT system

Our institution’s Oncor Impression Plus linear accelerator
(LINAC) with Optifocus multileaf collimator (both from Siemens
Medical Solutions, Concord, CA) is capable of generating dual-
energy X-ray beams (6 and 10 MV). An MVision MV-CBCT
system (Siemens Medical Solutions) was installed. During MV-
CBCT acquisition, the gantry of the LINAC rotates from 270° to
110°, generating a 6-MV photon beam. The field width of the
MV-CBCT system is 27.4 cm. The maximum range in the
superior-inferior direction is 27.4 cm, and the range can be adjusted
using Y-jaws.

Dose calculation and verification of MV-CBCT accuracy
Dose distribution for MV-CBCT and treatment planning was
done using an XiO version 4.50 (Elekta, Stockholm, Sweden) treat-
ment planning system. The MV-CBCT system with doses of 3, 5, 8,
and 15 MU (set MU) was calculated by regarding it as an arc beam
with a gantry rotation from 270° to 110°. The calculation step of the
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arc beam was 10°. Field length along the Y-axis (superior-inferior
direction) was 9 cm for the phantom study. The accuracy of dose
calculation was verified by measurement using an I'mR7 Phantom
(IBA Dosimetry GmbH, Schwarzenbruck, Germany); a 0.6-cc
Farmer-type ionization chamber, model TN30013 (PTW, Freiburg,
Germany); and Gafchromic EBT2 film (International Specialty
Products, Wayne, NJ).

For calculation, the I'mRT Phantom’s electron density was
considered equivalent to that of water, and the measured values
were corrected using a solid phantom-to-water dose conversion
factor (21). Point dose in the phantom was measured at nine points,
namely the center of the phantom and points shifted vertically and
horizontally by +3 cm (Fig. 1A). To investigate the dose distribu-
tion of MV-CBCT alone, Gafchromic film in the I'mRT Phantom
was irradiated ten times. To simulate clinical use, films were irradi-
ated with MV-CBCT, as well as the series of IMRT beams from one
patient. The summed dose distribution was analyzed. For analysis
of radiochromic films, three-channel data (red-green-blue) were
acquired at 150 dpi, using a flatbed scanner (model ES-10000G;
Epson Seiko Corp., Nagano, Japan). We used software developed
inhouse to extract red channel data from scanned images and con-
verted them to dose distribution data, using dose calibration curve
prepared for EBT2 films. We confirmed that the difference in
responses of EBT2 film to 6 MV and 10 MV X-radiation was neg-
ligibly small (data not shown), and therefore, we used the calibra-
tion curve prepared using 10 MV X-rays for the analysis of films.
The planar dose maps extracted from films and exported from
XiO were imported into MapCHECK version 5.01.02 software
(Sun Nuclear, Melbourne, FL), and the differences between dose
distribution measured by films and that calculated by XiO were
evaluated using the v index (22).

Fatients and IMRT planning

We retrospectively analyzed the treatment plans of 22 patients
with intermediate- or high-risk prostate cancer, who were treated
with IMRT between March and November 2009. A radiation oncol-
ogist delineated the prostate and seminal vesicles of all patients.
The clinical target volume (CTV) was generated for the prostate
and part of the seminal vesicles, and the overlapping region of
the CTV with margins for all directions and rectum was then sub-
tracted and defined as the planning target volume (PTV).

OARs were contoured by medical physicists and reviewed by
a radiation oncologist. Bladder and rectal volumes were defined
as solid structures within the external organ contour. The rectum
was delineated from the rectosigmoid junction to the level of the
ischial tuberosity or the anus. The prescribed dose was 74 Gy/37
fractions. PTV and OAR volume information for the patients is
listed in Table 1. A five-field coplanar treatment plan with beam
angles of 45°, 105°, 180°, 255°, and 315° was generated using
a 10-MV photon beam for each patient. After optimization, the final
dose was calculated using a fast Fourier transform convolution
algorithm with a grid size of 2.0 mm.

Imaging dose integration and reoptimization of the IMRT
plan

For all patients’ IMRT plans, the dose covering 95% of PTV
(D95) was normalized to the prescribed dose (74 Gy). To create
simple addition plans, an arc beam mimicking 6-MV CBCT was
added to the clinically approved treatment plan of each patient.
The craniocaudal CBCT imaging range was 10 cm. The D95 value
from total beams clearly exceeded the prescribed dose.
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Fig. 1. (A) Dose distribution of MV-CBCT and location for measurement of point-dose using an ion chamber is shown.
The axial plane of the I'mRT Phantom, displaying measurement points, is shown. Isodose lines show relative dose to the
isocenter as calculated by using a XiO system. (B) MV-CBCT dose comparisons between measurements and calculations
are shown. The horizontal axis corresponds to the location in panel A. Columns and bars represent means = standard
deviations (SDs) for measurements. The lines indicate the calculated values. The +y analysis using EBT2 film for (C)
15-MU CBCT alone and (D) IMRT beams with 3-MU CBCT of a representative patient is shown. The criterion of v anal-
ysis is 3%/3 mm, and the region exceeding the criterion is red. The dose distributions of films and calculations are shown

as gray-scale and lines, respectively.

Two further treatment plan types were created, one involving an
additional round of IMRT-beam optimization (reoptimization
plans) and a second without this additional optimization (compen-
sation plans). To create compensation plans, the total dose was nor-
malized to D95 by simple rescaling of IMRT beam weights,
keeping imaging doses constant. For reoptimization plans, another
optimization was performed after adding MV-CBCT. The dose
constraints for reoptimization were not altered from the clinically
approved treatment plans to eliminate any differences with regard
to planner’s individual techniques. After optimization, PTV D95
was normalized to the prescribed dose.

To assess the effects of daily portal imaging without incorporat-
ing imaging dose into the prescribed dose, two orthogonal beams
mimicking portal imaging beams were created in the RTPS. The en-
ergy, field size, and imaging MU values for the portal imaging
beams were 6 MV, 15 x 15 cm? and 1 MU, respectively, for
both anterior-posterior and lateral beams. Total numbers of
fractions were equal for portal imaging and IMRT. Dose calculation
accuracy, linearity, and repeatability for X-ray beams with small
MU were verified monthly.

Plan evaluation

To evaluate target coverage quality, PTV homogeneity (HI) and
conformity (CI) indices were calculated using the following
formulas:

HI = Dmax/Dmin
and
Cl = Vie/Verv

where Diaxs Dmins Vrx, and Vpry represent maximum dose,
minimum dose, prescription isodose volume, and the PTV volume,
respectively. HI represents the increase or decrease of hot and cold

regions. The values are close to unity for homogenous plans and are
large for inhomogeneous plans. CI stands for plan conformality. In
this study, PTV D95 was normalized to the prescribed dose and was
never changed by compensation and reoptimization. CI therefore
stands for the ineffective dose delivered around PTV. CI values
are close to unity for conformal plans and become larger for
nonconformal plans.

For OARs, rectal and bladder mean doses (Dpean) were
calculated as follows:

D;V;
\4

Diean =
where V; is the volume receiving a certain dose (D;), and V stands for
total volume. To evaluate the variations of radiobiological effects
from the imaging dose, the generalized equivalent uniform dose
(gEUD) proposed by Niemierko (23) for each OAR was also
calculated, as follows:

Vi n ’
gEUD = (ZVD}/ )

where n is a parameter that describes the volumetric dependence of
the dose-response relationship for each organ. When n = 1, the

Table 1. Patient information and calculated dose of MV-
CBCT for each patients

Volume (cc) MV-CBCT dose (cGy)

Dose PTV Rectum Bladder 3 MU 5 MU 8 MU 15 MU

Median 71.9 424 1329 80.8
Minimum 529 28.8 232 77.1
Maximum 1369 61.3 363.0 854

131.9 204.6 374.1
125.9 1953 357.1
139.6 216.5 395.9
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Fig. 2. Evaluation of the effects of MV-CBCT integration and reoptimization of PTV dose coverage. Representative
DVHs for (A) compensation plans and (B) reoptimization plans are shown. PTV homogeneity (C) and conformity (D)
indices are shown: imaging-MU is plotted along the x-axis and points and bars represent median and interquartile ranges,
respectively. f, p < 0.05; ¥, p < 0.01. (Paired r-tests show a comparison between compensation and reoptimization plans

with the same MU).

gBEUD value is equal to Dy, and a lower n value indicates stron-
ger high-dose sensitivity. The gEUD represents the homogeneous
dose distribution that results in the same probability of complica-
tions as that of an inhomogeneous dose distribution. The values
of n were 0.12 and 0.5 for rectum and bladder, respectively, as Bur-
man et al. previously reported (24). The rectal and bladder volumes
receiving a certain dose (Vx) were also analyzed. For calculating
D cans gEUD, and Vx, the dose-volume data were derived from
dose-volume histogram (DVH) data exported from RTPS.

Statistical analyses

Statistical significance was assessed using the paired #-test, and
statistical significance was set at a p value of <0.05. The Bonferroni
correction was used for multiple comparison.

RESULTS

MV-CBCT dose calculation accuracy

The monitor chamber mounted on the LINAC indicated
values (actual MU) of 2.7 +£ 0.0, 4.5 + 0.0, 7.2 + 0.0, and
13.3 + 0.1 MU for MV-CBCT beams with set MU of 3, 5,
8, and 15 MU, respectively. In a preliminary study using ac-
tual MU for calculations, unacceptable calculation errors
(>10%) were observed, particularly for low-MU CBCT, al-
though the treatment arc beam was calculated accurately
(data not shown). In our study, the imaging MU values for
calculations were determined by conforming the calculated
dose to the dose measured using the ionization chamber.
The doses from MV-CBCT for 3, 5, 8, and 15 MU (set
MU) measured at the center of ' mRT Phantom corresponded
to 3.0, 4.9, 7.6, and 13.9 MU, respectively, determined by
using the XiO system. MV-CBCT doses measured by the

ionization chamber and calculated by the RTPS are com-
pared in Fig. 1B. For all eight points around the center of
the Y'mRT Phantom (Fig. 1B, point E), the error between
the measured and calculated doses was less than 1.3% for
all imaging MU, and the maximum absolute error was
0.08 cGy. ,

We also assessed MV-CBCT dose distribution calculation
accuracy along the axial plane in the I'mR7T Phantom
(Fig. 1C and D). The criterion of vy analysis is 3%/3 mm,
and the region exceeding the criterion was colored red.
The CBCT dose distribution agreed well with the calculation
(Fig. 1C). To assess the calculation accuracy for clinical use,
two-dimensional dose distributions of MV-CBCT combined
with IMRT beams were measured using film and compared
with the calculation. The representative result using 3-MU
CBCT is shown in Figure 1D. Almost all regions passed
the criterion for any MU. The pass rate was greater than
98% for CBCT with or without IMRT.

Effect of reoptimization on PTV homogeneity and
conformality

Figure 2A and B shows the PTV DVH for compensation
and reoptimization plans, respectively. One patient with
PTV and OAR volumes close to the median values was
chosen. For both techniques, the curves of plans with 3- to
15-MU CBCT were highly similar to those of the nonimag-
ing plan (0 MU), indicating little change in PTV coverage.
Figure 2C and D shows PTV HI and CI indices, respectively.
For HI, no significant differences were noted for both tech-
niques compared with nonimaging values. Compensation
with 5 to 15 MU showed a statistically significant decrease
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of HI compared to reoptimization, although the amplitude
was small. The change in CT was not statistically significant
for any imaging dose.

Effects of reoptimization on OAR dose

Figure 3A illustrates changes in the rectal Dy,,, value
from nonimaging values. While both compensation and
reoptimization plans showed an imaging dose-dependent
increase in rectal D,.,,, reoptimization significantly sup-
pressed dose elevation by half compared with compensa-
tion (p < 0.001 for all MU). Whereas the Dy, value of
compensation plans became larger than observed with por-
tal imaging when 8- to 15-MU CBCT was added, the D.,
value of reoptimization plans did not exceed that of portal
imaging. Figure 3B shows the changes in gEUD from non-
imaging plans. For the simple addition of portal imaging
and 3-MU CBCT, the amplitude of gEUD elevation was
similar to that of D, In contrast, gEUD determined by
both techniques changed modestly with every imaging
dose. Because gEUD reflects the effect of inhomogeneous
dose distribution, the cause of the disagreement seen in
these results may be found in the dose-volume analysis
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(Fig. 3C). The rectal Vx value was uniformly elevated by
addition of portal imaging and 3-MU CBCT. In contrast,
compensation plans showed a remarkable increase of
low-dose volume (V30-V50), while the changes in high-
dose volume (V60-V70) were modest. The Vx elevations,
especially those of low-dose volumes, were suppressed by
reoptimization. No significant difference was noted be-
tween V60 for compensation and reoptimization plans
when 3-MU CBCT was added, and there was no significant
difference in V70 for all MU.

Figure 4 shows results for bladder doses subjected to the
same analyses as those conducted above. The bladder D,y ean
value was also increased with increasing imaging dose
(Fig. 4A). Unlike the results for the rectum, however,
gEUD increased significantly for compensation and reop-
timization plans compared with nonimaging values
(Fig. 4B), and reoptimization significantly suppressed the
gBUD elevation when 5 to 15 MU were added (p = 0.008
and 0.001 and p < 0.001 for 5 and 8§ and 15 MU, respec-
tively). As the analysis of Vx (Fig. 4C) shows, V70 was
increased with increasing CBCT dose, and reoptimization
significantly suppressed V70 elevation when 5 to 15 MU
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Fig. 3. The effects of MV-CBCT integration on rectal dose. The Dy, (A), gEUD (B), and Vx (C) values are shown. Each
value represents the change from those of nonimaging plans. Columns and bars represent median and interquartile range,
respectively. T, p <0.05; %, p < 0.01. (Paired #-test comparisons between compensation and reoptimization plans with the

same MU are shown).
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Fig. 4. The effects of MV-CBCT integration on bladder dose are shown. The Dy,c.q (A), gEUD (B), and Vx (C) values are
shown. Each value represents the change from those of nonimaging plans. Columns and bars represent median and inter-
quartile range, respectively. T, p < 0.05; ¥, p < 0.01. (Paired rtest comparisons between compensation and reoptimization

plans with the same MU are shown).

were added (p = 0.044 and 0.009 and p < 0.001 for 5 MU and
15 MU, respectively).

DISCUSSION

The accurate calculation of MV-CBCT dose distribution is
essential to the integration of imaging dose with prescribed
dose. Here, we were able to accurately calculate MV-
CBCT dose distribution by using our method, even for quite
low MU (Fig. 1B-D). We confirmed the fact that this method
also allowed the accurate calculation of dose in differently
shaped phantoms and that the stability of the MV-CBCT
beam output was ensured by weekly measurement, routinely
performed for IMRT quality assurance. We conclude that our
method is feasible for any imaging dose, if the stability of
beam output is confirmed by scheduled measurements. Sim-
ilarly, the report of the American Association of Physicists in
Medicine Task Group 142 recommended annual or more fre-
quent assessment of imaging dose (25).

Regarding target coverage, compensation plans showed
slightly decreased HI (Fig. 2C), indicating a decrease in
hot or cold regions in the target volume. This is attributed
to the uniform dose distribution of the MV-CBCT dose.
However, the alteration was quite small and might be consid-
ered clinically negligible. Because the results of HI and CI

demonstrated that MV-CBCT dose integration with both
techniques did not worsen the quality of target coverage,
the necessity of reoptimization can be simply evaluated by
considering the effects of imaging dose on critical organs.

For the rectal Dy, value, reoptimization seemed to
have a significant advantage for suppressing rectal dose
elevation upon addition of imaging dose, particularly for
high-MU CBCT (Fig. 3A). However, gEUD values for
both techniques showed negligible changes from nonimag-
ing values (Fig. 3B). The results of dose-volume analysis
(Fig. 3C) explain the cause of the disagreement: compensa-
tion plans mainly increased low-dose volume (30-50 Gy),
while their alteration of high-dose volume was modest. In
contrast, simple addition of both portal imaging and 3-
MU CBCT uniformly increased rectal Vx. In general, rectal
complications result from high doses (26). Although many
studies have demonstrated the association of late rectal tox-
icity with high dose (=60 Gy), rectal bleeding correlates
with the volume exposed to intermediate doses (40-60
Gy) (26, 27). Jackson et al. (27) stated that the intermediate
dose might be associated with the recovery of tissue
exposed to high dose. While compensation might be suffi-
cient for reducing rectal injury, reoptimization could
still be beneficial for reducing the volume receiving
intermediate dose.



