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Abstract

Purpose: Intensity modulated radiation therapy (IMRT) compensation based on 3D high-dose-rate (HDR) intracav-
itary brachytherapy (ICBT) boost technique (ICBT + IMRT) has been used in our hospital for advanced cervix carcino-
ma patients. The purpose of this study was to compare the dosimetric results of the four different boost techniques (the
conventional 2D HDR intracavitary brachytherapy [CICBT], 3D optimized HDR intracavitary brachytherapy [OICBT],
and IMRT-alone with the applicator in situ).

Material and methods: For 30 patients with locally advanced cervical carcinoma, after the completion of external
beam radiotherapy (EBRT) for whole pelvic irradiation 45 Gy /25 fractions, five fractions of ICBT + IMRT boost with
6 Gy/fractions for high risk clinical target volume (HRCTV), and 5 Gy/fractions for intermediate risk clinical target
volume (IRCTV) were applied. Computed tomography (CT) and magnetic resonance imaging (MRI) scans were ac-
quired using an in situ CT/MRI-compatible applicator. The gross tumor volume (GTV), the high/intermediate-risk
clinical target volume (HRCTV/IRCTV), bladder, rectum, and sigmoid were contoured by CT scans.

Results: For ICBT + IMRT plan, values of Dy, Doy of HRCTV, Dy, Do, and V;, of IRCTV significantly increased
(p < 0.05) in comparison to OICBT and CICBT. The D, values for bladder, rectum, and sigmoid were significantly
lower than that of CICBT and IMRT alone. In all patients, the mean rectum V4, Gy values generated from ICBT + IMRT
and OICBT techniques were very similar but for bladder and sigmoid, the V¢, Gy values generated from ICBT + IMRT
were higher than that of OICBT. For the ICBT + IMRT plan, the standard deviations (SD) of Dyy and D,.. were found to
be lower than other three treatment plans.

Conclusions: The ICBT + IMRT technique not only provides good target coverage but also maintains low doses
(Dy) to the OAR. ICBT + IMRT is an optional technique to boost parametrial region or tumor of large size and irregu-
lar shape when intracavitary/interstitial brachytherapy cannot be used.
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Purpose External beam radiotherapy (EBRT) plus intracavi-

Cervix carcinoma is one of the most common malignan-
cies. It is the fourth most common cancer that causes death
in women [1]. Cervix carcinoma screening, prevention, and
early detection are receiving significant attention. Howev-
er, a great number of patients are diagnosed with cervical
carcinoma when they are already in the advanced stage of
the disease, whereas the treatment options are limited to
radiation therapy and cisplatin-based chemotherapy.

tary brachytherapy are the standard treatments for cer-
vix carcinoma. Clinical treatment found that for tumor of
large volume/size or irregular and/or eccentric tumors,
the recurrence rate is relatively high [2,3,4,5,6,7]. The con-
ventional high-dose-rate (HDR) intracavitary brachyther-
apy (ICBT) uses point A (defined at 2 cm superior to the
cervical os, and 2 cm lateral to the tandem) to estimate
the dose. However, on many occasions, there is slight
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connection between point A and the target tumor tissue.
The estimated dose, does not necessary reflect the actual
radiation dose in the target and OAR, especially for pa-
tients with parametrial extension, extensive paravaginal,
or distal vaginal involvement, which were unlikely to be
encompassed sufficiently by intracavitary application.
This discrepancy could be due to the presence of uterine
tilt, cervical bias, tumor eccentric, and excessive tumor
volume, etc.

Recently, image-guided 3D brachytherapy technique
has been widely used in brachytherapy [8,9,10,11]. The
advantages of 3D intracavitary brachytherapy tech-
nique are the possibilities to conform the dose given by
brachytherapy to the anatomy of each target volume, at
the same time, taking into account both the tumor regres-
sion and the position of nearby organs at risk (OAR) [12].
In particular, this technique enables the adjustments of the
source dwell time and source position to cover the target
volume with the required radiation dose, and maintains
the dose of OAR at a relatively reasonable range, resulting
in reduction of the normal organ toxicity [13,14]. For irreg-
ular and/ or eccentric tumors or lateral extension to pelvic
walls, the adjusting range of the source dwell time and
source position are relatively limited for ICBT, which may
not effectively guarantee the target dose coverage and
control dose in OAR [15]. Tumors with distal parametrial
involvement at diagnosis, insufficient response, and/or
unfavorable topography after radiochemotherapy repre-
sent a therapeutic challenge [16]. In these cases, it may be
difficult to devise sufficient dose coverage for target vol-
ume using ICBT only. Currently, this problem is being ad-
dressed in two different ways, namely, parametrial boost
or interstitial implants brachytherapy (ISBT) [3,16,17]. For
parametrial boost, its effectiveness is poorly documented

Table 1. The features of patients

Content Number Percentage (%)
FIGO stage
1A 13 433
1B 17 56.7
Age (median age: 43)
<43 6 20
>43 24 80
Pathological type
Squamous 29 97
Adenocarcinoma 1 3
Lesion involvement
Unilateral parametrial 12 40
involvement
Bilateral parametrial 18 60
involvement
Paravaginal or distalvaginal 13 43
involvement

FIGO — Federation Internationale de Gynecologie et d’Obstetrique

[18], and there is no strong evidence to validate its rou-
tine use. Interstitial brachytherapy is helpful in patients
with bulky or an oblite rated endocervical canal, vaginal
spread disease. The ISBT technique can be used in com-
bination with ICBT by placing needles in the parametrial
region or in large tumor. Intracavitary (IC)-interstitial (IS)
BT can achieve good target coverage and is currently rec-
ommended as a standard [15,19,20]. On some occasions,
even with IC-IS BT, the target dose may be insufficient for
tumors of large size or challenging topography. A study
by Assenholt et al. [16] showed that applicator guided in-
tensity modulated radiation therapy (IMRT) boost in com-
bination with brachytherapy can be used for tumors that
are extended over the reach of IC-IS BT applicators.

With the aid of IMRT, it is possible to deliver com-
plex dose distributions for target volumes, and facilitate
rapid dose fall-off outside the target volume. Hence,
IMRT sometimes can be considered as an option for pa-
tients with cervix carcinoma that are unsuitable for ICBT
[21]. Recently, dosimetric intercomparisons between
brachytherapy and IMRT have been undertaken on car-
cinoma, prostate cancer, and endometrial cancer radio-
therapy [22,23,24,25,26]. Some researchers indicated that
for conventional HDR brachytherapy with concomitant
complementary IMRT boost, it is dosimetrically feasible
to improve cervical tumor dose coverage [2,3,16]. We
note that early work by Duan et al. and Marianne et al.
[2,3] have evaluated the combined use of brachytherapy
and IMRT technique using a small number of patients for
dosimetric studies. However, dosimetric and clinical fea-
sibility of this technique on a larger patient group with
parametrial involvement or large tumor have yet to be
demonstrated.

In this work, we study the ICBT + IMRT technique to
boost the radiation dose for the treatment of patients with
cervix carcinoma with the aim to improve target dose
coverage without compromising the OARs. A dosimetric
comparison was made between ICBT + IMRT and other
three simulation boost plans, namely CICBT, OICBT, and
IMRT-alone.

Material and methods
Patients

General information: From January 2011 to Decem-
ber 2012 30 locally advanced cervix carcinoma patients
who were diagnosed with parametrial, paravaginal or
distal vaginal involvement were treated in our hospital.
Patients” ages : 30-65 years (median age: 43 years); stages:
III A of 13 cases, III B of 17 patients (according to 2009
FIGO stage); tumor volumes: GTV 10.4 cc£7.6 cc, HRCTV
43.8 cc £21.1 cc, IRCTV 115.8 cc £ 37.9 cc (Table 1).

The study was approved by the Ethics committee of
Sichuan Cancer Hospital & Institute, Chengdu, China.
All patients provided written informed consent.

Treatment

1. All patients underwent EBRT 45 Gy/25 fractions to the
entire pelvis using an IMRT technique with CT-based
treatment planning.
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2. Concurrent chemotherapy: During radiotherapy, cis-
platin (25 mg/m?) or cisplatin-paclitaxel (135 mg/m?,
D1 + DDP 25 mg/m?) was administered to patients.

3. Boosting techniques: 3D computed tomography (CT)
(in every fraction) and magnetic resonance imaging
(MRI) (the first and third and/or fifth fraction) scans
were acquired with a Fletcher CT/MRI applicator
(Elekta AB, Stockholm, Sweden) in situ. The applicator
was subsequently fixed to a board, which can slide be-
tween the mobile bed, treatment couch, and computed
tomography (CT) couch. A vacuum bag and a thermo-
plastic mask were used to fix the patient position. In
order to reduce the variation of organ in CT/MRI scan,
a bladder catheter was used to control bladder filling
using a protocol as follows: Before CT/MRI scan, an
empty bladder was filled with 100~200 cc physiolog-
ic saline according to patient’s feels. The same bladder
filling protocol was applied before the ICBT delivery
in order to acquire similar bladder preparations during
treatment and CT/MRI scan. The applicator was re-
constructed on the CT images. According to GEC-
ESTRO recommendations, gross tumor volume (GTV),
HRCTV, and IRCTV were identified from the fusion
image of CT and MRI. OAR includes the rectum, blad-
der, and sigmoid [27,28]. The total accumulated dose
of EBRT and brachytherapy boost were evaluated in
terms of equivalent dose in 2 Gy per fraction (EQD2),
using a/p =3 Gy for OAR and a/p = 10 Gy for targets.
The treatment planning aimed to achieve Dy, > 86 Gy
for HRCTV and Dy, > 75 Gy for IRCTV from EBRT and
ICBT + IMRT boost. Dose volume constraints for ac-
cumulated dose (whole pelvic EBRT and boost) to the
OAR were D,.. <90 Gy for the bladder, and D,.. <75 Gy
EQD?2 for rectum and sigmoid. For every fraction,
physical dose volume constrains for OAR can be calcu-
lated by following equation [29]:

EQD2 = nd(1 + ai/ﬁ) J(1+ ai/ﬁ) (1)

where 1 is the number of fraction and d is the physical
dose per fraction. The calculated physical dose con-
straints D,.. OAR were 5.4 Gy per fraction for bladder,
and 4.2 Gy per fraction for rectum and sigmoid. In clinical
practice, in order to ensure the safety of treatment, we
limit the max physical dose D,,,, <5 Gy for bladder and
D, < 4.2 Gy for rectum and sigmoid per fraction.

Total dose optimization included two steps: 1. ICBT
dose optimization - the source’s dwell time were graph-
ically and manually adjusted using the Oncentra Brachy
V4.3 treatment planning system (Elekta AB, Stockholm,
Sweden). In order to allow the additional dose contribu-
tion from the IMRT boost, the ICBT plan turns the 4 Gy
isodose curve away from rectum and sigmoid, and the 4.5
Gy isodose curve away from bladder in every fraction;
2. IMRT plan optimization; a margin of 3 mm was added
to the HRCTV and IRCTYV to take into account the uncer-
tainties in the setup of IMRT delivery (defined HRCTV-
pv, IRCTV-pv). Because of the dose constraints of OAR,
some parts of HRCTV or IRCTV could be below the pre-
scription dose in ICBT plan. A seven fields (gantry angle

equal distribution) IMRT plan was devised to compensate
the area of under prescription dose using an inverse dose
optimization tool Oncentra External Beam V4.3 treatment
planning system (Elekta AB, Stockholm, Sweden). Inten-
sity modulated radiation therapy plan was optimized on
top of ICBT dose using dose volume histograms (DVHs)
constraints on the total dose of ICBT and IMRT. The DVH
constraints (physical dose) of IMRT optimization in single
fraction were as follows: HRCTV-pv, Dy; = 6 Gy; IRCTV-
pV, Dgg = 5 Gy; maximum dose of the bladder < 5 Gy; max-
imum dose of the rectum and sigmoid < 4.2 Gy. In order to
improve the feasibility in a clinical workflow, a IMRT plan
template has been generated with a standard seven equal-
ly spaced beams and a dose constraint library (Dgy, = 6 Gy
for HRCTV-pv; Dy, = 5 Gy for IRCTV-pv; D, <5 Gy for
bladder, and D,,,, < 4.2 Gy for rectum and sigmoid).

In every fraction, once the oncologist has complet-
ed the delineation of the target and OAR volumes, the
planning of ICBT + IMRT was taken place, which was
controlled to be complete within 6~10 minutes. Then the
ICBT plan was executed on remote after-loading plat-
form within a few minutes to 10 minutes according to the
source activity (radioactive sources using I, MicroSe-
lectron automated remote after-loading platform). After
the ICBT treatment finished, the patient was transferred
to an accelerator (Synergy, Elekta AB, Stockholm, Swe-
den) with the applicator still in situ. The IMRT execution
was guided by the applicator position on kilovoltage
cone-beam CT (CBCT), and delivered at a dose rate of 600
MU/ min. Typically, the IMRT plans required a beam-on
time of 4~6 minutes. Figure 1 demonstrates the whole
technological flow of ICBT + IMRT for one fraction.

Simulations of the three dose boosting techniques
(CICBT, OICBT, and IMRT-alone)

1. CICBT: the intracavitary applicator was reconstructed
on the CT images. All source positions were of equal
interval, and source’s dwell times were alike. Reference
dose (i.e. dose of point A) was normalized to 6 Gy per
fraction (physical dose).

2. OICBT: the intracavitary applicator was reconstructed
on the CT images. The source positions and dwell time
were optimized manually to achieve Dy, = 6 Gy (physi-
cal dose) for HRCTV while maintaining the dose to the
OAR as low as possible single fraction.

3. IMRT-alone: the external dose, restriction of DVH, ir-
radiation energy, and gantry angle were the same as
IMRT plan optimization of the ICBT + IMRT method.

All boost plan were evaluated to determine the tar-
gets dose coverage and the OAR doses. D, Dgg, and V¢
were used for targets comparison, while D,.. and V¢, Gy
were considered for OAR. V¢, Gy represents the volume
irradiated to more than 60 Gy (EQD2) by the accumulat-
ed dose from EBRT and boost. The boost plans physical
isodose level was 2.65 Gy per fraction, since 45 Gy plus

5 x 2.65 Gy corresponds to 60 Gy in EQD2 dose. Dose vol-

ume histograms cutoff points described before for targets

and OAR were compared among the ICBT + IMRT and
other three boost plans to evaluate the dosimetric charac-
teristics of ICBT + IMRT technique.
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Fig. 1. The whole technological flow of ICBT + IMRT technique

Statistical methods

Assessment of the four different boost plans for
each patient’s DVH were accomplished by using paired
t-test method with the significance level set at p < 0.05
(two tails). G*power (version 3.1) was used to calculat-
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ed the sample size (http://www.softpedia.com/get/
Science-CAD/G-Power.shtml). Parameters were: effect
size dz = 0.7; type I error probability (a) = 0.05; type II
error probability (B) = 0.05; power (1-f) = 0.95; paired
t-test significance level set at p < 0.05 (two tails). The
total sample size was found to be about 29, which is
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consistent with the number of patients studied in this
investigation.

Results

To illustrate the dose distribution of ICBT + IMRT
plan, one patient’s axial CT image and corresponding
contours (GTV, HRCTV, and IRCTV) as well as the isod-
ose lines are depicted in Figure 2A. Figure 2B shows the
dose distribution profiles according to the oblique line in
Figure 2A, in which the dash-and-dot line, dotted line,
and solid line denote, respectively, ICBT (dose contri-

Dose (Gy)

== IMRT

— ICBT + IMRT

Fig. 2. Dose distributions from ICBT + IMRT plan. A) CT image of a patient. B) Dose distribution corresponds to oblique line of
(A) with, ‘a’ to ’f’ for IRCTV range, ‘b’ to ‘e’ for HRCTV range and ‘c’ to “d” are in the range of GTV (see text for details)

bution of ICBT), IMRT (dose contribution of EBRT), and
ICBT + IMRT (all dose contribution of ICBT and IMRT).
As shown in Figure 2B, the brachytherapy dose covers
most of the GTV volume, whereas the dose of IMRT cov-
ers most of the IRCTV volume.

Radiation dose at the tumor target volume
and OAR

Table 2 shows the means and standard deviations (SD)
of dose parameters Dy, D;gy, and Vg, of target volumes
(GTV, HRCTV-pv and IRCTV-pv) for the 30 patients as

Table 2. The mean value and standard deviation of cumulative biological equivalent dose EQD2 (Dgy, and
Do) and Vg at the GTV, HRCTV-py, and IRCTV-pv of the 30 patients

Parameter Mean + SD (simple size = 30; df = 29)
ICBT + IMRT CICBT IMRT-alone OICBT
GTV Dygq (GY) 103.5+ 8.0 174.8 +52.8 88+0.5 123+233
t; p value = t=73;p=0.00* t=10.5; p = 0.00* t=4.4;p=0.00*
D1go (GY) 84.7+5.0 104.8 + 27 81+23 83.4+49
t; p value = t=4.4; p=0.00 t=5.5;p=0.00* t=0.7;p=045
[RCTV-pv Dy (GY) 77.7+£0.9 65.6+9.1 78.1+0.8 58.7+4.0
t; p value — t=7.1; p=0.00* t=15p=014 t=23.4; p=0.00*
D1go (GY) 63.7+2.4 533+33 65.1+2.7 50.4+1.8
t; p value - t=14.7; p = 0.00* t=24;p=0.02" t =25; p =0.00*
Vig0 (%) 942 +19 741+13.1 93.1+25 60.5 £10.8
t; p value - t =11.0; p = 0.00* t=2.6; p=0.00* t=22.7; p=0.00*
HRCTV-pv Dy (Gy) 88.3+1.8 105.9 + 24.5 853+0.9 855+ 6.1
t; p value - t=4.0; p = 0.00* t=7.8; p=0.00* t=25;p=0.02"
Digo (GY) 69.6 + 6.6 63.9 +10.6 72.8+2.0 62.1+6.6
t; p value = t=2.8;p=0.01" t=12;p=023 t=9.3;p=0.00*
Vo (%) 944 +2.8 93.5+10.3 921+1.6 89.4+8.7
t; p value = t=0.6; p=0.55 t=5.5; p=0.00" t=4.1; p=0.00*

*Represents the level of statistical significance p < 0.05 (two tails).

ICBT —intracavitary brachytherapy, IMRT — intensity modulated radiation therapy, CICBT — 2D HDR intracavitary brachytherapy, OICBT — 3D optimized HDR intracav-
itary brachytherapy, GTV — gross tumor volume, IRCTV — intermediate risk clinical target volume, HRCTV — high risk clinical target volume, D, o5 Doy — the minimum
dose to 100%, 90% of the CTV, V,,, — the percent volume of the post-implant prostate receiving 100% of the prescribed dose.
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derived from the four boosting techniques. As shown in
Table 2, CICBT and OICBT plans provide a high radiation
dose for GTV, with Dy, and D;, corresponding to 174.8
+52.8 Gy and 123 £ 23.3 Gy, respectively. It is noted that
for ICBT + IMRT technique, the cumulative dose for GTV
(Dgy = 103.5 + 8.0 Gy) was considerably lower than those
of CICBT and OICBT. However, it is much higher than
that derived using IMRT-alone technique (Dgy = 88 + 0.5
Gy). With regard to HRCT-pv and IRCTV-pv, the ICBT
+ IMRT technique provided considerably higher values
of Dgyy, Dygp, and Vyg, than those of the other three tech-
niques.

For OAR, bladder, rectum, and sigmoid, D,.. doses
were lower for ICBT + IMRT as compared with CICBT
and IMRT-alone plan. Comparing ICBT + IMRT with
OICBT, the D, for rectum and sigmoid do not show sig-
nificant difference. However, it was substantially lower
for bladder in the ICBT + IMRT plan as compared with
OICBT plan. For IMRT-alone, the V¢, Gy of OAR were
higher than other three plan. V4, Gy for rectum in ICBT +
IMRT plan was almost the same as in OICBT plan but it
was substantially higher for bladder and sigmoid in the
ICBT + IMRT plan as compared with the OICBT plan. The
dose parameter D, and V4, Gy of bladder, rectum, and
sigmoid are showed in Table 3.

Relationships between doses and tumotr/normal
organ volumes

The anatomy variations (i.e. volume of bladder,
rectum, sigmoid, and tumor) in different patients and
between treatment fractions are likely to introduce un-
certainty in the dose estimations. In this section, we eval-
uated the relationships between the dose and the volume
of tumor and OAR from the four different boost tech-

niques. Figure 3 shows the relationship between average
dose D, and the average volume of bladder and rectum.
Using the CICBT and OICBT techniques, D, of bladder
and rectum show large variations in different bladder
and rectum volumes. Generally, a linear relationship can
be seen between the doses and the bladder volumes (see
the trend lines in Figure 3), suggesting the larger bladder
and rectum volume, the higher the D, for bladder and
rectum. In marked contrast, the doses variation derived
using the ICBT + IMRT and IMRT-alone techniques are
considerably lower than that of the CICBT and OICBT
techniques.

Figure 4 depicts the relationships between the Dy,
of HRCTV, IRCTV, and OAR'’s D,... For the OICBT and
CICBT techniques, no clear relationship between the Dy,
of HRCTV, IRCTV, and the OAR’s D, dose can be seen.
On the other hand, the data of the ICBT + IMRT technique
appear to cluster at a confined region (see the blue and
red symbols in Figure 4).

In order to evaluate the relative dose contribution of
ICBT and IMRT using the ICBT + IMRT technique, we
calculated the average physical dose contribution of ICBT
and IMRT in single fraction, respectively (Figure 5). The
relative contribution of ICBT and IMRT are defined by
the proportion of the area under the ICBT DVH line (Fig-
ure 5A, gray part) and the area of between ICBT DVH
line and total DVH (ICBT + IMRT DVH) line (Figure 5A,
brown part). For every single fraction in all patients, the
average physical dose contribution of ICBT and IMRT are
90 £ 0.06% and 73 + 0.05%, 55 = 0.7% and 9.6 + 0.06%, 26.7
+0.05% and 44.8 + 0.07% for GTV, HRCTV-pv, IRCTV-
pv, respectively. These results suggested that ICBT dose
mainly contributed to GTV and HRCTV, while IMRT
dose mainly contributed to IRCTV in ICBT + IMRT plan.

Table 3. The mean value and standard deviation of cumulative biological equivalent dose EQD2 of organ at
risk (bladder, rectum, sigmoid) (D 1¢., Dicor Dyeo) Using the four boost techniques

Parameter Mean + SD (simple size = 30; df = 29)
ICBT + IMRT CICBT IMRT-alone OICBT

Bladder D, (Gy) 744 £ 2.7 124.5 £ 32.7 77.2+2.1 88.5+14.4

t; p value - t =8.5; p = 0.00* t=5.0; p=0.00* t=5.5p=0.00*

Veogy (C0) 56.8 +16.3 64.0 + 26.8 73.0£20.6 421147

t; p value - t=23;p=0.03* t=4.4; p=0.00* t=2.5;p=0.02"
Rectum D, (Gy) 67.9+23 84.1+16.6 71.0+2.0 67.8+8.0

t; p value = t=5.5 p=0.00* t=7.9; p=0.00* t=0.7; p=0.47

Veoay (co) 16.1+4.3 19.0+7.6 18.9+4.7 145+ 4.9

t; p value - t=21;p=0.04" t=24;p=0.02" t=192; p=0.06
Sigmoid D, (GY) 68.8 +3.1 78.8+158 71.7 £ 4.0 66.7 £ 9.4

t; p value - t=3.7; p = 0.00* t=6.3; p=0.00" = 1.52 /9 = 0.2

Veoay (€C) 26.0+8.5 22.7+9.0 31.3+10.5 179+73

t; p value = t=23;p=0.03* t=5.2; p=0.00* t=5.9; p=0.00*

*Represents the level of statistical significance p < 0.05 (two tails)

ICBT — intracavitary brachytherapy, IMRT — intensity modulated radiation therapy, CICBT — 2D HDR intracavitary brachytherapy, OICBT — 3D optimized HDR intracav-
itary brachytherapy, D,.. — minimum dose to the most exposed 2 cm®, V60% — target volume receiving at least 60% of prescription dose
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Fig. 5. Dose contributions of ICBT part and IMRT part for the ICBT + IMRT technique. A) Example of HRCTV: the DVH of
ICBT dose and ICBT + IMRT dose in one fraction, the area under the DVH line was defined as dose contribution, gray --- ICBT
dose contribution; brown --- IMRT dose contribution; the DVH of ICBT + IMRT is the dose contributions from ICBT part plus
IMRT part (i.e. gray area plus brown shadow). B) The average dose contribution percentage of ICBT dose and IMRT dose for
the target volume GTV, HRCTV, and IRCTV in single fraction

Discussion

Brachytherapy plays an important role in the cervical
cancer radiation therapy. The clinical significance of the
technique has been demonstrated in long-term studies
[30]. When dealing with parametrial region involvement
or large tumor, it is unlikely to be encompassed sufficient-
ly by ICBT only. Because of the close proximity between
OAR and target, it is very easy to give excessive dose to
normal tissue but inadequate dose for tumor tissue. In this
study, we demonstrated that it is technically possible to
address this issue using ICBT + IMRT technique. ICBT +
IMRT improved the dose coverage to the target without
compromising the constraints (D, ) for OAR significantly.

Target volume

Some evidence indicate that DVH coverage parame-
ters correlate with local tumor control in MRI-guided cer-
vix brachytherapy [10,31,32]. Dimopoulos et al. [32] have
shown that patients with an HRCTV Dy, of greater than
87 Gy achieved a local recurrence rate of approximately
4%, comparing with 20% in patients with an HRCTV Dy,
of less than 87 Gy. Our results shown that the cumulative
dose of HRCTV-pv Dy, is 88.3 + 1.9 Gy by using ICBT +
IMRT, which is in good agreement with Dimopoulos et al.
[32]. For IRCTV-pv, the Dy, D;4y, and V, are significant-
ly low in the CICBT and OICBT plans, which are unlikely
to be as effective as the radiation dose derived using ICBT
+ IMRT.

For HRCTV-pv and IRCTV-pv, the dose parameters
(Dgo, D1go and V) of ICBT + IMRT are approximately
the same as IMRT-alone but ICBT + IMRT shows signifi-
cantly higher Dy, (103.5 + 8.0 Gy) than IMRT-alone (88

+ 0.5 Gy) for GTV. As shown in Figure 5, in ICBT + IMRT
plan, the ICBT provided above 90% dose contribution
to GTV. These clearly indicated that the Brachy + IMRT
technique maintained high dose for GTV. In the present
study, we observed that the IMRT technique alone was
difficult to create the same high dose to GTV as CICBT
or OICBT. This is mainly due to the fact that IMRT-alone
provides a relatively homogeneous dose distribution but
cannot provide a high dose gradients distribution similar
to that of ICBT, in which the dose rapidly increases as the
surface of the applicator is approaching [21]. Some early
studies have reported that brachytherapy of the prima-
ry cervix tumor could be replaced by IMRT, stereotactic
boost, or proton boost [33,34]. Recently, Assenholt [16]
pointed out that the brachytherapy dose distribution in
the target region is fundamentally different from a homo-
geneous IMRT dose distribution. In brachytherapy, 50%
of the target is typically irradiated to more than 150% of
prescribed dose, which seems to be of the utmost impor-
tance for local control. Without the use of brachytherapy,
the overall survival decreased by more than 10% [16].
Tanderup et al. pointed out that brachytherapy is irre-
placeable for locally advanced cervical cancer [35]. Mean-
while, many studies [36,37,38,39,40] demonstrated the
critical importance of brachytherapy in the treatment of
cervical cancer. For ICBT + IMRT technique, the contribu-
tions of brachytherapy dose are 90 + 0.06%, 73 + 0.05% to
GTV and HRCTV, respectively. Obviously, brachyther-
apy still plays a major role in ICBT + IMRT treatment,
while IMRT offers additional dose compensation for the
underdose areas, such as IRCTV (44.8 £ 0.07%).

The ISBT was reported to be feasible and good target
coverage achievable in large tumors [15,19,20]. On some
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occasions, even with combined ICBT and ISBT, the dose
may be insufficient for some tumors with large residual
tumor/or challenging topography, especially for irregu-
lar and/ or eccentric tumor distribution [16]. In these cas-
es, ICBT + IMRT may be an alternative option.

Parametrial extension is a poor prognostic factor in
cervical cancer. Parametrial boost has traditionally been
accomplished using direct anterior and posterior fields
EBRT boost with midline shielding [39]. However, this
technique has several disadvantages. Firstly, tumor cov-
erage may well be compromised. The greater inhomo-
geneity dose on the target was suboptimal. Although
brachytherapy can deliver a high dose to the primary tu-
mor, coverage of the lateral parametrium out to the pel-
vic side wall is likely to be suboptimal. Secondly, there is
a potential for excess toxicity [41,42,43], because of geo-
metric uncertainties during the delivery of midline block
plan. Thus, the OAR have a greater risk of falling into
irradiation field, resulting in overdose, especially to the
areas of adjacent to OAR. Using ICBT + IMRT boost tech-
nique, this problem can be resolved because the ICBT and
IMRT were planned on same CT image for every fraction,
allowing a precise volumetric addition of dose.

Organs at risk

For the treatment of cervix cancer, the total dose in-
cluding both EBRT and brachytherapy is the most sig-
nificant factor affecting the incidence of late adverse side
effects [44,45,46]. Considering the side effects and toxic-
ity in OAR, some researcher report that the cumulative
dose constraints are D, . < 75 Gy for the rectum and sig-
moid and D,.. < 90 Gy for the bladder [47,48]. Our re-
sults showed that the cumulative dose D, for rectum,
sigmoid, and bladder are 67.9 £ 2.3 Gy, 68.8 £ 3.1 Gy, and
74.4 + 2.7 Gy, respectively (see Table 3), which are lower
than that of published papers [47,48].

Studies conducted by Hashim and Vinod pointed out
that the OAR doses assessed by DVH criteria were high-
er than the ICRU point doses [49,50]. Georg et al. report-
ed that the parameters D, and D, were predictive for
rectal toxicity [48]. Dose volume histograms parameters
were also found to be good predictors for bladder toxicity
[48]. These suggested that OAR doses and the side/toxic
effects were generally correlated. However, the clinical
impact of increasing the V¢, Gy has not yet fully under-
stood [3,16]. Prior studies have pointed out that large vol-
ume in the pelvic region receiving more than 60 Gy cor-
related to side effects [45]. The results also showed that
using an applicator guided IMRT boost instead of ICBT
will result in a substantially larger V¢, Gy [3,16]. It should
be mentioned that ICBT + IMRT plan resulted in a larg-
er OAR’s V¢, Gy as compared with the OICBT plan, but
ICBT + IMRT plan is better than IMRT-alone on V¢, Gy
because the main dose contribution is coming from ICBT
and not from IMRT. By increasing the external beam con-
tribution, OAR'’s V¢, Gy value shows substantial increase.
Generally, target dose distribution of IMRT is more uni-
form comparing with brachytherapy. It is remained to be
seen whether the differences in dose distributions asso-
ciated with the V¢, Gy values would lead to difference

side effects. This subject and the effect of low doses to an
enlarged volume of normal tissue would deserve further
investigation.

Volume/dose relationship for target and OAR

Although point A dose and target volume for tradi-
tional brachytherapy treatment were not directly linked,
the target volume and dose were approximately in an
inversely proportional relationship [51]. In clinical treat-
ment, the tumor volume of different patients and its spa-
tial distribution may vary significantly. As can be seen in
Figure 3, the relationships between the volume and the
radiation doses are generally in direct proportion (par-
ticularly in CICBT and OICBT techniques). Literature ev-
idence suggested that when the tumor volume is greater
than 31 cc and its HRCVT Dy, dose is less than the pre-
scribed dose, the tumor will be significantly underdosed
in the case of point A plan [52]. The results shown in Fig-
ure 4 confirm that with brachytherapy alone (e.g. CICBT
or OICBT), little correlation in dose is seen between the
tumor target and the normal organ. As for CICBT and
OICBT techniques, the tumor target doses (GTV, HRCTV-
pv, IRCTV-pv) are inversely proportional to the tumor
volumes. Nevertheless, CICBT or OICBT techniques, as
the tumor volume increases, the risk of target underdose
also increases. As can be seen from Figures 4 and 5, where
ICBT + IMRT technique can adaptively maintain the pre-
scribed doses for target (HRCTV-pv, IRCTV-pv), which
are not affected by volumes of target and normal organs.

Uncertainties in the experimental setup

It has been pointed out that for brachytherapy the
changes in the uterine axis, uterine length, bladder, rec-
tum filling state, and vaginal packing, could result in fluc-
tuations in spatial location [53,54]. These motions could
potentially affect the accurate delivery of complementary
IMRT. In this study, we performed CT and/or MRI scans
for patients in every fraction to minimize the inter-frac-
tional motion. During the treatment process, the applica-
tor was fixed inside the patient’s body, which played an
important role to control the tumor motion. This could
minimize the impact on the changes in the physiological
condition of the individual patient. Together with exter-
nal beam radiation image guide system (such as CBCT),
the uncertainty of patient position for IMRT delivery can
be minimized. Taking into consideration the delivery
uncertainty, we incorporated a margin of 3 mm to the
HRCTV and IRCTV for ICBT + IMRT plan. It is noted that
a margin of 3 mm uncertainties in IMRT delivery for tar-
get has been adopted by some researchers [3,16]. The risk
of significant cold and hot spots in the target and OAR
were low even if the organs were moved 3 mm during
the treatment [16]. Our study corroborated these findings
and demonstrated that the dose distribution of the com-
bined boost plan was stable within uncertainties of 3 mm.

In ICBT + IMRT plan optimization, we used OAR
DVH constraints to account for the uncertainty in OARs:
D,.x < 86 Gy for the bladder, and D,,,, < 75 Gy for rec-
tum and sigmoid. These constraints were more severe as
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compared with those adopted in a related study by some
researchers [3,16] (i.e. Dy, < 90 Gy for the bladder, and
D,.. <75 Gy or rectum and sigmoid). On the other hand,
Joshua Schindel reported that no more than * 1.5 mm
applicator displacements were allowed for both point
A and ICBT plans, which can avoid the uncertainties of
dose greater than 10% [42].

Limitations of this study

Our results showed that ICBT + IMRT plan led to
a substantially larger V¢, Gy. Although the clinical im-
pact of increased Vg, Gy volume is currently unknown,
previous studies have pointed out that a large volume
receiving more than 60 Gy is correlated with side effects
[45]. By increasing the external beam contribution, OAR’s
Vo Gy value will increase substantially. Hence, it is rec-
ommended that ICBT + IMRT technique is only suitable
for locally advanced patients with paravaginal involve-
ment or large tumor.

Although the current results of ICBT + IMRT tech-
niques for gynecological applications are encouraging,
more detailed studies on practical aspects of precision
dose delivery need to be performed. Small geometrical
variations with overlap of high dose regions of ICBT and
IMRT may lead to dramatic consequences for organs at
risk, while cold spots between the ICBT and the IMRT
dose contributions have to be avoided. Although some
researcher consider that a margin of 3 mm uncertainties
in IMRT delivery for target is safe [3,16], the real geo-
metrical variations between ICBT and IMRT are very
difficult to find because ICBT and IMRT plans were ex-
ecuted separately and anatomy variations (i.e. volume
of bladder, rectum, sigmoid, and tumor, etc.) in different
patients may be a problem. In order to avoid the cold and
hot spots as much as possible, we have undertaken the
following measures to minimize the setup uncertainties
and internal motions: firstly, it was assumed that the tar-
get moves together with the applicator, and the applica-
tor was fixed to a board to minimize setup uncertainties.
Secondly, a bladder catheter was used to control bladder
filling, so that the bladder volume was the same during
HDR ICBT and IMRT delivery. Thirdly, the IMRT plan
was delivered immediately after the ICBT with the ap-
plicator still in situ. The rectum and sigmoid movements
were assessed visually on CBCT in as much detail as the
CBCT image quality allowed.

In our study, we tried to compensate for the area of
under prescription dose by applying a dose escalation to
the part of the target with IMRT but the dose in the cen-
tral part of the tumor may be different with EBRT and
ICBT dose distributions, even with the same coverage
and the same dose to the outer part of the tumor. There
is no evidence to suggest which dose levels escalation
should be performed in order to obtain the same level of
local control.

All dose constraints and dose values such as D, so
far were based on an external beam dose of 45 Gy to 50
Gy. Because of the contribution of EBRT in ICBT + IMRT
plan, the total EBRT dose may be increased to more than
50 Gy. In our study, D,,,, could be considered as DVH

constraints for OAR. Increasing the external beam con-
tribution parameters like V,, or V3, or similar, will show
substantial increase in OAR dose, so intermediate and
low dose constraints such as Vy, or V5, should be con-
sidered in ICBT + IMRT plan optimization in our future
studies. At the moment, there is no evidence to suggest
which volume dose constraints level of OAR should
be employed to maintain the same level of side effects.
Additional confirmatory studies with larger numbers of
patients and longer follow-up time are required to eval-
uate the side effects of low dose radiation to large OAR
volume.

Conclusions

For the patients with large tumor involving parametri-
al region, the ICBT + IMRT technique not only provides ex-
cellent target coverage but also maintains low doses (D,.)
to the OAR. Combining the advantage of ICBT and IMRT,
it was dosimetrically and logistically feasible to apply the
ICBT + IMRT in a clinical setting. ICBT + IMRT technique
offers an alternative solution for large tumor when intra-
cavitary/interstitial brachytherapy cannot be used.
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