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Abstract

Background: To investigate the dosimetric impact on bone marrow sparing using VMAT of dual arc using dual energy in treatment of cervical
cancer.

Methods: Twenty patients with cervical cancer were chosen retrospectively. Bone marrow was contoured to all the cases. Four VMAT (Volumetric
Modulated Arc Therapy) plans were generated like Dual Arc (DA) with 6MV energy of x-ray photon, DA with 10MV, DA of dual energy with
(6MV and 10MV) and DA of dual energy with (6MV and 15MV) and were optimized using similar planning objectives and dose calculation was
done using Monte Carlo algorithm. The dosimetric results were compared to find significance difference using Repeated Measures ANOVA with
significance level set at 5%.

Results: All the plans achieved acceptable coverage with little differences in Conformity Index (CI) and Homogeneity Index (HI). The sparing of
bone marrow at various dose volumes was achieved significantly (p<0.05) with DA of dual energy plans (6MV and 10MV combination).

Conclusion: DA of dual energy VMAT plan (6MV and 10MV) combination showed better sparing of bone marrow at various dose and volume
levels without compromising the target coverage. The energy combination in VMAT plans can help to improve the therapeutic index, by reducing
the Haematological Toxicity (HT) and thereby potentially decreasing treatment interruptions.

Keywords: VMAT; Pelvic Bone Marrow; Cervical Cancer; Haematological Toxicity

Abbreviations: ANOVA: Analysis of Variance; Cl: Conformity Index; DA: Dual Arc; HI: Homogeneity Index; HT: Haematological Toxicity; MU:
Monitor Units; OAR: Organs at Risk; VMAT: Volumetric Modulated Arc Therapy

Introduction

) ) ) at Risk (OAR) in radiotherapy for cervical cases. The bone
Cervical cancer is considered as one of the most common

cancers among women worldwide [1]. Concurrent chemo-
radiotherapy is the standard treatment protocol along with intra-

marrow is a fat yet spongy tissue which consists of stem cells
and is found in the hollow spaces in the interior of bone. It is
also a vital element effectively taking part in the functioning of
cavitary brachytherapy in the treatment of cervical cancer [2]. Hematopoietic and Immune system. In case of adults, the primary
site for the blood formation is pelvic bone. Since most of the bone
marrow (More than 50%) [5] resides in the region of pelvis and
the stem cells responsible for haematopoiesis are exceptionally

radio-sensitive, it procures serious dose from radiation in the

Few studies have shown that concurrent chemo-radiotherapy can
increase Hematologic Toxicity (HT), this can interrupt the course
of the treatment and limit the dose to the tumor which results
poor therapeutic index [3,4].

Pelvic Bone Marrow (BM) is one among the major Organs course of radiotherapy treatment techniques for pelvic treatment
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and results in blood counts dropping. Hence much importance
should be given to sparing of bone marrow during radiotherapy
procedures for pelvic treatments of cancer.

In radiotherapy, the popularity of 3DCRT technique for the
treatment of cervical cancer has been reduced due to poor dose
conformity, it results in irradiating a large volume of healthy
tissue. Especially, the irradiation of high dose to BM leading to
Hematological Toxicity (HT) [5,6]. A few studies found intensity
modulated technique was appropriate technique to reduce
the volume of BM irradiation [5-7]. These techniques achieve
enhanced dose conformity to the target as well as sparing of OARs
with the help of numerous beam angles or arcs in the case of
pelvic tumor [8,9].

A study found that VMAT plan delivered lesser dose to BM
than IMRT (Intensity Modulated Radiation Therapy) especially the
higher dose received volume and mean dose of BM were reduced

Table 1: Summary of the selected patients.

significantly [10]. RTOG 0418 phase Il trial [11] recommended that
higher dose received volume and mean dose to be reduced as low
as possible to minimize HT. However, some studies recommended
that low dose received volume to be reduced to minimize the HT
[12]. Hence, there are two different kind of recommendations
exists in the sparing of BM while treating pelvic tumour. Thus,
we intended to carry out this retrospective study to identify
that whether any energy combination VMAT plan would help to
achieve both the dosimetry recommendations to minimize HT.

Methods and Materials
Patient Selection

The CT image data of twenty patients with cervical cancer
were randomly chosen for this retrospective study from the group
of treated cases in our centre. Descriptive details of the cases are
shown in (Table 1).

Diagnosis

Cancer of Cervix

Sex

Female

Radiation Dose Prescription

50Gray in 25 Fractions

Age (Years) Median (Range) 57 (51-70)
II 11
Stage 1 9

Computed Tomography Simulation and Contouring:

All patients had followed Bladder protocol and positioned in
the flat couch with simulation done in headfirst supine position
and immobilised by a thermoplastic mould (ORFIT by ORFIT
Industries). Axial CT images of thickness 3mm was acquired for
the study using Philips Brilliance Big Bore CT. By using MONACO
(Version 5.11) (Elekta Medical Systems, Crawley, UK) Treatment
Planning System (TPS), Bone marrow was delineated. BM was
drawn based on the standard guideline [11,12], in that relatively
low density within the bone in pelvic area from the superior
border of PTV to the inferior border of PTV was recommended.
Targets and OARs were already delineated in the image dataset as
this is a retrospective study.

Treatment Planning

Four VMAT plans were generated in MONACO TPS (version
5.11) for Elekta Versa HD) (Elekta Medical Systems, Crawley,
UK) Linear Accelerator equipped with 160 Agility Multi Leaf
Collimators (MLC) with leaf width of 5mm at the isocentre. The
four plans were, (i) DA VMAT of 6MV (ii) DA VMAT of 10MV (iii)
DA VMAT of dual energy (one arc with 6MV and other arc with
10MV) and (iv) DA VMAT of dual energy (6MV and 15MV). All
the plans were made with two coplanar arcs, clockwise (CW) and
Counterclockwise (CCW) of 360 degrees with control points set

at 200. All the plans were optimised to ensure that 95% of the
dose is received by 95% of the target volume and this acceptance
criteria were set uniform for all cases. The other plan objectives
are shown in (Table 2), with prescribed dose of 50 Gy(Gray) to
the PTV in 25 fractions. Dose calculation was done using Monte
Carlo algorithm with the grid size of 3mm. Monte Carlo algorithm
is a statistical approach for performing numerical integrations in
mathematical phantoms. This algorithm employs a system where
the x-ray interactions are mathematically simulated to execute
dose calculations to organs.

Plan Evaluation

The plans were evaluated by means of Dose Volume Histogram
(DVH) analysis with respect to the given planning objectives based
on QUANTEC guidelines for OARs and ICRU 83 recommendations
for target conformity and homogeneity [14] using the following
equations.

CI =V,,/ TV
Where, Conformity Index (CI), V, is the volume covered by the
reference isodose and TV is the Target Volume. Ideal value for
CI was zero. If the value is closer to zero, the plan is considered
more conformal.

HI = (D2%-D98%) /D,
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Table 2: Planning criteria for Planning Target Volume (PTV) and Organs at Risk.

Structure Criteria
PTV 50 D,,, > 47.5Gy
Bladder Vipe, < 50%
Rectum Vioey < 50%

Bowel bag Visey < 195cc

Bone Marrow Vioey < 20%
Femoral Heads Max Dose< 50 Gy

D95%:

Where, Homogeneity Index (HI), D2% and D98% are
minimum doses to 2% and 98% of target volumes respectively
and D being Prescribed Dose. Ideal value for HI was set to be 1.
The results were tabulated and compared using repeated measure
of ANOVA test. The p value <0.05 was considered as significant.
The statistical tests were carried out using SPSS Software (Version
16).

Results

(Figure 1) shows dose distribution of 4 different plans for a
case. (Table 3) shows the dosimetric results of PTV, where V.
and required number of Monitor Units (MU) were significantly
better with 10MV VMAT plan(p<0.05). However homogeneous
dose with acceptable coverage was achieved by all the plans

Table 3: Statistical comparison of dosimetric parameters for PTV.

dose received by 95% PTV; V,, ' Volume receiving x dose; Gy: Gray; Max Dose: Maximum Dose.

without compromising in the conformity. (Table 4) shows the
statistical results of OARs. The sparing of OARs was achieved by all
the plans and no significant difference was observed among them.
However, the sparing of BM at various dose-volume level was
achieved significantly better with dual energy DA plan (6MV and
10MV). The BM sparing achieved by dual energy VMAT plan (6 MV
and 10MV) in all the dose-volume range was better than other
VMAT plans. In all the cases dose volume objectives like D,
D,, D, and V  to V. were achieved significantly lesser(p<0.05).
(Figure 2) shows average of various dose received volume of BM
in percentage of all the plans. In this figure, (6MV and 10MV)
combinations plan shows that the low dose received volume as
well as the high dose received volume of BM are lesser

DA VMAT Plans
P(<0.05 is significant)
6 MV 6 MV +10 MV 6 MV + 15 MV 10 MV
HI 0.09£0.13 0.09 +0.14 0.10 £ 0.19 0.09 £0.01 0.185
CI 1.14 £ 0.05 1.13 +£0.07 1.13+£0.07 1.11+£0.06 0.097
D,.. (Gy) 54.85 +0.26 54.71+0.51 54.52 +0.49 54.53+0.68 0.102
D,... (GY) 50.36 £ 0.12 49.97 + 0.55 50.21+0.25 50.13 +£0.25 0.049
D, (%) 97.46 +1.01 97.40 +1.08 96.46 + 1.56 96.47 + 1.05 0.187
V., (%) 1.03 +0.50 0.49 + 0.26 0.62 +0.30 0.26 + 0.04 0.001
MUs 1377.47 £ 92.57 1337.02 £ 104.67 1308.22 +161.53 1277.18 £ 96.64 0.040

CI: Conformity Index, HI : Homogeneity Index, D,,. : Maximum Dose, D

Mean

: Mean Dose, V,, : Volume receiving 95% of prescribed dose, V,, :

Volume receiving 107% of prescribed dose, MU : Monitor Units are expressed as mean value (xSD).
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Table 4: Statistical comparison of dosimetric parameters for Organs at Risk.

DA VMAT Plans .
Organ at Risk Parameters l?(<9'.05 'S
6 MV Dual Arc 6MV+10MV | 6MV+15MV | 10MV DualArc | Significant)
Bladder Mean Dose (Gy) 43.81+1.58 44.08.+1.53 4414 +1.51 44.25+1.98 0.082
Bowel Bag Mean Dose (Gy) 26.11+£1.96 26.15+2.30 26.09 + 2.08 26.07 £1.79 0.985
Rectum Mean Dose (Gy) 44.68 £1.71 44.76 +1.87 4498 +1.89 45.62 +2.03 0.319
Right Femoral Head Max. Dose (Gy) 47.90 £ 1.94 47.74 £2.32 47.79 £ 2.35 47.73 £2.38 0.969
Left Femoral Head Max. Dose (Gy) 45.34 + 2.64 46.05 +2.98 46.42 +3.81 46.16 £ 3.13 0.429
Values are expressed in terms of mean dose (+Standard Deviation). Max. Dose: Maximum Dose.
e N
s I W SECEL W yera TOA AR IGMY - Mda D3 34807 05y L1 o 1 Wh S5 G ) vMATEMVIONY Max Doses W58.2 oy > 38
o gm b S5 Crn [ viATDUALASCEMY - Mas Dot 55004 oy £ B8
Figure 1: Comparison of dose distribution among DA-VMAT plans for one among selected cases. A) VMAT DA 10MV B) VMAT
6MV+10MV C) VMAT 6MV+15MV D) VMAT DA 6MV.
\ J
Discussion that, if sparing of BM increases further the HT can be minimised

Cervical cancer is one the most prominent cancer among
females worldwide [1]. Treatment for cervical cancer have been
evolved from conventional Radiotherapy (RT) to modulated
conformal RT. Many studies have been reported that this
evolution helps in the sparing of OARs with conformal adequate
dose coverage to the target to increase the therapeutic index [8].
Concurrent chemo-radiotherapy which is a standard treatment
protocol for the cervical cancer, improved the survival rates with
additional cost of HT [15,16]. Few of the studies recommended

hence helps in avoiding treatment interruption. Moreover,
increased sparing of BM helps to deliver planned dose completely
[3,4]. The RTOG 0418 Phase II Clinical Trial had concluded that
mean dose and 40Gy received the volume of BM are directly
associated with HT while treating cervical cancer patients with
concurrent chemo-radiotherapy [11]. Loren K Mell et al reported
that, using Intensity Modulated techniques BM sparing can be
achieved better than conventional techniques [17]. Few other
studies from their dosimetric study between VMAT and IMRT
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reported that VMAT was achieved significantly higher sparing of
BM than IMRT [10,18]. In our study also the coverage of tumour
and sparing of the OARs were achieved with additional sparing
of BM. Especially the combination of (6MV and 10MV) DA VMAT

plan reduced both the low doses as well as high doses irradiating
BM volume. This study has evidence that dose sparing at all the
dose-volume ranges can be possible which was not achieved in
earlier mentioned studies [10,21].

Ve

EDUAL ARC MV =6MV + 10MV

100

a0

80

VOLUME OF BONE MARROW (%)

(N

Figure 2: Graphical representation with error bar of dose received by BM in different volume levels in the different plans used in the study.

EgMV + 15MV DUAL ARC 10MV

DOSE (Gy)

Table 5: Average Bone marrow dose of different volumes.

DA VMAT Plans
Dose/Volume P(<0.05 is significant)
6 MV 6 MV+10 MV 6 MV+15 MV 10 MV
Mean (Gy) 26.66 +0.80 25.74+1.73 26.38+0.95 26.72 +1.50 0.015
D,, (Gy) 28.01£1.34 27.66 + 2.26 28.20 £ 1.50 28.37 £1.87 0.039
D,, (Gy) 36.94 + 1.44 36.19+1.82 36.72 +1.77 37.05+1.65 0.008
V., (%) 89.75+1.98 88.69 +3.13 89.40 +2.17 90.46 + 0.91 0.020
V.. (%) 77.86 = 4.40 76.65 +7.08 77.21 £ 4.59 78.04 £ 3.15 0.025
V,, (%) 67.54 +3.50 66.64 * 8.65 66.96 + 4.43 67.38 +5.37 0.005
V., (%) 55.51+3.30 55.04 +8.03 55.32+4.35 56.00 + 4.01 0.013
V,, (%) 35.73+4.23 35.13+£5.99 3542 +£4.86 35.93+491 0.040
V. (%) 26.54 £ 2.97 23.86+3.95 23.80 +£5.55 25.82+4.29 0.014
V,, (%) 1593 +1.81 14.08 £ 2.15 14.76 +2.43 14.86 £ 2.79 0.003
V,s (%) 6.48 £ 1.05 5.03 £0.82 544 +1.21 513 +1.64 0.000
V., (%) 0.41+0.21 0.16 £ 0.23 0.26 £ 0.23 0.16 £ 0.14 0.040

D,,,: dose received by x% Bone Marrow; VXGV: Volume receiving x dose;

mean + Standard Deviation.
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The pelvic region BM acts as a vital organ in producing
platelet, leucocyte, and erythrocyte. Therefore, the sparing of
BM is one of the higher priorities to minimize toxicity during the
course of treatment [5,19,20]. In recent years, there has been
some studies determining the dose volume relationship between
the risk of HT and amount of PBM volume irradiated. It was found
out by Mell et al. [22] that if BM receives dose more than that of
10Gy, there are high chances of Grade 2 or worse leukopenia as
well as neutropenia. Adding, in a study done by Albuquerque K et
al, it was shown that when the volume of bone marrow receiving
20Gy is more than 80% of its entire volume, the risk of toxicity
will elevate by a factor of 4.5 [20]. Based on these findings, it is
safe to assume that BM stem cells are highly sensitive to low dose
radiations. The results obtained from our study indicates that the
plans generated with energy combination (6MV and 10 MV) had
better sparing in V10 and V20 in comparison to other plans with
maximum significance shown in V20 with p-value of 0.005 (Table
5). There are other studies which reports contrary in assuming
V10-V20 as predictors. For example, it was reported in RTOG 0418
trial that the chances of = grade 2 Haematological Toxicity is
found to be more when 40Gy receiving volume of PBM is greater
than 37% of its total volume [11]. Also, several other studies
[21] had addressed the fact that the bone marrow volumes
receiving dose of 30-50Gy required a longer period for recovery
or can even experience permanent and irreversible damage to
its functioning. So, it was mandatory to bring down the volumes
receiving the above-mentioned dose limits. Taking this also in
consideration, as we compare it with our study, all VMAT plans
were successful in bringing down the volume receiving doses
of 30 to 50Gy as visible in (Table 5). In comparison, DA VMAT
plan (6MV and 10MV) had an upper hand among other plans in
marginally reducing PBM volumes receiving dose of 30 to 50Gy.

X-ray photons of energy more than 10MV can produces
neutron contamination. Dual energy DA VMAT plan with 10MV
and DA VMAT plan with (6MV and 15MV) may produce slightly
higher neutron contamination than dual energy DA VMAT plan
with (6MV and 10MV). Energy related neutron contamination
may be considered as a limitation however this optimum
combination provides better dosimetric result and it can be used
for the treatment of cervical cancer.

Conclusion

Dual energy DA-VMAT plan (6MV and 10MV) combination
shows better sparing of bone marrow at various dose and volume
levels without compromising the tumour coverage in treatment
of cervical cancer. This energy combination VMAT plans helps
to improve therapeutic index by reducing the Haematological
Toxicity (HT) and avoiding the treatment interruption.
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