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defined as the parameter of ICBT in the GYN GEC ESTRO
recommendation and for organs at risks (OARs) such as
bladder, rectum and sigmoid colon.'>" HRCTV, which is a
major risk for local recurrence because of residual macro-
scopic disease, is defined as the whole cervix and the pre-
sumed extracervical tumor extension at the time of brachy-
therapy. Certain dose coverage values can be defined to
describe the specific shape of such a dose-volume histogram
(DVH), e.g. D100 and D90, defining the minimum dose
delivered to 100 and 90% of the volume of interest, respec-

tively. The OARs were contoured using the external wall
contours. Cumulative DVHs were calculated for delineated
organs of bladder, rectum and sigmoid colon, and the fol-
lowing parameters were reported: absolute volume and min-
imum dose to the most irradiated 0.1, 1, 2 cm® (D0.1 cc, D1
cc, D2 cc, respeclively).”“)

Dwell positions and dwell weights in the tandem, ovoids
and needles were manually modified until the dose distribu-
tion was optimally matched to cover HRCTV with a 6-Gy
isodose line as much as possible. This planning was com-

Fig. 3.

Dose distribution by conventional brachytherapy and our hybrid method. @: HRCTV

l Conventional brachytherapy |

I Brachytherapy of our Hybrid Method i

Volume (%} @ ef potaves 100008

nax. ons"Teyi} 1800

o' 100 ek ees seb

1080 12ds 1ado 1
feoy)

Velume (3] 8 of poius

PR R i 1]

4 \
o 208 408 ees sod
bore

1080 126 14de 1
icay)

Fig. 4.

Dose-Volume histograms of conventional brachytherapy planning and our hybrid method
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pared with conventional ICBT planning without interstitial
needle by using DVH parameters for HRCTV and OARs. In
conventional ICBT planning, the same source arrangement
and irradiation conditions are used, and the dose distribution
was based on the Manchester system. The prescribed dose
was generated by the PLATO treatment planning system
(TPS) with a dose of 6 Gy normalized to point A.

RESULTS

Dose distribution and dose volume histogram

Figures 3 and 4 show dose distributions and DVHs by our
hybrid method and conventional ICBT. D90 to HRCTV by
this hybrid method and conventional ICBT were 6.1 Gy and
3.5 Gy, respectively. Dlcc of the rectum, bladder and sig-
moid colon by this hybrid method were 4.8 Gy, 6.4 Gy and
3.5 Gy, respectively, whereas they were 5.7 Gy, 6.3 Gy and
3.4 Gy by conventional brachytherapy (Table 1, Fig. 4).

Table 1. Dose of HRCTV, Rectum, Bladder and Sigmoid
Colon.
Conventional ~ Our hybrid-
brachytherapy brachytherapy
HRCTV D100 1.9 Gy 3.4 Gy
D90 3.5Gy 6.1 Gy
Rectum DO0.1cc 5.8 Gy 6.7 Gy
Dlcc 4.8 Gy 5.7Gy
D2cc 4.4 Gy 5.2 Gy
Bladder DO0.1cc 8.0 Gy 8.0 Gy
Dlcc 6.4 Gy 6.3 Gy
D2cc 5.8 Gy 5.8 Gy
Sigmoid colon DO.1cc 4.5 Gy 4.3 Gy
Dlcc 3.5Gy 3.4Gy
D2cc 32Gy 3.2Gy

Treatment Outcome

At 12 months after treatment, the tumor in the left
parametrium had disappeared almost completely according
to pelvic MRI findings. Serum levels of squamous cell car-
cinoma antigen and cytokeratin fragment 21-1 were reduced
to 1.1 ng/ml and 3.3 ng/ml from 2.6 ng/ml and 7.6 ng/ml,
respectively. No recurrent lesions and distant metastases
were detected at 18 months after the treatment, and she did
not experience grade 2 or higher late morbidity.

DISCUSSION

When bulky and/or irregular-shape cervical cancer is

treated with brachytherapy, using increments of the pre-
scribed dose at the reference point is one of the approaches.
However, such increments may result in increasing doses to
surrounding normal tissues including the bladder, rectum,
and small intestine. In recent years, Japanese researchers
reported the correlation of rectal bleeding with the dose-vol-
ume parameter of rectum in patients with cervical can-
cer.'>'9) Tsohashi et al. reported that the mean biologically
equivalent dose in 2-Gy fraction (EQD2) of rectum Dlcc for
patients with and without rectal bleeding was 76 Gy and 98
Gy, respectively, and there was a significant greater rectal
bleeding risk for the high EQD2 group ( = 82 Gy of Dlcc
rectum).' In the current case, EQD2 of rectum Dlcc was
79.9 Gy, which was calculated as the linear quadratic model
for incomplete sublethal damage repair. If the dose prescrip-
tion at point A could be increased by conventional ICBT
until the dose of D90 for HRCTV reached 6 Gy, Dlcc of the
rectum would increase from 4.8 Gy to 8.2 Gy, and EQD2 of
rectum Dlcc would increase to 96.8 Gy. This method was
able to increase the HRCTV dose while keeping the rectum
dose at tolerable levels even in the case of bulky and/or
irregular-shape cervical cancer. In the present case, primary
tumor was well controlled without severe toxicities. Howev-
er, further follow-up will be needed to confirm long-term
efficacy and toxicities.

Historically, interstitial brachytherapy was performed
with free hand-placement, and ultrasound-guided, CT-guided
and template-guided needles for locally advanced tumor.'™2"
To date, transperineal template techniques were the most
commonly used methods for interstitial treatment in such
cases. However, these techniques have difficulties in achiev-
ing accurate positioning of the implant and good parallelism
of the needles. In addition, using these methods, the appli-
cators have to be left in place for a few days after implanta-
tion. On the other hand, a major part of the procedure in the
current hybrid method is derived from conventional brachy-
therapy. In-room CT-guided insertion of the interstitial nee-
dle could be performed after implantation of the Fletcher-
Suit applicator. Furthermore, because this insertion is done
for each brachytherapy session, the applicators do not need
to be left in place. Therefore, this hybrid method is a non-
complicated technique and is safe for patients compared
with previous methods.

Considering the risk of perforation of the sigmoid colon
or intestine, accurate positioning of the needle in interstitial
brachytherapy is very important. Several researchers have
reported achieving accurate positioning and avoiding perfo-
ration by several methods.'”?" With the present hybrid
method, CT-guided insertion is performed after implantation
of tandem and ovoid applicators. In addition, an in-room CT
system is used for the current method. This system enabled
implantation of the applicator, CT-guided placement of the
needle and irradiation by RALS to be performed on the same
couch. Movement of the applicator and needle can be min-
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imized during implantation, planning and irradiation.
Because of the CT-guided insertion and in-room system,
accurate positioning and safe insertion can be achieved with
this hybrid method.

Dimopuolos et al. and Kirisits et al. reported a similar
technique of intracavitary and interstitial brachytherapy that
uses a modified tandem-ring applicator for cervical cancer at
Vienna University.”** In their method, needles are inserted
through holes in the tandem-ring applicator. As it is limited
to moderate lateral expansion of the HRCTYV, for cases with
involvement up to the pelvic wall, additional interstitial nee-
dles are required. Their method was also accurate and safe,
based on an MRI-guided approach. However, the Vienna
ring applicator is not commercially available, and in Japan
the most common type of applicator is the Fletcher-Suit
Asian Pacific applicator. In our hybrid method, similar to the
Vienna ring applicator, needles can be placed in the tumor
located at the posterior parametrium with high flexibility.
The current technique of brachytherapy should be further
investigated to confirm its safety and efficacy.
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Regular Paper

The Benefit of Small Bowel and Pelvic Bone Sparing in Excluding
Common Iliac Lymph Node Region from Conventional Radiation

Fields in Patients with Uterine Cervical Cancer:
A Dosimetric Study

Takahiro OIKE™, Tatsuya OHNO, Masaru WAKATSUKI, Shin-ei NODA, Jun-ichi SAITOH,
Tatsuji MIZUKAMI, Yuya YOSHIMOTO, Noriyuki OKONOGI, Hiroyuki KATOH,
Kei SHIBUYA, Yoshiyuki SUZUKI, Hitoshi ISHIKAWA, Takeshi EBARA,
Takeo TAKAHASHI and Takashi NAKANO

Uterine cervical cancer/Radiotherapy/Small bowel/Pelvic insufficiency fracture/Common iliac lymph
node region.

The purpose of this study was to compare dose reduction to the small bowel and sacral bone by two-
field and four-field techniques when the common iliac lymph node region is excluded from the radiation
field in external beam radiotherapy of uterine cervical cancer. Thirteen patients with cervical cancer were
entered into the study. Conventional treatment plans based on bony landmarks were made with parallel-
opposed two-field technique (C2F) and four-field box technique (C4F). Modified C2F (M2F) and C4F
(MA4F) plans of excluding the common iliac lymph node region from the conventional radiation fields were
created in reference to the bifurcations of pelvic arteries in computed tomography images. For each
patient, the dose volume histograms for the small bowel and sacral bone resulting from the C2F, C4F,
M2F, and MA4F plans were compared. The volumes were obtained at 10 levels of prescribed dose, at incre-
ments of 10%, from 5 Gy to 50 Gy. By sparing both small bowel and sacral bone, the M2F and M4F plans
were significantly better than the C2F and C4F plans at any dose level (p < 0.05), respectively. In addi-
tion, the M4F plan was significantly better than the M2F plan in sparing both small bowel at 10-50% of
the prescribed dose (p < 0.05) and sacral bone at 40-100% of the prescribed dose (p < 0.05). The present
study suggests that modified treatment planning could be useful for selected patients for reducing small

bowel complications and insufficiency fracture after radiotherapy.

INTRODUCTION

Radiotherapy has an essential role in the treatment of
uterine cervical cancer. Early-stage disease is highly curable
by radiotherapy alone. Concurrent chemoradiotherapy
improves overall survival for locally advanced cervical can-
cer in comparison with radiotherapy alone.'® Radiotherapy
for cervical cancer consists of external beam irradiation to
the primary tumor and corresponding region of ly
drainage, and brachytherapy for the primary tumor.” The
external beam component is conventionally delivered by a
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two-field or four-field technique.

Small bowel complication is one of the most common
side effects in gynecologic patients undergoing radiotherapy.
It has been pointed out that high-dose irradiation to the small
bowel of the pelvis correlates with severe intestinal compli-
cations.*'? Pelvic insufficiency fracture is also a major con-
cern after radiotherapy to the pelvis. Although radiation-
induced pelvic insufficiency fracture has been considered to
be rare,'? several recent reports revealed that it is more com-
mon than previously believed.'*'® Thus, pelvic bone should
be excluded from radiation fields as much as possible.

Efforts for dose reduction to organs at risk (OARs) should
be encouraged to achieve lower incidence of late complica-
tions without sacrificing local control. In the treatment plan-
ning of the two-field and four-field techniques, definition of
the superior border of the fields varies among radiotherapy
facilities. A survey of the Gynecologic Cancer Intergroup
showed that the upper border of the pelvic field for cervical
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cancer was set at L4/L5 in 50% of the facilities, LL5/S1 in
12%, and computed tomography (CT)-based planning in
24%.' However, the quantitative benefit of a small pelvic
field for normal tissue sparing has not been well document-
ed. Recently, treatment planning based on CT has become
wide-spread, a method that enables us to define the clinical
target volume (CTV) of the pelvic lymph node region more
precisely by reference to pelvic vessels.

The purpose of this study was to compare the dose reduc-
tion to the small bowel and sacral bone by two-field or four-
field technique when the common iliac lymph node region
is excluded from the radiation field in external beam radio-
therapy of uterine cervical cancer.

MATERIALS AND METHODS

Patient characteristics

Between January and October 2009, 13 consecutive
patients with cervical cancer treated with radiotherapy at the
Department of Radiation Oncology of Gunma University
Graduate School of Medicine were selected for this dosim-
etric study. The median age of the patients was 63 years
(range, 41-82 years). The International Federation of Gyne-
cology and Obstetrics stage was IB in 2 patients, IIB in 7,
TITA or IIIB in 3, and IVA in 1 patient.

Imaging

Each patient underwent a planning CT scan (LightSpeed;
GE Healthcare, Buckinghamshire, UK) in supine position
with vaginal tampon contrast. CT images with 5-mm slice
thickness were taken from the L3-14 interspace to the
perineum. Bladder content was not restricted at the time of
CT data acquisition.

Delineation

Contouring was performed by a radiation oncologist.
Another radiation oncologist specializing in gynecologic
oncology reviewed all delineated regions of interest. All tar-
get volumes and OARs were contoured on the axial CT slices
of all patients. CTV included the cervical tumor, the whole
uterus, parametrium, uterine appendage, upper half of the
vagina and regional lymph nodes (common nodes, internal
and external iliac nodes, obturator nodes and presacral
nodes). The small bowel of the pelvis and sacral bone were
contoured as OARs. For the small bowel, individual loops
existing below the level of the upper border of L5 vertebra
were separately contoured. Common, internal and external
iliac vessels were contoured as reference landmarks to iden-
tify the pelvic lymph node regions.

Treatment planning

All treatment plans and dose volume histogram (DVH)
analysis were done with the treatment planning system XiO,
Version 4.34 (CMS, St. Louis, MO, USA). All treatment

plans were based on a 10-MV high-energy photon beam. For
each patient, 4 treatment plans were generated as follows.

First, treatment plans based on a conventional parallel-
opposed two-field technique (C2F) and four-field box tech-
nique (C4F) were made. The definition was based on the
commonly used design of standard portals in relation to
bony reference landmarks. The borders for the anterior and
posterior fields were at the interspace of the L4-L5 vertebrae
superiorly, inferior border of the obturator foramen inferiorly,
and 1.5-2 cm lateral to the bony pelvis.

For the lateral field, the anterior border was placed 3 cm
anterior to the vessel edge and posterior edge of the pubic sym-
physis. The posterior margin was defined 1.5 cm from the
anterior aspect of the sacral bone. Superior and inferior borders
were the same as those of the anterior and posterior fields. The
width of the lateral fields was maintained at 6 cm at least to
ensure coverage of the lymph node regions. The typical radi-
ation fields of the conventional plans are shown in Fig. 1.

Second, modified plans of C2F and C4F were created.
The common iliac lymph nodes are adjacent to the common
iliac vessels from the aortic bifurcation to the division of the
common iliac artery into the external and internal iliac
branches.'**" In the modified C2F (M2F) and C4F (M4F)
plans, the common iliac lymph node region was excluded
from the conventional radiation fields. In case of different
levels of bifurcation of the common iliac artery, the most
cranial one was selected as the superior border. Inferior, lat-
eral, anterior and posterior borders were defined just as those
of C2F and C4F. The typical radiation fields of the modified
plans are shown in Fig. 2.

For each plan, the total dose of 50 Gy in 25 fractions at
the isocenter was prescribed. The beams were weighted
equally in each portal in all plans. The planning target vol-
ume (PTV) had to be covered between 95% and 107% of the
prescribed dose in the isocenter plane.

DVH analysis

For the small bowel of the pelvis and sacral bone, the per-
cent volumes irradiated in the C2F, C4F, M2F, and M4F plans
were compared. The volumes were obtained at 10 levels of
prescribed dose, at increments of 10%, from 5 Gy to 50 Gy.

Statistical analysis

Statistical analysis was performed by StatMatelll Version
3.17 (ATMS, Tokyo, Japan). Paired ¢ test was used to com-
pare the different treatment plans. Differences were consid-
ered significant at p < 0.05.

RESULTS

Example case

The M4F plan for a representative patient is shown in Fig.
3. As seen in the sagittal image of Fig. 3, the volumes of the
small bowel and the sacral bone were excluded from the lat-
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Fig. 1. Ventral and lateral radiation fields of conventional plan. Highlighted yellow lines are the border of
the fields. Pelvic (common, internal and external) arteries and veins are illustrated in red and blue, respec-
tively.

Fig. 2. Ventral and lateral radiation fields of modified plan. Highlighted yellow lines are the border of
the fields. Common iliac lymph node region is excluded from the radiation fields. Pelvic (common, inter-
nal and external) arteries and veins are illustrated in red and blue, respectively.

Fig. 3. Axial and sagittal images with isodose distribution in modified four-field plan. Highlighted are
the 20% (orange), 50% (magenta), 70% (cyan), 90% (blue), and 100% (red) isodose lines. The small
bowel and the sacral bone in these slices are shown in yellow and green, respectively.
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eral radiation fields as much as possible. The average field
size of 2.8 cm (range, 0.5-4.7 cm) was reduced in the lon-
gitudinal direction with the modified plans compared to the
conventional plans.

Small bowel

Comparison of small bowel volumes irradiated in a rep-
resentative patient is shown in Fig. 4. The volumes of the
small bowel irradiated by each plan are summarized in Table
1. Compared to the C2F plan, the M2F plan was significantly
better in sparing the small bowel at any dose level (p <
0.001). Through the total range of doses, the extent of vol-
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Fig. 4. Dose-volume-histogram for the small bowel. The percent-
ages of small bowel volumes receiving different doses are shown.
Comparison of conventional two-field (C2F) plan vs. modified
two-field (M2F) plan is shown in (a), conventional four-field (C4F)
plan vs.modified four-field (M4F) plan in (b).

Table 1. Median volumes of small bowel receiving prescribed
doses with conventional and modified 2- or 4-field technique.

ume reduction to the small bowel irradiated was similar.
Compared to the C4F plan, the M4F plan was also signifi-
cantly better in sparing the small bowel at any dose level (p
< 0.001). A large extent of volume reduction was observed
at 5-25 Gy. Compared to the M2F plan, the M4F plan was
significantly better in sparing the small bowel at 5-25 Gy (p
< 0.001 at 5-20 Gy, p < 0.01 at 25 Gy).

Sacral bone

Comparison of sacral bone volumes irradiated in a repre-
sentative patient is shown in Fig. 5. The volumes of the sac-
ral bone irradiated by each plan were summarized in Table 2.
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Fig.5. Dose-volume-histogram for the sacral bone. The percent-
ages of sacral bone volumes receiving different doses are shown.
Comparison of conventional two-field (C2F) plan vs. modified
two-field (M2F) plan is shown in (a), conventional four-field (C4F)
plan vs. modified four-field (M4F) plan in (b).

Table 2. Median volumes of sacral bone receiving prescribed
doses with conventional and modified 2- or 4-field technique.

Median percent volume (range) Median percent volume (range)
Dose Dose
C2F M2F C4F MA4F C2F M2F C4F MA4F

5 84(76-100) 75 (47-87) 100 (99-101) 82 (52-100) 5 100 (100-100) 98 (84-100) 100 (100-100) 98 (85-100)
10 80 (70-100) 71 (41-84) 100 (97-101) 74 (45-100) 10 100 (100-100) 96 (81-100) 100 (100-100) 95 (72-100)
15 77(67-100) 68 (37-83) 99 (89-100) 70 (40-99) 15 100 (100-100) 93 (76-100) 100 (100-100) 91 (66-100)
20 75(65-98) 66 (35-81) 96 (81-98) 67 (37-97) 20 100(100-100) 90 (74-100) 100 (100-100) 88 (63-100)
25 74(63-96) 64(33-80) 92(72-98) 66 (34-95) 25 100 (100-100) 87 (70-100) 100 (100-100) 85 (56-100)
30 72(59-88) 62(31-79) 79 (52-92) 63 (30-90) 30 100(98-100) 85(68-100) 98 (87-100) 82 (56-98)
35 70(55-79) 60(29-78) 73 (38-83) 62(27-83) 35 100(94-100) 82(51-100) 93 (75-100) 77 (51-98)
40 68 (50-77) 59 (27-77) 67(29-77) 58 (23-80) 40 100(89-100) 78 (48-100) 86(66-99) 69 (48-96)
45 66 (43-75) 56 (24-75) 60 (20-78) 53 (17-78) 45 99(81-100) 70 (43-100) ‘77(53-98)  57(40-92)
50 58(22-69) 50 (16-69) 48 (9-75)  45(8-75) 50 92(42-99) 57(27-96) 50(24-88) 24 (12-72)

Abbreviations: C2F = col 1 2-field technique; M2F =
modified 2-field technique; C4F = conventional 4-field tech-
nique; M4F = modified 4-field technique.

Abbreviations: C2F = conventional 2-field technique; M2F =
modified 2-field technique; C4F = conventional 4-field tech-
nique; M4F = modified 4-field technique.
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Compared to the C2F plan, the M2F plan was significantly
better in sparing the sacral bone at any dose level (p < 0.05
at5 Gy, p <0.01 at 10-25 Gy, p <0.001 at 30-50 Gy). Com-
pared to the C4F plan, the M4F plan was significantly better
in sparing the sacral bone at any dose level (p < 0.05 at 5-
10 Gy, p < 0.01 at 15-25 Gy, p < 0.001 at 30-50 Gy). Com-
pared to the M2F plan, the M4F plan was significantly better
in sparing the sacral bone at 20-50 Gy of the prescribed dose
(p < 0.05 at 20 Gy, p < 0.01 at 25 Gy, p < 0.001 at 30-50
Gy).

DISCUSSION

The Japanese Patterns of Care Study demonstrated the
patterns of definitive radiotherapy practice for patients with
uterine cervical cancer between 1999 and 2001 in Japan.
Pelvic external beam RT was given using an opposing
anteroposterior (AP-PA) technique in 87% of the patients.
The upper border of the pelvic field was at the L4-L5 inter-
space in 77% of the patients.”” CT simulation is widely used
for radiotherapy treatment planning today. However, for
uterine cervical cancer, the two-field technique based on
bony landmarks is still the common treatment planning
method in Japan. In the present study, we compared the dose
reduction by two-field and four-field techniques when the
common iliac lymph node region is excluded from the radi-
ation field in patients with uterine cervical cancer. Our
results suggest that, compared to conventional technique, the
modified technique of excluding the common iliac lymph
node region from the conventional field significantly reduces
the irradiated volume of the small bowel and sacral bone.

The severity of acute intestinal complications has been
considered to correlate with the irradiated volume of the
small bowel.® Tt has also been pointed out that high-dose
irradiation to the small bowel correlates with severe late
intestinal complications.®'? Ohara e al. reported that, in the
pelvis, a large amount of small bowel exists in the area rang-
ing over 8 cm from the L4-L5 interspace and below that
occupies the upper side in conventional fields.'” Therefore,
exclusion of the common iliac lymph node region from con-
ventional fields could result in reduction of the irradiated
volume of the small bowel. The results of our study show
that the modified plans are significantly better than the con-
ventional ones in sparing the small bowel volume irradiated
at all dose levels in both two-field and four-field techniques
(Fig. 4), thereby indicating that radiotherapy by the modified
techniques could lead to a reduction in small bowel compli-
cations.

Radiation-induced pelvic insufficiency fracture has been
regarded as a rare complication in patients with gynecologic
cancer.'? However, recent studies have reported the inci-
dence of pelvic insufficiency fracture as 8.2—-17.9% after pel-
vic irradiation, a higher frequency than previously
believed.'*"® The most common site of pelvic insufficiency

fracture is the sacral bone including the sacroiliac joints.
Kwon et al. reported that 85% of patients with pelvic insuf-
ficiency fracture after pelvic irradiation had sacral involve-
ment in their retrospective evaluation of MRI images.'® For
this reason, we evaluated the DVHs of sacral bone in this
study. The modified plans proved to be significantly better
than the conventional plans in sparing sacral bone volume
irradiated in both two-field and four-field techniques at all
dose levels, and especially at a high-dose level (Fig.5).
Because high-dose irradiation (> 50.4 Gy) to the pelvic bone
is regarded one of the risk factors of pelvic insufficiency
fracture,” radiotherapy by the modified technique could
reduce this incidence.

Which of M2F and M4F is better when both small bowel
and sacral bone sparing are taken into account? As for small
bowel sparing, M4F was significantly better only at a low to
middle-dose level compared to M2F. Regarding sacral bone
sparing, M4F showed significant benefit at a high-dose level
compared to M2F. Thus, it could be concluded that the M4F
technique is better for both small bowel and sacral bone
sparing compared to M2F.

The upper border of the modified field depends on the
position of the division of the common iliac artery into exter-
nal and internal iliac branches. Greer et al. demonstrated the
position of the common iliac bifurcation based on intraop-
erative retroperitoneal measurements from 100 patients.?®
They showed that the mean level of the bifurcation was 1.7
cm above the lumbosacral prominence on the right and 1.4
cm above on the left, that both common iliac bifurcations
were cephalad to the level of the lumbosacral prominence in
87% of patients, and that the mean level of the aortic bifur-
cation was 6.7 cm above the lumbosacral prominence. In our
study, as our standard upper border is at the L4-L5 inter-
space, field-size reduction in the modified plan varied from
0.5 cm to 4.7 cm (mean, 2.8 cm) in the longitudinal direc-
tion, which was relatively smaller than those in the study by
Greer et al.

Patient selection is important in adopting radiotherapy
with small bowel and sacral bone sparing technique while
maintaining curability of the disease. Squamous cell carci-
noma of the cervix, which constitutes approximately 80% of
all cervical cancers, commonly metastasizes to lymph nodes
anterogradely along vessels from paracervical lymph nodes
to common iliac lymph nodes. Sakuragi et al. reviewed
surgically treated cervical cancer cases, reporting the inci-
dence of pelvic lymph node metastasis in stage Ib, stage Ia,
and stage TIb as 12%-22%, 10%—27%, 34%—43% respec-
tively.” They also reported a positive rate for metastasis to
common iliac lymph node of 9.1% in 208 cases with stage
Tb to stage I11b.*® However, when focusing on early-stage
squamous cell carcinoma of the cervix (Stage I/II, tumor
size < 4 cm), the frequency of metastasis to common iliac
lymph nodes was a lower 1.5%.”” In the early-stage cases,
the modified technique of excluding the common iliac
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lymph node region can be indicated. Further study will be
needed to investigate the incidence of small bowel compli-
cations and insufficiency fracture, and failure patterns after
radiotherapy with the modified technique.

Since most patients with early-stage disease will be cured,
major efforts should be made to reduce long-term complica-
tions while maintaining post-radiotherapy efficacy. A small
study of 33 cervical cancer patients treated after hysterecto-
my with intensity-modulated radiation therapy (IMRT) and
concurrent chemotherapy showed decreased gastrointestinal
and genitourinary side effects, with local control comparable
to that in patients treated with four-field box radiotherapy.”®
Recently, Kidd et al. reported clinical outcomes of 452 cer-
vical cancer patients treated with IMRT or non-IMRT.*” In
that report, IMRT significantly decreased toxicity while
maintaining disease control. IMRT was used in 27% of the
patients with gynecologic cancer in the United States in
2004°? and the use of IMRT for gynecological malignancy
is also of interest in Japan. Therefore, comparison of the cur-
rent modified plan with IMRT by excluding the common ili-
ac lymph node region from the target will be necessary.

In conclusion, we have demonstrated that the modified
radiation technique of excluding the common iliac lymph
node region from the conventional radiation field has signif-
icant benefits for sparing the small bowel and sacral bone in
the treatment of cervical cancer compared with a conven-
tional two-field or four-field technique. In clinical practice,
the modified technique could be useful for patients with ear-
ly-stage squamous cell carcinoma of the cervix and lead to
a reduction in small bowel complications and insufficiency
fracture after radiotherapy.
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CT-based 3D Dose-Volume Parameter of the Rectum and Late Rectal

Complication in Patients with Cervical Cancer Treated
with High-Dose-Rate Intracavitary Brachytherapy

Shingo KATO'*, TRAN Dang Ngoc Linh?, Tatsuya OHNO?,
Takashi NAKANO*, Hiroki KIYOHARA', Yu OHKUBO'
and Tadashi KAMADA'

Cervical cancer/High-dose-rate intracavitary brachytherapy/3D image-based brachytherapy/Late
rectal complication/Dose-volume histogram.

This study evaluated the efficacy of computed tomography (CT)-based three-dimensional (3D) dose-
volume parameters of the rectum as predictor for late rectal complication (LRC) in cervical cancer patients
treated with radiotherapy alone. Eighty-four patients treated with a combination of external radiotherapy
and high-dose-rate intracavitary brachytherapy between January 2000 and December 2004 were retrospec-
tively analyzed. Brachytherapy was prescribed with standard 2D planning. Patients underwent pelvic CT
at brachytherapy. The external rectal wall was contoured on the CT images, and the minimum doses deliv-
ered to 0.1cc, lcc, and 2cc of the most irradiated rectal volumes were calculated with dose-volume histo-
grams. The International Commission of Radiation Units and Measurements (ICRU) rectal point dose was
also calculated by conventional method. Total dose (external radiotherapy plus brachytherapy) to the rec-
tum was transformed to the biologically equivalent dose in 2-Gy fractions with o/B of 3 Gy (Do.ice, Dice,
Dace and Dicru). The relationships between these dosimetric parameters and the incidence of LRC were
analyzed. The 5-year overall actuarial rate of LRC was 26.4%. The values of Dg.icc, Dice, and Dacc were
significantly higher in patients with LRC than in those without (p < 0.001), but the difference in the values
of Dicru was not statistically significant (p = 0.10). The rate of LRC increased significantly with increas-
ing Do.ice, Dice, and Dace (p = 0.001). However, no positive dose-response relationship was observed
between Dicru and the rate of LRC (p = 0.42). The present study has suggested that CT-based 3D dose-

Regular Paper

volume parameters of the rectum may be effective for predicting LRC.

INTRODUCTION

Intracavitary brachytherapy (ICBT) is an important treat-
ment modality for carcinoma of the urterine cervix. Because
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this treatment is characterized by a steep dose gradient, it can
deliver a high dose to the cervical tumor while minimizing
doses to the surrounding normal tissues. In some cases, how-
ever, the rectum, sigmoid colon, and/or bladder are irradiated
with high doses because of close proximity to the cervical
tumor, and this may result in late radiation complications.?

Late rectal complication (LRC) is one of the most impor-
tant dose-limiting toxicities, as severe LRC, such as a rectal
ulcer or fistula, can be life-threatning. To assess the rectal
dose of ICBT, X-ray-based two-dimensional (2D) treatment
planning has tradionally been performed, and the Interna-
tional Commission on Radiation Units and Measurements
(ICRU) rectal reference point has been used as the standard
dose-specific point.” Several investigators reported a posi-
tive correlation between the ICRU rectal point dose and the
occurrence of LRC by the treatment of either low-dose-rate
(LDR) or high-dose-rate (HDR) brachytherapy.*” However,
several other investigators could not find a positive correla-
tion between them.*'® Because the ICRU rectal point is a
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hypothetical point determined by the two orthogonal X-rays,
it may not always represent the exact location of the highest
dose in the rectum.'"'?

Recently, computed tomography (CT) and magnetic reso-
nance imaging (MRI) have increasingly been used for treat-
ment planning of ICBT for cervical cancer, as these imaging
modalities provide more accurate information than
orthogonal X-rays on the topographic relationship between
applicators, the cervical tumor and organs at risk (OARs).
Treatment planning using CT or MRI images also allows

of three-di ional (3D) dose distributions and
dose-volume evaluation for tumor and OARs. The Group
Européen de Curiethérapie-European Society for Therapeu-
tic Radiology and Oncology (GEC-ESTRO) working group
for gynecologic brachytherapy has provided recommenda-
tions on 3D image-based treatment planning in cervical
cancer brachytherapy.'>'¥ To assess the rectal dose by ICBT,
3D dose-volume parameters, including the minimum doses
delivered to 0.1cc, lcc, and 2cc of the most irradiated rectal
volume, are recommended for recording and reporting. Sev-
eral authors have reported that 3D image-based brachy-
therapy, according to the GEC-ESTRO recommendations,
could improve target volume coverage and reduce doses to
OARs.">'® However, only a few reports have been published
on the relationship between the 3D dose-volume parameters
and clinical outcomes.'”™ Especially, dose-response rela-
tionships between the 3D dose-volume parameters of the rec-
tum and LRC have not been thoroughly evaluated clinically.

Since a CT scanner was installed in the ICBT treatment
room of our hospital in 2000, we have been taking pelvic CT
images at ICBT with the applicators in place. After treat-
ment, almost all patients underwent long-term follow-up,
and clinical data on disease status, early and late radiation
complications, quality of life, and life and death were
recorded. We have already reported a positive correlation
between the maximum rectal dose calculated by CT images
and the incidence of LRC.>" In the present study, we ana-
lyzed the relationship between CT-based 3D dose-volume
parameters of the rectum and the incidence of LRC. The
objective of this study was to evaluate the efficacy of the
dose-volume parameters as predictor for LRC in cervical
cancer patients treated with definitive radiotherapy.

METHODS AND MATERIALS

Patients

Eighty-four patients treated with radiotherapy alone
between January 2000 and December 2004 were retrospec-
tively analyzed. As the pure radiation dose-volume effect to
the rectum was investigated in the present study, patients
treated with chemoradiotherapy were excluded. All patients
(median age 69 years, range 30-86) had previously untreat-
ed cervical cancer, and according to the International Feder-
ation of Gynecology and Obstetrics (FIGO) staging system,

19 patients had Stage 1B, 37 had Stage II, 20 had Stage III,
and 8 had Stage TVA disease. Histologically, 79 patients had
squamous cell carcinoma and 5 had adenocarcinoma or ade-
nosquamous carcinoma. All patients underwent CT of the
abdomen and pelvis and MRI of the pelvis before treatment.
Cervical tumor dimensions were measured based on T2-
weighted MRI images. Forty-six patients had tumors < 4 cm
and 38 had tumors > 4 cm in maximum diameter.

Radiotherapy

Patients were treated with a combination of external beam
radiotherapy (EBRT) and HDR-ICBT according to the
Japanese treatment guidelines.”” EBRT was delivered to the
whole pelvis through anterior and posterior parallel-opposed
portals using 10-MV X-rays with a daily fraction dose of 1.8
or 2.0 Gy. The median total dose delivered to the pelvic side-
wall was 50 Gy (range, 36-60.6 Gy). In principle, a central
shield (3—4 cm width at the isocenter) was inserted into the
treatment field after delivering 19.8 Gy to the whole pelvis
in patients with early-stage disease (stage I-II and tumor
size < 4 cm in maximum diameter). In patients with
advanced-stage disease (stage ITI-IVA or tumor size >4 cm
in maximum diameter), a central shield was usually inserted
after 30.6 Gy of whole pelvic irradiation.

HDR-ICBT was performed using the "I remote after-
loading system (microSelectron, Nucletron, Veenendaal,
The Netherlands). A combination of tandem and ovoid
applicators was used for most patients. A combination of
tandem and vaginal cylinder was used for some patients with
narrow vagina or those with tumor infiltration to the lower
vagina. A foley catheter was inserted and ballooned with 7
ml of contrast medium to localize the bladder neck. The
bladder was filled with 100 ml of normal saline to avoid
high-dose irradiation to the whole volume of the bladder.
Bowel preparation was performed to achieve an empty rec-
tum and sigma. After implantation of the applicators, two
orthogonal X-rays were taken, and standard 2D treatment
planning was performed using the treatment planning system
(Plato BPS, version 13.7, Nucletron, Veenendaal, The Neth-
erlands). HDR-ICBT was performed once a week, concur-
rently with central-shielding EBRT. The median total point A
dose of ICBT was 24 Gy in 4 fractions (range, 10-30 Gy).

3D dosimetry

Both a C-arm type X-ray unit and a CT scanner were
installed in the treatment room. All patients underwent plain
pelvic CT at brachytherapy with the applicators in place.
After taking orthogonal radiographs, CT images with 5-mm
slice thickness were taken in the same supine position on the
same treatment couch. All CT images were electrically stored.

The contour of the rectum was determined by two radia-
tion oncologists (S. K. and T. L.). According to the GEC-
ESTRO recommendations,'® the external rectal wall was
delineated on the CT images using Oncentra Masterplan
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(Nucletron). The contour of the rectum began at the anorec-
tal junction and ended at the rectosigmoid flexure. For pre-
cise contour delineation, MRI and CT images at diagnosis
were always referred to.

The CT data sets were imported into the treatment plan-
ning system (Plato BPS). The dose distribution generated by
X-ray-based 2D planning was superimposed on the CT data
set by matching the applicator positions (Fig. 1). A cumula-
tive dose-volume histogram (DVH) of the rectum was cal-
culated, and the minimum doses delivered to 0.1cc, Icc, and
2cc of the most irradiated rectal volume were derived from
the DVH according to the GEC-ESTRO recommendation.'¥

Many patients could undergo CT scans at the first session
of ICBT only. Therefore, the cumulative dose to the rectum
for all ICBT fractions was calculated by multiplying the cor-
responding dose by the fraction number of ICBT as the most
practical method. Regarding the rectal dose from EBRT, it
was assumed that the whole rectum received 100% of the
prescribed EBRT dose before central shield.

When applying 3D dose volume assessments, the doses to
the rectum from both EBRT and ICBT were normalized to
the biologically equivalent doses in 2 Gy fractions (Gyrqn2)
based on the linear-quadratic model using an o/f ratio of 3
Gy. 3D dose-volume parameters of the rectum (Do.ice, Dice,
and Ds.) were calculated by adding the biologically equiva-
lent doses of whole pelvic EBRT and all ICBT fractions. The
dose at the ICRU rectal point was calculated in each ICBT
session by conventional method, and the total dose at the
ICRU rectal point was calculated with the same way (Dicru).

Assessment of late rectal complications
After treatment, patients were followed up monthly in the

Fig. 1.

Dose distributions of intracavitary brachytherapy pro-
jected onto the axial CT image.

first year, bi-monthly in the second year, and every 3-4
months in the third to fifth years. Follow-up evaluation con-
sisted of history-taking, physical examination, and routine
blood tests. CT of the abdomen and pelvis and/or MRI of the
pelvis were performed once or twice a year for most
patients. Stool examination was indicated when LRC was
suspected. Late rectal complications were graded according
to the Radiation Therapy Oncology Group (RTOG)/European
Organization of Research and Treatment of Cancer
(EORTC) late radiation morbidity scoring scheme.”

Probability
i

o 12 24 36 48 60
Months after RT

Fig. 2. Overall actuarial rate of late rectal complications.

Table 1. Comparison of the values of dosimetric parameters
between patients with and without late rectal complications (all
Grades).

LRC (-) n =64 LRC (+) n =20

parameter average (range) (Gyggn2) average (range) (Gyegnz) P value
Dicry 739 (11.5-125.8) 834 (435-127.8)  p=0.10
Do.tec 713 (15.0-157.2) 111.4 (54.8-156.1) p<0.001
Diee 617 (13.2-115.8) 85.4(51.0-136.9)  p<0.001
Dae 53.9 (12.1- 93.0) 72.0 (44.1- 993)  p<0.001

Abbreviations: LRC, late rectal complication; EQD2, biologically equiva-
lent dose in 2-Gy fractions; ICRU, International Commission on Radiation
Units and Measurements.

Table 2. Comparison of the values of dosimetric parameters
between patients with and without Grade 2 late rectal complica-
tions.

LRC (-)n=177 LRC (#)n=7
parameter average (range) (Gyrnz) average (range) (Gygqn2) P value
Dicru 74.8 (11.5-125.8) 90.9 (46.7-127.8) p=0.07
Do.tee 83.8 (15.0-157.2) 104.1 (71.3-152.6) P=0.12
Dice 66.2 (13.2-136.9) 80.1 (65.8-119.5) P=0.12
Dace 572(12.1- 99.3) 69.3 (56.2— 95.3) P=0.08
A iations: LRC, late rectal ; EQD2, biologically equiva-

lent dose in 2-Gy fractions; ICRU, International Commission on Radia-
tion Units and Measurements.
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Statistical analysis

The two-sided paired t test was used to compare the dis-
tribution of the dosimetric parameters between patients with
and without LRC. The overall actuarial rate of LRC was cal-
culated using the Kaplan-Meier method. The time to LRC
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Fig.3. Actuarial rates of late rectal complications by the values
of Do.icc (A), Dice (B), Dace (C), and Dicru (D) of the rectum.
Abbreviations: EQD2, biologically equivalent dose in 2-Gy frac-
tions

was measured from the date of radiotherapy initiation to the
date of the first episode of LRC. Patients who died without
complications were censored at the time of death, and sur-
viving patients without complications were also censored at
the date of their last follow-up. To analyze the dose-response
relationship, patients were classified into several groups
according to their values of dosimetric parameters, and the
5-year LRC rates for the respective groups were compared.
The log-rank test was used for comparison. A p value < 0.05
was considered to indicate a statistically significant differ-
ence.

RESULTS

The median follow-up duration for all patients was 43.9
months (12 to 91 months). The 5-year overall survival and
local control rates for all patients were 77.7% and 90.4%,
respectively. Twenty (23.8%) patients developed LRC, 13
with Grade 1 and 7 with Grade 2. No severe (Grades 3-5)
complication was observed. The 5-year actuarial rate of
LRC was 26.4% (Fig. 2).

The values of Do.1cc, Dice, Dace, and Dicru for patients with
and without LRC are summarized in Table 1. The values of
Do.tce; Dice, and Do were significantly higher in patients
with LRC than in those without (p < 0.001). Although the
values of Dicru tended to be higher in patients with than
without LRC, the difference between the two groups was not
significant (p = 0.10). When the values of these dosimetric
parameters were compared between patients with and with-
out Grade 2 LRC, no statistically significant difference was
observed (Table 2).

For dose-response relationship analysis, patients were
classified into six groups with their values of dosimetric
parameters by 10-Gyeqn2 (Dice, D2, and Dicru) or 20-
Gyegn2 (Do.iee) increments. The actuarial rates of LRC for
patients in the respective groups are shown in Fig. 3A-D.
The LRC rate significantly increased with increasing Do.jcc
(p =0.001), Dice (p = 0.001), and D2 (p = 0.001). However,
no positive dose-response relationship was observed
between Dicry and the rate of LRC (p = 0.42).

DISCUSSION

In the treatment planning for cervical cancer brachy-
therapy, MRI- or CT-based 3D treatment planning is being
increasingly used these days. To assess the dose to the rec-
tum, 3D dose-volume parameters, including Do.icc, Dicc, and
Dy of the rectum calculated with DVH, are recommended
for recording and reporting.'>'* Several investigators reported
the relationship between these 3D dose-volume parameters
and clinical outcomes. Georg et al. calculated MRI-based
dose-volume parameters and analyzed their correlation with
clinical symptoms and rectosigmoidoscopic findings. They
reported that Dy was significantly higher in patients with
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clinical symptoms or moderate to severe mucosal changes
than in those without."™ Koom et al. compared CT-based
dose-volume parameters with the findings of rectosigmoido-
scopy, reporting that Dy jcc2cc Were significantly greater in
patients with moderate to severe mucosal changes.'” These
data suggested that 3D dose-volume parameters may possess
good predictive value for LRC. However, long-term follow-
up data on dose-volume parameters are quite limited, and
therefore the predictive value for LRC has still to be estab-
lished.

In the present study, we calculated Dg.jcc, Dice, and Dace of
the rectum using CT images according to the GEC-ESTRO
recommendations and compared them with the incidence of
LRC. To the best of our knowledge, this is the first study to
analyze the relationship between 3D dose-volume parame-
ters and the long-term incidence of LRC. Consequently, pos-
itive dose-response relationships were observed between
Do.ice, Dice, and Dace and the incidence of LRC (Table 1, Fig.
3A-C). From the results, it was suggested that CT-based 3D
dose-volume parameters of the rectum might be effective
indicators for predicting LRC.

In the present study, however, no positive dose-response
relationship was observed between Dy.ice, Dice, and Dacc and
Grade 2 LRC, probably because of the small number of
patients developing Grade 2 LRC (Table 2). Furthermore, it
was not possible to examine the relationship between dose-
volume parameters and severe LRC, as Grade 3-5 LRC was
not seen in the study. Regarding the relationship between 3D
dose-volume parameters and severe LRC, there have only
been a few reports in the literature. Potter et al. treated cer-
vical cancer patients with MRI-based HDR-ICBT and
reported a low rate of LRC (Grade 1-2, 4%; Grade 3-4,
0%). Dac. of the rectum was limited to 75-78 Gygqnz in their
series, and they suggested that the dose constraint had con-
tributed to the low rate of LRC.>” However, this dose con-
straint was based on clinical data from the relationship
between the ICRU rectal point dose and moderate or severe
LRC.*™ Therefore, further study is needed to evaluate the
dose-response relationship between 3D dose-volume param-
eters and severe LRC and to determine the threshold dose for
severe LRC.

Regarding the relationship between the ICRU rectal point
dose and the incidence of LRC, several reports have demon-
strated either positive or negative correlation between
them.*~'? In the present study, no significantly positive rela-
tionship was observed between Dicru and the incidence of
LRC, although the values of Dicru tended to be higher in
patients with than without LRC (Table 1, Fig. 3D). The dose
distributions projected onto CT images demonstrated that, in
some patients, the ICRU rectal point was not the exact loca-
tion in the rectum receiving the highest dose. In these cases,
the rectum was found to have shifted laterally, or the dose
distributions were not symmetrical because of non-ideal
applicator geometry. Several studies demonstrated either
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positive or negative correlation between 3D dose-volume
parameters and the ICRU rectal dose, and this discrepancy
might be explained by geometrical variations between appli-
cators and rectum.''22*29 From these results, it was sug-
gested that the ICRU rectal point dose might not always be
a good predictor for LRC.

To calculate the rectal dose from EBRT, it was assumed
that the whole rectum received 100% of the prescribed
EBRT dose before central shield in the present study. How-
ever, inhomogeneity exists in EBRT dose distribution, even
when anterior and posterior parallel-opposed portals or four-
field box technique is used. Generally speaking, this dose
inhomogeneity is not larger than + 5% for the dose of EBRT,
which is much smaller compared with that of ICBT. There-
fore, according to the GEC-ESTRO recommendation, it
should be assumed that a homogeneous dose is delivered to
the rectum at EBRT.'Y

It was also assumed in the present study that the rectum
was completely shielded from EBRT after inserting the mid-
line block. However, the rectum meight be irradiated with
some doses after central shield by the topographic relation-
ship between the midline block and the rectum. But the
rectal wall receiving a high dose at ICBT is always adjacent
to the applicator. And it can be shielded from EBRT by the
midline block unless the applicator position is shifted
extremely laterally. Threfore, the possibility of receiving
some EBRT doses after central shield is not considered to be
of great concern in calculating Dy jcc-2ec of the rectum.

In assessing the doses to OARs, the GEC-ESTRO work-
ing group also recommends Dsc. and Dioc, if contouring
organ walls is performed.' Strictly speaking, the doses to
the organ walls should be calculated in the assessment of late
complications. However, it is generally difficult to manually
delineate very small organ walls, especially the walls of the
rectum and sigmoid colon. It is also difficult to have auto-
matically generated second contours at selected distances by
the current treatment planning system. When volumes
smaller than 5cc are considered, the DVHs based on organ
contour and organ wall contour can lead to almost identical
numerical results.'” Therefore, it is considered the practical
way to calculate Do.1cc-2¢c of the rectum from organ contour-
ing only.

Although MRI is superior to CT in visualizing cervical
tumors,'>?? we used CT rather than MRI images because, as
in many other institutions, the MRI unit is located far from
the brachytherapy room. As for brachytherapy applicators,
we have never used MRI-compatible non-metallic applica-
tors, but we have used thin metallic tandem and ovoid appli-
cators without tungsten shields. These applicators are less
expensive than the MRI-compatible ones and can produce
acceptable CT images with minimum image artifacts for
contouring target volumes and OARs. Several investigators
have described that the outer walls of the bladder and rectum
were clearly visualized on CT images, although they had
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some limitations in visualizing the cervical tumor and its
extention."® Also in the present study, the external rectal
walls were clearly visualized on CT images in most cases.
Therefore, CT images are considered to be adequate for the
DVH analysis of the rectum.

CT images at brachytherapy were generated with 5-mm
slice thickness in the present study. However, when using
this slice thickness, two problems arose in the 3D treatment
planning of ICBT. One was positional inaccuracy in recon-
structing the applicator geometry, and the other was volu-
metric inaccuracy in contouring the intricately shaped
organs. Because the active dwell positions may be shifted,
added, or skipped by at least 2.5-mm steps to optimize dose
distribution,'® we have now changed the imaging protocol
and take CT images at 2.5-mm slice thickness.

In the present study, it was not feasible to perform CT
scan at every ICBT session for several practical and log-
istical reasons. In fractionated ICBT, however, the doses to
the bladder and rectum may change between fractions
according to geometrical variations in the applicators and
these organs. For accurate evaluation, it is preferable to per-
form 3D image-based treatment planning at every ICBT ses-
sion.?? Therefore, there was a limitation to the accuracy of
the dose-volume parameters in the present study. Despite
this limitation, the 3D dose-volume parameters analyzed
here showed positive correlations with the incidence of
LRC, giving impetus to further study. We are now making
every effort to perform CT-based treatment planning at every
ICBT session.

In conclusion, CT-based 3D dose-volume parameters of
the rectum according to the GEC-ESTRO recommendations
may represent effective predictors for LRC. Further study is
needed to evaluate the dose-response relationship between
3D dose-volume parameters and severe LRC and to deter-
mine the threshold dose for severe LRC.
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Depth Scaling of Solid Phantom for Intensity Modulated
Radiotherapy Beams
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therapy.

To reduce the uncertainty of absorbed dose for high energy photon beams, water has been chosen as
a reference material by the dosimetry protocols. However, solid phantoms are used as media for absolute
dose verification of intensity modulated radiotherapy (IMRT). For the absorbed dose measurement, the
fluence scaling factor is used for converting an ionization chamber reading in a solid phantom to absorbed
dose to water. Furthermore the depth scaling factor is indispensable in determining the fluence scaling
factor. For IMRT beams, a photon energy spectrum is varied by transmitting through a multileaf collima-
tor and attenuating in media. However, the effects of spectral variations on depth scaling have not been
clarified yet. In this study, variations of photon energy spectra were determined using the EGS Monte
Carlo simulation. The depth scaling factors for commercially available solid phantoms were determined
from effective mass attenuation coefficients using photon energy spectra. The results clarified the effect of
spectral variation on the depth scaling and produced an accurate scaling method for IMRT beams.

INTRODUCTION

For the recent national and international dosimetry proto-
cols, water has been chosen as a reference material. However,
dose measurement in water is sometimes impractical, so a
solid phantom is used as a substitute for water. An example
is dosimetric quality assurance of intensity modulated radio-
therapy (IMRT) because a solid phantom is easier to set up
than water and it can reproduce complex geometry such as
anthropomorphic phantoms.

For photon beams, Seuntjens et al. reported a method to
determine absorbed dose to water by ionization chamber
measurement in solid phantoms.” In their report, the “phan-
tom dose conversion factor” is used to convert an ionization
chamber reading in a solid phantom to absorbed dose to
water. The factor is also known as the fluence scaling factor
in the TAEA TRS-398.% The factor can be determined exper-
imentally as a ratio of ionization chamber reading in water
at a reference depth to reading in a solid phantom at an
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equivalent depth. The equivalent depth was determined by
applying the scaling theorem.>® In their report, depth can be
scaled using a constant ratio of electron densities of two
media. The scaling theorem assumes that photons interact
with a medium only by the Compton scatter even if the pair-
production accounts for 20% of total interaction for 10 MeV/
photon in water. Therefore, all phenomena of interactions
with a medium should be considered for the depth scaling
for megavoltage photon beams.

For IMRT beams, photon energy spectra are varied by
transmitting through a multileaf collimator (MLC) and scat-
tered photons in a medium. However, these effects on the
depth scaling and the fluence scaling have not been clarified
yet. In particular the depth scaling factor is indispensable in
determining the fluence scaling factor.

The purpose of this study is to clarify effect of spectral
variation on the depth scaling and to provide an accurate
scaling method for IMRT beams. For this purpose, variations
of photon energy spectra were obtained using the EGS
Monte Carlo simulation. The depth scaling factors for com-
mercially available solid phantoms were determined from
effective mass attenuation coefficients using the photon
energy spectra. The results clarified effect of spectral varia-
tion on the depth scaling.
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METHODS AND MATERIAL

Solid phantoms

In this study, as commercially available solid phantoms,
WT1 (GAMMEX RMI, Wisconsin, USA), 457-CTG
(GAMMEX RMI, Wisconsin, USA), RW3 (PTW, Freiburg,
Germany), MixDP, WE211 (Kyoto Kagaku, Kyoto, Japan),
WE211IR (Kyoto Kagaku, Kyoto, Japan), Plastic Water
(CIRS, Virginia, USA), Plastic Water DT (CIRS, Virginia,
USA), Virtual Water (Med-Cal, Wisconsin, USA), polysty-
rene, polymethyl methacrylate (PMMA) and acrylonitrile
butadiene styrene (ABS) were evaluated. The elemental
compositions, physical densities, electron densities and
effective atomic numbers are summarized in Table 1.>57
The electron density p [g™'] was calculated by,

N.w,Z
p==z A/‘:’x i

(O]

where N is the Avogadro constant, w; is fraction by weight,
Z; is atomic number and A; is molar mass of i-th element,
respectively. The effective atomic number Z for the pair
production was calculated as follows.”

Y. Fujita et al.

Depth scaling for photon beam

‘When monoenergetic photons with an incident fluence @
penetrate a layer with a mass attenuation coefficient £/p and
area density z, fluence behind the layer @ is given by the fol-
lowing exponential attenuation law.

@
> =exp[—(u/p)z] 3)

»
If the ratio of photon fluence was equal at zy, in water and
zpin a solid phantom, next relation will be established.

(nlp),
=z,

(nlp),
The term of (& /p)pw is redefined as the depth scaling factor
cpl. Thus, zw can be determined by following equation.

=2, (7 p)pr “

zw

7, =¢,2, %)
Calculation of depth scaling factor c, for megavoltage
photon beam

Megavoltage photon beam produced by linear accelerator
(linac) has a continuous energy spectrum, consequently, an
effective mass attenuation coefficient is suitable for the
depth scaling. The effective mass attenuation coefficient

Zg= ZW.- Z (2)  u/p can be obtained from a depth dose distribution such as
Table 1. The el 1 comp physical d electron d and relative electron densities for solid phantoms.>*”
Elements Water WTI 457-CTG RW3 MixDP WE211 WE2IIR 3":2: “f;;sr“]; ‘(,‘J‘::’:r’ Polystyrene PMMA ABS *
H 0.1119 0.0810 0.0810 0.0759 0.1277 0.0821 0.0838 0.0779 0.0740 0.0770 0.0774  0.0805 0.0810
B 0.0226
C 0.6720 0.6720 0.9041 0.7682 0.6633 0.6738 0.5982 04670 0.6874  0.9226  0.5998 0.8490
N 0.0240 0.0240 0.0221  0.0219 0.0178 0.0156 0.0227 0.0700
o 0.8881 0.1990 0.1990 0.0080 0.0511 0.2065 0.1953 0.2357 0.3352 0.1886 0.3196
Mg 0.0386 0.0688
Al 0.0140
Cl 0.0010  0.0010 0.0040  0.0024 0.0023 0.0024 0.0013
Ca 0.0230 0.0230 0.0220 0.0228 0.0676 0.0231
Ti 0.0120 0.0144
plgem™] 0.998° 1.020 1.043 1.045 1.000 1.018 1.018  1.030 1.039 1.030 1.060 1.190  1.050
x ](;:; = 3343 3249 3249 3231 3382 3252 3.257 3238 3.218 3.237 3.238 3.248 3249
(Pe)piw 0972 0972 0966 1.012 0.973 0.974  0.969 0.963 0.968 0.969 0972 0972
Zei® 7.22 6.35 6.35 5.83 6.38 6.34 7.07 6.83 6.83 6.35 5.61 6.24 5.67

“Private letter given by Taisei Medical.
®The density for pure water at 22.0°C.
¢ The effective atomic number for pair production.
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tissue-phantom ratio (TPR). The TPR for field size A and
depth z can be expressed by following equation approxi-
mately.

TPR(z,A) =exp| </ p)(z—2..) | ©)

where zer is reference depth of TPR data. The reference
depth is used for normalization of the TPR data. Thus, z/p
can be determined by exponential approximation of TPR
data.

However, to investigate influence of spectral variation for
the depth scaling factor in detail, the ; / p for several phan-
tom materials were determined from photon energy spectra
in this study. The 1/ p was calculated by,

_[Te@ueE el
ulp==—

, (@]
L"“’ ¥ (E)dE

where #(E) is the differential energy fluence and ((E) /p is
the mass attenuation coefficient at photon energy E.” The
photon energy spectra were determined by Monte Carlo
methods as described in the next sub-section. The depth
scaling factors were determined by following equation.

. (E/P),. @®)

(11p),

Monte Carlo simulation
Simulation of medical linear accelerator

The BEAMnrc code'® was used to simulate a photon
beam of Varian Clinac equipped with the Millennium 120
MLC (Varian Medical Systems, Palo Alto, CA). The geo-
metrical data and material specifications were provided by
the manufacturer. The accelerator head consists of several
structures such as a target, primary collimator, vacuum win-
dow, flattening filter, secondly collimator and MLC. The
MLC is composed of 80 inner leaves and 40 outer leaves
whose projected width is 0.5 cm or 1.0 cm at the isocenter,
respectively. The MLC was modeled by using the DYNVM-
LC component module.'®" The leaves are made of a
tungsten alloy whose physical density ranges from 17.0 to
18.5 g cm™ depending on the alloy composition and leaf
manufacturing.'” The density was adjusted by comparison
between measured and calculated MLC transmission factor
and 17.7 g cm™ was employed in this report.

In this study, nominal photon energies of 4, 6, 10 and
15 MV were simulated. The initial electron energy and spe-
cial distributions on the target were adjusted by comparing
calculated and measured central axis depth dose and off-axis
ratio in water.''¥

Calculation of photon energy spectra in phantom
The FLURZnrc code'® was used to calculate photon spec-
tra in a phantom. A phantom of height 30.0 cm and radius

20.0 cm was used for all simulation conditions. For sam-
pling photon energy, cylindrical volume with height 0.2 cm
and radius 0.2 cm were employed. The distance from source
to the sampling region was fixed at 100 cm. The simulations
were repeated until to get a statistical uncertainty of less than
1.0%. To clarify photon energy dependency of the depth
scaling factor, photon energy spectra in each phantom for
several photon energies, several depths and various field
sizes were simulated.

For IMRT beams, the non-uniform fluence distribution is
delivered by combining multi-segmental MLC field or
sweeping MLC field. The variation of photon energy spec-
trum depends on the contribution of photons transmitted
through the MLC. Namely completely blocked field by the
MLC (blocked field) may show maximum variation of ener-
gy spectrum and maximum difference of the depth scaling
factor is also expected. Therefore, the photon energy spec-
trum for the blocked field was also simulated.

RESULTS AND DISCUSSIONS

Photon energy dependence

The depth scaling factors for several photon energies and
the relative electron densities are tabulated in Table 2. The
depth scaling factors were determined from photon energy
spectra at 10 cm depth with a 10 cm X 10 cm open field. For
4 MV and 6 MV, the depth scaling factors were almost equal
to the relative electron density. However, for 10 MV and
15 MV, the depth scaling factors were varied from the rela-
tive electron density, except the Plastic Water. This is
because the contribution of the pair-production is increased
as photon energy increase. Figure 1 shows Compton and
pair-production mass attenuation coefficients for the solid
phantoms. These data were calculated by NIST’s XCOM
program.'® The Compton mass attenuation coefficient is
proportional to electron density and electron densities of
solid phantoms are designed to be almost equal to water as
shown in Table 1. Therefore, the Compton mass attenuation
coefficients of the solid phantoms are equal to water as
shown in Fig. 1-(a). In contrast, as shown in Fig. 1-(b), the
pair-production mass attenuation coefficient of the solid
phantom is different from water because of difference of the
Zesr. In particular, the depth scaling factors for the RW3,
MixDP, polystyrene, PMMA and ABS showed significant
variations from the relative electron density. Above all, the
polystyrene showed lager difference between the depth scal-
ing factor and relative electron density than the others. When
the zp is calculated from equitation (5), the difference
becomes 2.0 mm at 10 cm depth. By contrast, the Plastic
Water had a constant depth scaling factor even though pho-
ton energy increases because it has the same pair-production
and Compton mass attenuation coefficient as water.

Therefore, for solid phantoms which have a large differ-
ence in the Z, the depth scaling factor should be deter-

236



