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Abstract

Original Article

This study demonstrated the feasibility and advantages of a hybrid, volumetric arc therapy technique that used two 90° coplanar arcs and 
two three‑dimensional conformal tangential beams in the simultaneous‑integrated boost radiotherapy of left‑sided breast cancer after 
breast‑conserving surgery. A  total of nine patients with stage I, left‑sided breast cancer who underwent breast‑conserving surgery were 
selected for this retrospective study. For each patient, a hybrid arc plan was generated and then compared with two hybrid intensity‑modulated 
radiotherapy plans. All plans were optimized using the same objectives and dose constraints. The prescription dose was 50.4 Gy to the planning 
target volume with simultaneous boost to 60 Gy to the expanded gross target volume in 28 fractions. The differences among these hybrid 
plans were analyzed by the Kolmogorov–Smirnov test or the Wilcoxon rank sum test. The hybrid arc plans achieved the clinical requirements 
of target dose coverage and normal tissue (NT) dose constraints. It was found that the hybrid arc plans showed advantages in the conformity 
index of the expanded gross target volume, the V5 of the heart, the D2 of the left ventricle, and the D2 and V50.4 of NTs. The average beam‑on 
time and monitor units of the hybrid arc plans were significantly lower (P < 0.001).

Keywords: Breast cancer, hybrid treatment plan, simultaneous‑integrated boost, whole breast irradiation

JMP_105_16R4

Introduction

Nearly 1.2 million women are diagnosed with breast cancer 
all over the world every year, and 500,000 women die of it.[1] 
With the development of treatment strategies, an enhanced 
awareness of medical examination, and the popularity of 
breast cancer screening, the 5‑year overall survival of breast 
cancer patients has improved in the last 30  years.[1] The 
5‑year, 10‑year, and 15‑year overall survival is 89%, 83%, 
and 78%, respectively. Analyses of randomized clinical trials 
have proven that breast‑preserving surgery achieves survival 
equivalent to mastectomy in patients with early‑stage breast 
cancer.[2‑4] Adjuvant whole‑breast irradiation is performed on 
these patients as the standard of care.

Radiotherapy following breast‑conserving surgery for 
early‑stage disease significantly reduces local recurrence 

and improves overall survival and thus has become an 
integrated part of breast cancer treatment.[5,6] Conventional 
radiotherapy regimens for these patients usually consist 
of two opposed tangential fields, followed by a boost with 
electron beam, achieving satisfactory local control with 
relatively low incidence of radiation complications.[7] 
However, dose inhomogeneity in the target and doses to the 
organs at risk  (OAR), especially the heart, ipsilateral lung, 
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and contralateral breast, are the major limitations of this 
technique.[8] Intensity‑modulated radiotherapy  (IMRT) with 
simultaneous‑integrated boost  (SIB) technique is adapted 
for breast cancer patients after breast‑conserving surgery. 
This therapy is capable of shortening treatment course, 
improving dose homogeneity and conformity, and sparing 
normal tissues  (NTs).[9‑11] Currently, volumetric‑modulated 
arc therapy (VMAT) has become one option for postoperative 
radiotherapy in breast cancer. However, the effectiveness of 
VMAT is controversial: some oncologists claim that VMAT 
has better protection for the adjacent organs than IMRT,[12‑14] 
while others think that VMAT only reduces the treatment time 
without any advantage in the protection of NT.[15,16]

Recently, Jöst et  al.[17] recommended the use of the 
VMAT + IMRT hybrid technique in radiation treatment of breast 
cancer after breast‑conserving surgery, with the whole breast 
treated with IMRT and the boost volume treated with VMAT. 
Lin et al.[18] demonstrated that the VMAT and IMRT techniques 
could be applied simultaneously and that the hybrid‑VMAT 
plan was feasible for whole‑breast irradiation of left sided, 
early breast cancer. It is well known that during radiotherapy, 
the breast may have setup uncertainties of more than 1 cm. 
Respiratory motions will cause additional uncertainties in the 
radiation dose delivery to the target. Although breath hold 
and active breath control techniques can reduce errors, these 
techniques might not be feasible for every patient and not all 
the clinics are implementing these techniques. Previously, 
Mayo et al.[19] developed a hybrid technique of IMRT plus 
tangential beams, which could take into account the effect of 
breathing movement as well as achieve dose uniformity and NT 
protection. However, little is known about whether VMAT has 
advantages over IMRT when combined with tangential beams, 
especially in the SIB radiotherapy of breast cancer patients after 
breast‑conserving survey.

The purpose of the present study was to demonstrate the 
feasibility and advantages of a hybrid VMAT technique in 
SIB radiotherapy of breast cancer. Specifically, plans of 
two coplanar 90° VMAT arcs plus tangential beams were 
compared with plans of IMRT beams plus tangential beams. We 
investigated dosimetric parameters, including the conformity 
index (CI), heterogeneity index (HI), and the radiation dose to 
NTs, especially the left ventricle. Our results provided clinical 
evidence for validating the use of the hybrid VMAT technique 
in radiotherapy with SIB for early‑stage left breast cancer.

Materials and Methods

Patient selection and image acquisition
Nine patients were enrolled in this retrospective study under 
an Institutional Review Board‑approved protocol. These 
patients had left sided, early‑stage invasive mammary 
carcinoma  (pT1N0M0), and underwent breast‑conserving 
surgery followed by radiotherapy at our hospital between 
February 2014 and August 2015. Patients between 34 and 
46 years old, with adequate function of the liver, kidney, heart, 

and hematopoietic system were considered eligible for the 
study. Patients with positive axillary or supraclavicular lymph 
nodes and distant metastasis were excluded from the study. 
All patients were immobilized in the supine position with the 
arm abducted (90° or greater) on the disease side. A computed 
tomography  (CT) scan  (LightSpeed RT4, GE Healthcare, 
USA) with 5  mm slice thickness was acquired for each 
patient, with coverage from the mandible to 4–6 cm below the 
inframammary fold to cover the entire lung volume. Imaging 
data were then transferred to the Eclipse treatment planning 
system  (Varian Medical Systems, USA) for delineation of 
targets and critical structures.

Definition of target volumes and organs at risk
Clinical target volume (CTV) and gross tumor volume (GTV) 
were delineated according to the Radiation Therapy 
Oncology Group (RTOG) guidelines.[20] The planning target 
volume  (PTV) and the boost volume  (primary gross tumor 
volume [PGTV]) were expanded by an 8 mm margin from 
CTV and GTV, respectively, and were restricted to the breast 
tissue within 3  mm from the skin. Contralateral breast, 
contralateral lung, ipsilateral lung, heart, left ventricle, and 
NT were contoured by the same physician on the CT images. 
The heart was contoured from the pulmonary trunk branches 
into the left and right pulmonary arteries, and to its apex 
according to the RTOG 0413 protocol. The left ventricle was 
contoured from the mitral valve at the cephalic direction along 
the smooth appearance of the left ventricular outflow tract, 
and the posterior border was along the diaphragmatic cardiac 
surface.[21] NT represents the external contour of the patient’s 
body minus the breast PTV, with an additional distance of 
0.5 cm.

Treatment planning techniques
Patients were treated with conventional three‑dimensional 
conformal radiotherapy (3D‑CRT) technique of two opposite 
tangential photon beams. These 3D‑CRT plans were not 
included in dosimetric comparison of the present study because 
there are reports showing that in left breast treatment, IMRT 
can improve dose homogeneity and conformity, and spare 
NTs.[22‑24] Using the identical planning CT datasets and the 
contours, three types of treatment plans were created:
1.	 The “hybrid 15°‑IMRT plan” combined two tangential 

beams and four IMRT beams. The standard medial and 
lateral 3D‑CRT beams with control points were created 
by adding a 2.5 cm expansion margin on the surface of 
the chest wall skin, and a 0.5 cm margin was added in the 
other directions. Two IMRT beams had the same gantry 
angles as that of the tangential beams, and the other two 
beams were 15° anterior from the nearest tangential beams 
[Figure 1 Left].

2.	 The “hybrid 45°‑IMRT plan” combined two tangential 
beams and four IMRT beams. Compared to the hybrid 
15°‑IMRT plan, the hybrid 45° plan is only different in 
that two IMRT beams were 45° anterior from the nearest 
tangential beams [Figure 1 Middle].
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3.	 The “hybrid VMAT plan” combined two tangential 
beams and two coplanar 90° arcs. The start angles 
of the arcs were the angles of the tangential beams, 
respectively. Each ran clockwise and counter‑clockwise 
for 90°  [Figure  1 Right]. The dose rate was set to 
600 monitor unit  (MU)/min. The collimator angles of 
the two arcs were set to 10° and 350°.

These treatment plans could be delivered using 6 MV photon 
beams commissioned for a Varian Trilogy linac  (Varian 
Medical Systems, USA). The Linac was equipped with a 
120‑leaf multileaf collimator, with a maximal leaf speed of 
2.5 cm/s, a maximal jaw speed of 1.5 cm/s, a maximal gantry 
speed of 6°/s, and a variable dose rate of up to 600 MU/
min. The isocenter of all plans was placed at the center of 
the PTV. The IMRT plan was used by sliding window mode. 
For all patients, the prescribed doses of PTV and PGTV 
were 50.4 Gy and 60 Gy to at least 95% of the volumes in 28 
fractions. In all the hybrid plans, 30% of the PTV dose was 
delivered by IMRT beams or arcs. Both treatment planning and 
optimization were performed with Eclipse version 10.0. The 
optimization objectives and relative priorities were the same 
for all plans [Table 1].[21] The dose calculation grid was set at 
2.5 mm. The skin flash function was not used. All plans were 
created by the same radiotherapy physicist and evaluated by 
the same radiation oncologist.

Evaluation parameters
Dose‑volume histograms (DVH) were generated for the target 
volumes and all OARs for dosimetric analysis. Following 
established conventions, the percentage of a volume that 
received at least m dose was denoted by Vm and the dose to 
q% of the volume by Dq. The plans were compared through 
three parameters: PTV dose conformity, dose homogeneity, 
and volume of irradiated NTs.

To evaluate the quality of the plans, the maximum dose Dmax, 
V107, D98, D2, the CI and the HI of the PTV were analyzed from 
the DVHs. The conformity index (CI) is calculated by

PTV,ref PTV,ref

PTV ref

CI = ×
V V
V V

� (1)

where VPTV, ref refers to a volume of the PTV covered by the 
prescribed dose, VPTV refers to the volume of the contoured 
PTV, and Vref refers to the volume covered by the prescribed 

dose. For good PTV coverage, a CI approaching unity is 
desired. The HI is calculated by

2 98

50

–
HI =

D D
D � (2)

The lower the HI value, the higher the dose homogeneity 
within the PTV.[25]

The following dosimetric parameters were compared for the 
NTs: contralateral breast  (D2, Dmean, V5, V10), contralateral 
lung (D2, Dmean, V5, V10), ipsilateral lung (D2, Dmean, V5, V10, V20, 
V30, V40), heart (D2, Dmean, V5, V25, V30), left ventricle (D2, Dmean, 
V25, V30), and NT (D2, Dmean, V5, V50.4). The beam‑on time and 
total MUs per fraction were recorded.

Statistical analysis
All statistical computations were performed using the 
IBM SPSS statistical package  (version  21; SPSS Inc., 
Chicago, IL, USA). All data in the text, tables, and figures 
are presented as the mean ± standard deviation as appropriate. 
Statistical significance was detected using the paired t‑test after 
checking for normal distribution (Kolmogorov–Smirnov test). 

Table 1: Plan optimization objectives and dose 
constraints for all hybrid plans

Structures Criteria Dose limit
PGTV D95 ≥60 Gy

Dmax <107%
PTV D95 ≥50.4 Gy

Dmax <107%
Contralateral breast Dmax 10 Gy

V5 <5%
V10 <0.5%

Contralateral lung V5 <20%
V10 <0.5%

Ipsilateral lung V5 <45%
V10 <30%
V20 <15%

Heart V5 <60%
V10 <30%
V30 <2.5%

Left ventricle V25 <5%
V30 <2.5%

PGTV: Planning gross tumor volume, PTV: Planning target volume

Figure  1: Beam arrangements of the three hybrid planning techniques. Left, hybrid 15°‑intensity‑modulated radiotherapy; Middle, hybrid 
45°‑intensity‑modulated radiotherapy; Right, hybrid volumetric‑modulated arc therapy.
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The Wilcoxon rank sum test was used for values that were not 
distributed normally. A two‑tailed P < 0.05 was considered 
statistically significant.

Results

Patient characteristics are listed in Table  2. All the hybrid 
plans achieved the dosimetric requirements for the target 
volumes [Table 1]. The dose constraints of NTs were satisfied. 
The mean volumes of PGTV and PTV were 46.8 ± 17.0 cc 
and 767.7  ±  159.2 cc, respectively. Examples of isodose 
distributions are shown in Figure 2.

The three types of hybrid plans were different in PTV 
dose coverage [Table 3]. The D98 of the PTV in the hybrid 
45°‑IMRT plans was the highest (P < 0.001). The D50 of the 
PTV in the hybrid 15°‑IMRT plans was the highest. The HI 
of the PTV in the hybrid 45°‑IMRT plans was the lowest but 
was not significantly different between the hybrid 15°‑IMRT 
plans and the hybrid VMAT plans. The CI of the PTV in the 
hybrid 45°‑IMRT plans was the highest but not significantly 
different from the hybrid VMAT plans (P = 0.613). The D98 of 
the PGTV in the hybrid 15°‑IMRT plans was the highest but 
was not significantly different in the other two types of plans. 
The HI of the PGTV in the hybrid 45°‑IMRT plans was the 
lowest but not significantly different from the hybrid 15°‑IMRT 
plans. The CI of the PGTV in the hybrid VMAT plans was the 
highest (P < 0.001). The differences in other parameters were 
not statistically significant in the three hybrid plans.

The three hybrid plans were different in their OAR dosimetric 
parameters [Table 4]. The Dmean, V5, and D2 of the contralateral 
breast and the contralateral lung in the hybrid 15°‑IMRT plans 

were the lowest, but the difference in V10 was not statistically 
significant in the three hybrid plans. The D2 of the ipsilateral 
lung in the hybrid 45°‑IMRT plans was lowest, but not 
significantly different from that of the hybrid VMAT plans. The 
Dmean, V5, V10, V20, V30, and V40 of the ipsilateral lung were not 
statistically significantly different in the three hybrid plans. The 
V5 of the heart in the hybrid VMAT plans was lower (P < 0.015) 
than that of the hybrid 45°‑IMRT plans. The D2, Dmean, V25, and 
V30 of the heart were not statistically significantly different 
between the three hybrid plans. The D2 of the left ventricle in 
the hybrid VMAT plans was the lowest, but the differences 
in Dmean, V25, and V30 were not statistically significant. The D2 
and V50.4 of NTs in the hybrid VMAT plan were the lowest in 
the three hybrid plans. The Dmean and V5 of NT in the hybrid 
15°‑IMRT plans were the lowest, but the difference was not 
significant between the other two plans.

By comparison, in the 3D‑CRT plans for the same patients, 
the HI of the PTV and PGTV was 0.30 ± 0.04 and 0.17 ± 0.08; 
the CI of the PTV and PGTV was 0.54 ± 0.10 and 0.56 ± 0.06, 
respectively. These parameters were poorer than their 
counterparts in the hybrid plans [Table 3].

As to the beam‑on time and total MUs, there was a significant 
difference between the hybrid VAMT plans and the other two 
plans [Table 5]. The beam‑on time and total MUs of the hybrid 
VMAT plans were the least in the three hybrid plans.

Discussion

The VMAT technique has been used in postoperative 
radiotherapy for early‑stage breast cancer after breast‑conserving 
surgery; however, we believe it is for the first time that a hybrid 
VMAT technique is used in such treatment. The rationale of 
using two coplanar 90° arcs in the hybrid VMAT technology 
is as follows:  (1) In the VMAT plan, two arcs are needed 
to optimize dose distribution when dealing with a complex 
target;[26] (2) the target is an arc that was nearly 90° along the 
chest wall, and the 90° arc in tangential direction enters the 
target without irradiating much of the lung. A hybrid VMAT 
plan achieves better dose conformality than a 3D‑CRT plan, in 
the meantime reduces radiation dose to NTs than a pure VMAT 
plan.[27] An additional advantage of using hybrid VMAT plan 
is a shorter radiotherapy course due to the SIB.

In regard to the HI and CI, Mayo et  al.[19] found that 
improvement in the uniformity and conformality of target dose 
may be achieved by the hybrid IMRT plan of two 3D‑conformal 

Figure 2: Dose distributions of the hybrid 15°‑intensity‑modulated radiotherapy (left), the hybrid 45°‑intensity‑modulated radiotherapy (middle) and the 
hybrid volumetric‑modulated arc therapy (right) plans for the same patient. The isodose lines represent 50.4 Gy (yellow), 60 Gy (red), 30 Gy (magenta), 
and 20 Gy (pink).

Table 2: Patient characteristics  (staged according to the 
Union for International Cancer Control)

Patient Age (year) Disease stage GTV (cc) CTV (cc)
1 44 I 13.9 579.0
2 38 I 9.2 495.2
3 41 I 18.2 442.8
4 41 I 72.0 601.2
5 38 I 13.7 385.9
6 44 I 26.2 571.2
7 34 I 21.7 848.5
8 46 I 3.4 548.0
9 39 I 23.1 611.2
GTV: Gross tumor volume, CTV: Clinical target volume
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Table 3: Comparison of the planning target volume dosimetric parameters among the three hybrid plans

Structures Dosimetric parameters Hybrid Pa Pb Pc

15°‑IMRT 45°‑IMRT VMAT
PTV Dmax (Gy) 65.2±1.3 64.8±1.1 65.1±1.2 0.574 0.855 0.703

D2 (Gy) 62.6±0.9 62.0±0.5 62.6±1.0 0.156 0.912 0.128
D98 (Gy) 48.7±0.4 49.9±0.4 49.1±0.4 <0.001 0.058 <0.001
D95 (Gy) 50.4±0.3 50.8±0.3 50.6±0.3 0.002 0.485 0.013
D50 (Gy) 56.5±4.0 53.5±0.4 54.0±0.7 0.014 0.033 0.702
HI 0.27±0.02 0.23±0.01 0.26±0.02 <0.001 0.404 0.001
CI 0.70±0.05 0.79±0.03 0.76±0.06 <0.001 <0.001 0.613

PGTV Dmax (Gy) 64.7±1.1 63.9±0.9 64.8±1.0 0.09 0.859 0.063
V107 (%) 2.36±4.4 0.14±0.32 3.28±7.7 0.367 0.707 0.206
D2 (Gy) 63.5±1.1 62.7±0.6 63.8±1.0 0.072 0.381 0.011
D98 (Gy) 60.0±0.6 59.8±0.3 59.8±0.5 0.126 0.007 0.191
D95 (Gy) 60.6±0.6 60.3±0.2 60.4±0.4 0.087 0.015 0.413
D50 (Gy) 62.6±1.8 61.8±0.4 62.4±0.5 0.118 0.712 0.223
HI 0.06±0.01 0.05±0.01 0.07±0.02 0.252 0.023 0.001
CI 0.52±0.1 0.69±0.11 0.74±0.03 <0.001 <0.001 0.173

aThe hybrid 15°‑IMRT versus the hybrid 45°‑IMRT, bThe hybrid 15°‑IMRT versus the hybrid VMAT, cThe hybrid 45°‑IMRT versus the hybrid VMAT. 
CI: Conformity index, HI: Heterogeneity index, IMRT: Intensity‑modulated radiotherapy, VMAT: Volumetric‑modulated arc therapy, PTV: Planning target 
volume, PGTV: Planning gross tumor volume

Table 4: Comparison of the organs at risk dosimetric parameters for the three hybrid plans

Structures Dosimetric parameters Hybrid Pa Pb Pc

15°‑IMRT 45°‑IMRT VMAT
Contralateral breast Dmean (Gy) 1.09±0.77 1.99±0.62 2.38±0.84 0.007 <0.001 0.125

D2 (Gy) 4.81±1.99 6.43±1.53 7.01±1.43 0.051 0.010 0.464
V5 (%) 2.60±2.92 5.65±3.20 7.60±4.34 0.081 0.006 0.253
V10 (%) 0.28±0.49 0.33±0.38 0.45±0.56 0.813 0.466 0.620

Contralateral lung Dmean (Gy) 0.59±0.80 1.32±0.33 1.96±0.87 0.040 <0.001 0.066
D2 (Gy) 2.47±2.06 4.02±0.88 5.90±2.13 0.078 <0.001 0.035
V5 (%) 1.10±3.07 0.79±0.62 5.71±4.63 0.840 0.006 0.004
V10 (%) 0.06±0.17 0.03±0.09 0.26±0.43 0.835 0.125 0.084

Ipsilateral lung Dmean (Gy) 14.13±1.93 14.41±1.84 13.81±2.42 0.781 0.784 0.550
D2 (Gy) 53.06±2.30 49.89±2.08 50.33±2.50 0.004 0.012 0.660
V5 (%) 49.97±6.68 56.61±8.86 49.31±11.25 0.136 0.879 0.103
V10 (%) 34.84±5.47 35.01±5.24 33.56±7.01 0.954 0.651 0.610
V20 (%) 25.74±3.51 25.55±3.59 25.49±3.89 0.971 0.886 0.969
V30 (%) 22.10±3.21 21.92±3.20 21.95±3.68 0.908 0.925 0.983
V40 (%) 15.34±2.68 14.63±2.69 14.48±4.13 0.646 0.580 0.925

Heart Dmean (Gy) 8.00±2.61 9.58±2.14 7.81±1.60 0.146 0.849 0.104
D2 (Gy) 48.37±3.72 45.48±2.82 45.99±2.79 0.062 0.120 0.734
V5 (%) 36.11±13.28 52.70±12.09 36.57±13.69 0.013 0.941 0.015
V25 (%) 9.97±4.65 9.70±4.31 9.44±4.25 0.900 0.801 0.899
V30 (%) 8.95±4.41 8.38±4.19 8.48±3.92 0.773 0.815 0.956

Left ventricle Dmean (Gy) 13.64±3.63 13.03±2.32 11.65±2.09 0.650 0.140 0.297
D2 (Gy) 52.20±2.74 47.14±2.17 46.60±2.84 <0.001 <0.001 0.664
V25 (%) 19.39±6.53 18.75±6.12 18.71±5.70 0.828 0.816 0.988
V30 (%) 17.48±6.12 17.02±5.84 16.93±5.32 0.868 0.842 0.973

NT Dmean (Gy) 2.61±0.35 3.23±0.39 3.20±0.52 0.005 0.007 0.909
D2 (Gy) 38.70±2.66 38.39±2.66 38.25±2.92 0.816 0.733 0.914
V5 (%) 9.71±1.50 12.82±2.06 13.03±2.36 0.003 0.002 0.833
V50.4 (%) 0.51±0.22 0.21±0.09 0.13±0.13 <0.001 <0.001 0.329

aHybrid 15°‑IMRT versus hybrid 45°‑IMRT, bHybrid 15°‑IMRT versus hybrid VMAT, cHybrid 45°‑IMRT versus hybrid VMAT. NT: Normal tissue, 
IMRT: Intensity‑modulated radiotherapy, VMAT: Volumetric‑modulated arc therapy
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beams and four IMRT beams. However, the comparison 
between the hybrid VMAT plan and the hybrid IMRT plan has 
rarely been reported. In our study, the dosimetric parameters 
of the hybrid VMAT plans are generally close to those of the 
hybrid IMRT plans. It is worth noting that the CI of the hybrid 
VMAT plans is significantly higher than that of the hybrid 
IMRT plans. This fact suggests that hybrid VMAT plans might 
be more suitable for whole‑breast irradiation with SIB than 
are hybrid IMRT plans.

In breast radiotherapy, the lung is the primary and critical 
organ of concern. The Dmean, V5, and V20 are good predictors 
for radiation‑induced lung toxicity.[28,29] However, if the V20 
of the ipsilateral lung was <30% for breast cancer patients, 
clinically significant pneumonitis should be rare.[30] It has 
been also reported that the expected complication rate is 20% 
if more than 50% of the lung volume receives 10 Gy.[31] In 
our study, the V5 and V10 of the contralateral lung are 5.71% 
and 0.26% in the hybrid VMAT plan; the D2 of the ipsilateral 
lung in the hybrid VMAT plan was not significant compared 
with the hybrid 45°‑IMRT plan; and the V10 and V20 of the 
ipsilateral lung in the hybrid VMAT plan were lowest (33.56% 
and 25.49%, respectively). Thus, lung toxicity associated with 
the hybrid VMAT plans should be reasonably low.

The heart is the most important organ to protect during left 
breast radiation therapy. In our study, the Dmean of the heart was 
the lowest (7.81 ± 1.60 Gy) in the hybrid VMAT plans, much 
less than the 12.2 ± 1.8 Gy reported by Goddu et al.[32] for 
tomotherapy, and 8.7–21.1 Gy for the IMRT cases reported by 
Fogliata et al.[33] Radiation‑induced injuries of the heart appear 
mainly in the coronary arteries and connective tissues.[34,35] 
In our study, the D2 of the left ventricle in the hybrid VMAT 
plan was reduced by 6% (P < 0.001) compared with the hybrid 
15°‑IMRT plan. The dosimetric parameters of the heart in the 
hybrid VMAT plan overall were moderately better than those 
of the hybrid IMRT plans, demonstrating that hybrid VMAT 
plans are also safer for the heart.

For patients enrolled in the present study, the mean radiation 
doses to the ipsilateral lung, and the heart in 3D‑CRT plans 
were 10.95 ± 1.93 Gy and 5.86 ± 1.90 Gy, respectively. These 
values were moderately lower than that in the hybrid IMRT 
or VMAT plans [Table 4]. The 3D‑CRT plans included boost 
dose from electron beams. These data confirmed that using 
tangential beams in the hybrid plans could take advantage of 
the low NT doses in 3D‑CRT plans.

The dose to the contralateral breast is another critical factor 
to consider, especially for younger patients. Stovall et al.[36] 
found an elevated long‑term risk of developing secondary 
contralateral breast cancer, with the Dmean of 3.2  Gy to the 
contralateral breast with RapidArc. In our study, although the 
Dmean of the contralateral breast in the hybrid VMAT plans was 
higher than the other hybrid plans, the value (2.38 ± 0.84 Gy) 
was shown to be <4.3 ± 0.7 Gy reported by Goddu et al.[32] and 
2.82 Gy by Boice et al.[37]

More monitor units and extended therapy lead to higher 
doses to outfield NTs from leakage and scattered radiation, 
which in turn are likely to increase the incidence of 
radiation‑induced malignancy. Hall and Wuu[38] evaluated 
the secondary neoplasia rate after 10 years and found that the 
rate of radiation‑induced malignancy was 1% in 3D‑CRT and 
increased to 1.75% in IMRT. Kry et al.[39] demonstrated that 
compared with 3D‑CRT, IMRT plans had an increased MU 
and varied dose distribution and that this difference would 
double the incidence of secondary solid tumors. In our study, 
the hybrid VMAT plans using two coplanar 90° arcs resulted 
in a much lower beam‑on time and MUs (P < 0.001) than the 
hybrid IMRT plans.

The effects of respiratory motion should be addressed for 
patients for whom breath control is not utilized. The interplay 
of respiratory motions and dose delivery will cause deviations 
from the planned dose distributions, which are more pronounced 
for IMRT or VMAT techniques.[40] To reduce interplay effects 
or setup uncertainties, sufficient target expansion margin and 
daily image guidance maybe considered for patients who are 
treated with the hybrid plans investigated in this manuscript.

Conclusions

Overall, our results show that the hybrid VMAT technique 
is feasible for adjuvant irradiation with SIB for left sided, 
early‑stage breast cancer. Hybrid VMAT plans are especially 
superior to the hybrid IMRT plans with regard to heart dose 
and treatment delivery time.
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Table 5: Comparison of monitor units and beam‑on time for the three planning techniques

Parameters Hybrid Pa Pb Pc

15°‑IMRT 45°‑IMRT VMAT
MUs 738±105 756±90 349±63 0.658 <0.001 <0.001
Beam‑on time 1.84±0.26 1.74±0.50 1.01±0.054 0.515 <0.001 <0.001
aHybrid 15°‑IMRT versus hybrid 45°‑IMRT, bHybrid 15°‑IMRT versus hybrid VMAT, cHybrid 45°‑IMRT versus hybrid VMAT. MUs: Monitor units, 
IMRT: Intensity‑modulated radiotherapy, VMAT: Volumetric‑modulated arc therapy
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Abstract

Original Article

Introduction

Advanced radiotherapy modalities such as stereotactic 
radiosurgery (SRS), intensity modulated radiotherapy (IMRT) 
and volumetric modulated arc therapy (VMAT) may employ 
very small beam apertures for accurate localized high dose 
to target. A small photon field is generally defined as the one 
having dimensions smaller than the lateral range of the charged 
particles that contribute to the dose deposited at a point along 
the central axis of the beam.[1,2]

Nonstandard fields are either made of small fields or whenever 
nonequilibrium conditions exist; this occurs, for example, when 
the size of the penumbra is similar to the field size.[3] According 
to these criteria, field sizes of <3 cm × 3 cm are considered to be 
small for 6 MV photon beam. For these fields, dosimetric errors 
may be larger than that in conventional beams as the reference 
conditions recommended by conventional codes of practice[4] 

cannot be established and the measurement of absorbed dose 
to water in composite fields is not standardized.[5]

Accurate measurement of small radiation fields is a well‑known 
challenge for many dosimeters. Lack of lateral charged‑particle 
equilibrium, dose averaging within the sensitive volume 
of dosimeters, and differences between the composition of 
detectors and their surrounding media all cause perturbations 
of the radiation field. Thus, discrepancies are seen between the 
measured dose and the actual dose that would be deposited in 
the medium in the absence of a detector. The use of small fields 
is becoming popular in radiation therapy and may be a source of 

Advanced radiotherapy modalities such as stereotactic radiosurgery (SRS) and image‑guided radiotherapy may employ very small beam apertures 
for accurate localized high dose to target. Accurate measurement of small radiation fields is a well‑known challenge for many dosimeters. The 
purpose of this study was to measure total scatter factors for stereotactic cones with plastic scintillation detector and its comparison against 
diode detector and theoretical estimates. Measurements were performed on Novalis Tx™ linear accelerator for 6MV SRS beam with stereotactic 
cones of diameter 6 mm, 7.5 mm, 10 mm, 12.5 mm, and 15 mm. The advantage of plastic scintillator detector is in its energy dependence. The 
total scatter factor was measured in water at the depth of dose maximum. Total scatter factor with plastic scintillation detector was determined 
by normalizing the readings to field size of 10 cm × 10 cm. To overcome energy dependence of diode detector for the determination of scatter 
factor with diode detector, daisy chaining method was used. The plastic scintillator detector was calibrated against the ionization chamber, 
and the reproducibility in the measured doses was found to be within ± 1%. Total scatter factor measured with plastic scintillation detector 
was 0.728 ± 0.3, 0.783 ± 0.05, 0.866 ± 0.55, 0.885 ± 0.5, and 0.910 ± 0.06 for cone sizes of 6 mm, 7.5 mm, 10 mm, 12.5 mm, and 15 mm, 
respectively. Total scatter factor measured with diode detector was 0.733 ± 0.03, 0.782 ± 0.02, 0.834 ± 0.07, 0.854 ± 0.02, and 0.872 ± 0.02 for 
cone sizes of 6 mm, 7.5 mm, 10 mm, 12.5 mm, and 15 mm, respectively. The variation in the measurement of total scatter factor with published 
Monte Carlo data was found to be −1.3%, 1.9%, −0.4%, and 0.4% for cone sizes of 7.5 mm, 10 mm, 12.5 mm, and 15 mm, respectively. We 
conclude that total scatter factor measurements for stereotactic cones can be adequately carried out with a plastic scintillation detector. Our 
results show a high level of consistency within our data and compared well with published data.

Keywords: Plastic scintillator, small field dosimetry, total scatter factor
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errors if measurements are not conducted properly. Discrepancies 
have been observed between doses calculated by treatment 
planning systems and actual dose measurements which can be 
attributed to the presence of small fields.

An important issue of the dosimetry in small field is the size 
of detector. The construction can significantly perturb the 
fluence, and the major cause of error in the measurement is 
due to the volume of the detector. Every detector averages 
the dose over its volume and this volume averaging[6,7] may 
underestimate dose in the center of a small field. To overcome 
volume averaging effect, the most straightforward and logical 
method is to employ a detector with a small active volume 
and high spatial resolution. Detectors in this category include 
microchambers, diodes, scintillation detector, diamond 
detectors, gel dosimeters, and radiographic/radiochromic film.

The use of unshielded diodes has been shown to be most 
promising. Diodes partially solve the detector volume 
averaging issue. However, because of the small electron range 
in common diode material (such as silicon), they still represent 
intermediate‑sized cavities for typical SRS fields. In addition, 
they introduce new issues that are associated with the energy, 
dose rate, and directional dependence of their responses. For 
small fields, the measurements of scatter factors are subject 
to many uncertainties that in turn may lead to significant 
errors in dose calculations. The difficulties in the accurate 
measurements of   total scatter factor  can be traced to three 
“equilibrium factors:” (a) The size of the detector used in the 
measurements,  (b) the lateral electronic equilibrium in the 
irradiated medium and detector material, and  (c) the partial 
occlusion of the viewable part of the X‑ray source (focal spot 
on the target). Since there is no single detector that obeys all 
the three equilibrium conditions simultaneously under small 
and reference field conditions, different detectors, such as 
diode for small fields and ion chamber for reference field, 
should be used.[8]

The purpose of this study was to measure total scatter factors 
for stereotactic cones with plastic scintillation detector and its 
comparison against diode detector and theoretical estimates.

Materials and Methods

Detector specifications
Plastic scintillator detector
The Extradin W1 plastic scintillator detector  (Standard 
Imaging, USA) employs a 1 mm diameter ×  3  mm length 
polystyrene‑based scintillating fiber coupled to a 3 m long poly 
methyl methacrylate‑based optical fiber. The radiation‑induced 
light signals from scintillator and fiber are chromatically 
separated into a blue and a green component and converted into 
charge signals by a dual‑channel photodiode enclosure attached 
to the distal end of the optical fiber. The photodiode signals are 
transmitted to an electrometer located outside the treatment 
bunker. In this study, the signals from the photodiodes 
were read using the SUPERMAX electrometer  (Standard 
Imaging, USA), which employs software dedicated to dose 

measurements using the Extradin W1 scintillator detector.[9] 
The characteristics of the scintillator can be found elsewhere.[10]

Diode detector
The EDGE Diode detector (Sun Nuclear Corporation, USA) is 
a waterproof dosimeter with a design that nearly eliminates the 
convolution of high‑dose gradient regions during profile and 
depth measurements. It is intended for the measurement of fields 
as small as 5 mm. The Edge Detector diode has an active volume 
of 0.8 mm × 0.8 mm × 0.03 mm (0.019 mm3). The intended 
field size for Edge Detector is 0.5 cm × 0.5 cm –10 cm × 10 cm. 
Compared to ion chambers, EDGE Detector gives approximately 
100 times more signal even though it is over 6000 times smaller 
in volume.

Experimental setup
Measurements were performed on Novalis Tx™ linear 
accelerator  (Varian Medical Systems, Palo Alto) for 6 MV 
SRS beam with stereotactic cones (Brainlab AG, Germany) 
of diameter 6 mm, 7.5 mm, 10 mm, 12.5 mm, and 15 mm. 
The jaw settings used for all the cones were 2 cm × 2 cm as 
per the recommendation of manufacturer. Total scatter factor 
was measured in three‑dimensional Scanner Radiation Field 
Analyzer (Sun Nuclear Corporation, USA) of diameter 65 cm 
and 40  cm height and controlled by software for accurate, 
reproducible detector positioning [Figure 1].

Measurements were made at a depth of 1.5 cm at target to 
surface distance (TSD) of 100 cm with the long axis of the 
plastic scintillator and diode detector placed parallel to the 
beam axis such that the active volume was positioned at 
isocenter.

Calibration of plastic scintillator detector
The plastic scintillator detector directly measures dose to 
medium with appropriate calibration unlike diode detector 
which measures charge produced in medium. The calibration 
was performed in a 30 cm × 30 cm × 30 cm plastic water 
phantom slab (Standard Imaging, USA) of density 1.03 g/cm3, 
at 10  cm depth at TSD of 100  cm as shown in Figure  2. 

Figure 1: Experimental setup for measurement of total scatter factor.
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Cross‑calibration was performed against reference class 
ionization chamber A19 (Standard Imaging, USA) of volume 
0.62 cm3 using TRS 398 protocol[4] at reference field size 
of 10 cm × 10 cm. Calibration procedure recommended by 
the manufacturer involves a stem effect baseline correction 
to determine the Čerenkov light ratio (CLR) coefficient and 
dose‑to‑water calibration to determine the gain coefficient 
which is described elsewhere.[11]

Measurement of total scatter factors
Plastic scintillator detector
The plastic scintillation detector has energy independent 
response,[10] so in the calculation of total scatter factor, 
10 cm × 10 cm was directly used as normalization field and 
there is no need of intermediate field size.

The total scatter factor of circular collimator of diameter “A” 
can be calculated by the following formula:

ref
t

ref

( , )
= ×

( , )
fclin, fmsr

Qclin, Qmsr

M A d
S kM f d

� (1)

Where, St is total scatter factor, M is meter reading for fixed 
number of monitor units, f is reference field size, and dref is 
depth of measurement. fclin, fmsr

Qclin,Qmsrk is a factor that corrects for 
the differences between the conditions of field size, geometry, 
phantom material, and beam quality of the conventional 
clinical field fclin and the machine‑specific reference field fmsr.

[5] 
Qclin is the beam quality of the clinical field fclin.

But, in daisy chain method, this will be modified as follows:

ref
t

1 ref

1 ref

2 ref

( , )
= × diode

( , )

( , )
× IC

( , )

 
 
 
 
 
 

fclin, fmsr

Qclin, Qmsr

M A d
S kM f d

M f d
M f d

� (2)

Where, f1 is intermediate field size and f2 is reference field 
size.

Diode detector
Detector‑specific output ratios were calculated with respect 
to a square jaw collimated field. For determination of scatter 
factor for diode detector, daisy chaining method was used.[12] 
The strategy involves measurement of the ratio of readings 
for collimator‑defined fields at the reference field size and at a 
medium‑sized field using a suitable ion chamber, then factors 
were measured with a diode for the medium‑sized field and the 
cone‑defined fields, and finally the diode measurements were 
renormalized to the reference field ion chamber measurement 
by applying the ratio of the two detector readings at the 
intermediate field. In this study, the reference field size was 
10 cm × 10 cm and intermediate field size was 5 cm × 5 cm.

The accuracy of measurement of total scatter factor with 
plastic scintillator detector was also validated with Monte 
Carlo‑derived theoretical estimates.[8] The Monte Carlo 
simulations in the referred paper were performed by EGSnrc/
BEAMnrc code with the similar machine and cone geometry 
of the present study.

Results

The plastic scintillator detector was calibrated against the 
ionization chamber, and the reproducibility in the measured 
doses was found to be within ± 1%.

Total scatter factor measured with plastic scintillator, diode 
detector, and Monte Carlo estimates is summarized in Table 1. 
The measured values are reported at 1 σ.

fclin, fmsr

Qclin,Qmsrk for plastic scintillator is unity across all field sizes 

as its performance is demonstrated to be near ideal.[13,14] For 

diode detector correction factor, 
fclin, fmsr

Qclin,Qmsrk was applied from 
published data.[15]

Table 1: Measured total scatter factor with plastic scintillator, diode detector, and Monte Carlo estimates

Cone diameter (mm) Diode Plastic scintillator Monte Carlo Diode/plastic scintillator Monte Carlo/plastic scintillator
6 0.733±0.03 0.728±0.3 NA 0.7 NA
7.5 0.782±0.02 0.783±0.05 0.793±0.011 −0.02 −1.3
10 0.834±0.07 0.866±0.55 0.850±0.011 3.67 1.9
12.5 0.854±0.02 0.885±0.5 0.889±0.011 3.43 −0.4
15 0.872±0.02 0.910±0.06 0.906±0.011 4.11 0.4
NA: Not available

Figure  2: Experimental setup for calibration of plastic scintillator 
detector (buildup is removed for clear view of detector).
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Discussion

Dosimetry of small field is challenging, and the dosimetry 
protocols are still evolving. Although accelerators with 
stereotactic cones are routinely utilized for SRS treatment, 
there is no general agreement for total scatter factor.[16] A range 
of relative output factors are in clinical use.

Diodes exhibit dependence on dose rate and energy. High 
photoelectric cross‑section of silicon  (Z  =  14) results in 
overresponse to low‑energy scattered radiation.[17,18] Diode 
overresponse is most significantly affected by the field size and 
diode type. The overresponse can be corrected mathematically 
and was found to be at an average of 0.25%.[19] In our study, we 
have applied “daisy‑chained” diode output factors to overcome 
the overresponse of silicon to low‑energy scattered photons 
within large fields.

The daisy chaining method was not used for plastic scintillator 
as the energy dependence of CLR calibration coefficient was 
found to exhibit variations within 0.4%.[20]

Literature reports beam quality correction factors for absolute 
dosimetry accounting for the difference between the responses 
of an ionization chamber in the reference field and small 
treatment fields.[5] For Edge Diode, the literature reports 

fclin, fmsr

Qclin,Qmsrk  for square fields from 0.6 cm × 0.6 cm to 2 cm. 
Francescon et al.[21] reported 

fclin, fmsr

Qclin,Qmsrk  corrections of Edge 
Detector using Monte Carlo simulations for Primus (Siemens) 
and the Synergy (Elekta). They reported that Edge Detector 
correction factors for 5 mm, 7.5 mm, 10 mm, 12.5 mm, and 
15 mm square fields are 0.933, 0.952, 0.966, 0.976, and 0.983, 
respectively. Qin et al.[15] have reported that Edge Detector 
correction factors for square field of 5 mm, 10 mm, 15 mm, and 
20 mm are 0.97, 0.95, 0.96, and 0.96, respectively, for 6FFF 

beam of Varian make. We have adapted a generic 
fclin, fmsr

Qclin,Qmsrk  
of 0.97 to correct diode measurements.

Dosimetry in small field is investigated by several investigators 
for square fields defined by collimator jaws.[22‑27] Wiant et al.[28] 
have reported output factors for 6 MV beam of Truebam 
STX (Varian) with cone diameters of 6 mm, 10 mm, 12.5 mm, 
and 15 mm as 0.79, 0.83, 0.871, 0.890, and 0.901, respectively. 
Our data are in agreement with 5.12 ± 1.75, however Wiant 
et al. have reported the output factors without accounting for 

fclin, fmsr

Qclin,Qmsrk . If their data are corrected for, the data agree well 
within 1.97 ± 1.70.

Morales et  al.[29] have reported a field factor for Novalis 
equipped with circular cones using a 6 MV SRS X‑ray beam 
with micro Diamond (PTW 60019 microDiamond) and diode 
detector stereotactic filed diode, IBA). They found that, for 
microDiamond chamber, the field factors for 4 mm, 7.5 mm, 
10 mm, and 20 mm cones are 0.644, 0.799, 0.856, and 0.929, 
respectively, and that for diode are 0.662, 0.798, 0.851, and 
0.925, respectively.

We have used cones of various sizes and compared our results 
with the published work with similar machine and cone 
geometry. The measured data for both detectors agree within 
5% of published Monte Carlo results.

Conclusion

Total scatter factor measurements for stereotactic cones can 
be adequately carried out with a plastic scintillation detector. 
Our results show a high level of consistency within our data 
and were compared well with the published data. Validation 
measurements with Sun Nuclear Edge Detector diode show 
acceptable dosimetric agreement.
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Abstract

Original Article

Introduction

The basic principle of radiotherapy is to deliver higher and 
uniform dose to tumour and to reduce dose to organ at risks 
(OARs) as low as possible which reduces the morbidity and 
in turn improves the quality of life of patients. Although the 
conventional techniques provide better tumor coverage, there 
is some limitation in achieving OARs tolerance dose.

To overcome this difficulty, modern delivery techniques 
such as intensity‑modulated radiotherapy (IMRT) and Rapid 
Arc have been used widely. These techniques can deliver a 
higher dose to tumor and limit the dose to OARs. The degree 
of confirmed dose delivery using these techniques improves 
the plan quality. Usually, plan quality has been evaluated 
using various dosimetry indices. Most of the articles contain 
conformity index, coverage index, homogeneity index, 
and dose gradient  (DG) index for plan evaluation. The 
conformity can be determined in many ways using a different 

definition.[1] An ideal plan is defined as one with full uniform 
dose coverage; exact conformed to the target and step‑wise 
fall‑off dose outside the target.[2‑5] Akpati et al.[6] introduced 
one more approach called unified dosimetry index (UDI) that 
computes an overall score which integrates contribution from 
all four dosimetry components mentioned above. The UDI 
score of each plan can be ranked and selected the least scored 
plan as a better plan. There are fewer articles published that 
employed UDI score. This study utilized UDI score for the 
comparison of IMRT and Rapid Arc plans of various sites and 
also studied the impact of conformity index on UDI‑based 
plan evaluation.

The aim of this study was to evaluate the impact of conformity index in the unified dosimetry index (UDI) score for two different planning  
techniques namely intensity‑modulated radiotherapy (IMRT) and Rapid Arc. Rapid Arc and IMRT plans of 57 patients were evaluated and 
compared using UDI score which incorporates four indices. To determine the impact of conformity index on the IMRT and Rapid Arc plans, 
UDI at conformity index one of all plan (UDIunit_CI) score was calculated by assuming conformity index is equal to one. Mean and standard 
deviations of all indices were calculated. Rapid Arc technique plans of different treatment sites of all patients scored lesser UDI than IMRT 
plans, and the conformity index of Rapid Arc plan was significantly better than IMRT plan. The average dose gradient, homogeneity, coverage, 
and conformity index of all sites with Rapid Arc plans were 0.212 ± 0.05, 1.123 ± 0.03, 0.959 ± 0.03, and 1.056 ± 0.09; with IMRT plans 
were 0.190 ± 0.05, 1.113 ± 0.04, 0.950 ± 0.04, and 1.172 ± 0.16, respectively. UDI score value with actual conformity index of Rapid Arc 
and IMRT plans differed significantly (P < 0.001). However, UDIunit_CI score values with assumed conformity index equal to one did not differ 
significantly (P = 0.528). In the comparison of IMRT and Rapid Arc plans using the UDI score, the impact of conformity index was significant.

Keywords: Conformity index, intensity‑modulated radiotherapy, Rapid Arc, unified dosimetry index
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Materials and Methods

Dose coverage is defined as 100% of the planning target 
volume  (PTV) receiving the prescribed dose. It gives a 
measure of how well the PTV is covered by the prescribed 
dose. Dose conformity, on the other hand, is defined as the 
ratio of the total volume of all tissues receiving prescribed 
dose versus the PTV. Dose conformity gives a measure of 
how well the prescribed dose is confined to the PTV. DG is 
defined as the ratio of the volume receiving the prescribed 
dose and the volume receiving half the prescribed dose. 
Homogeneity index  (HI) is defined as the ratio of the 
maximum dose at any point 2 mm beyond the PTV (DMax) 
to the prescribed dose.[6]

The mathematical logic‑based UDI formula is:
4 4

k kk =1
UDI = ( W [ 1.0 – + 0.1]) × 10∏ D1 � (1)

Where DIk is dosimetry index of each index of the four indices 
and Wk denotes weighting factors that reflect the relative 
importance of the four components.

For ideal plan, unified index (UDI) is equal to 1:

UDI = UDI (C) × UDI (CF) × UDI (HI) × UDI (DG) = 1.0�(2)

Where C‑coverage index (DI1), CF‑conformity index (DI2), 
HI (DI3) and DG‑gradient index (DI4). Akpati et al.[6] used the 
following equations to calculate all indices and explained full 
detail about UDI and method of calculation.

Coverage Index (C) = PTVPI/PTV� (3)

Conformity Index (CF) = DVPI/PTV� (4)

HI = DMax/DPI� (5)

DG Index (DG) = DVPI/DVHPI� (6)

Where PTV is the PTV; PTVPI = PTV receiving the prescribed 
isodose (PI); DVPI = Dose volume of the PI; DVHPI = dose 
volume of the half the prescribed dose; DMax = Maximum dose 
at any point 2 mm beyond the PTV; DPI = Dose value of the PI.

Using this approach, we compared two different techniques 
IMRT and Rapid Arc. CT data of 57 patients (13 Ca. Prostate, 
12 Ca. Endometrium, 6 Ca. Cervix, and 26 Ca. Oesophagus) 
were utilized in this study. IMRT and Rapid Arc plans were 
generated by inverse planning method using Eclipse treatment 
planning system (V‑10.0.39, Varian Medical Systems, USA). 
All plans use 6MV photon energy and optimized by assigning 
the target and OAR goals.

The plans were evaluated using all four indices separately. 
The UDI scoring values of all plans were ranked and lesser 
value scored plan considered as a better plan for the patient. 
For determining the impact of conformity index in the 
comparison of IMRT and Rapid Arc plan, a UDI score of the 
plans was calculated by assuming confidence interval =  1 
UDI at conformity index one of all plan  (UDIunit_CI), and it 
was compared against the UDI score calculated with actual 
conformity index. Mean and standard deviations of all indices 

were calculated, and statistical analysis was performed using 
SPSS (version 16.0.0, SPSS, Chicago, USA).

Results

Table 1 shows an overview of the mean and standard deviations 
of DG index, HI, coverage index, conformity index, UDI score 
and UDIunit_CI score for IMRT and Rapid Arc techniques planned 
for each site of the patients. Table 2 shows the mean and standard 
deviations of the different indices for all 57 patients compared.

It is observed that the conformity index and UDI of Rapid Arc 
plan were significantly better than IMRT plan. The average DG 
index, HI, coverage index and conformity index of all sites with 
Rapid Arc plans were 0.212 ± 0.05, 1.123 ± 0.03, 0.960 ± 0.03, 
and 1.056  ±  0.09; with IMRT plans were 0.190  ±  0.05, 
1.113 ± 0.04, 0.950 ± 0.04, and 1.172 ± 0.16, respectively.

Figures  1‑3 show the radar graph of UDI scores from 
Rapid Arc and IMRT plans of various treatment sites. 
In the figures, the lowest score denotes the minimum 
deviation from an ideal dosimetry plan  (toward to one), 
and highest score denotes the maximum deviation from an 
ideal dosimetry plan (outward from one). The radar graph 
shows that Rapid Arc plans are better than IMRT plans for 
all treatment sites.

Table 1: Mean and standard deviations of dose gradient 
index, homogeneity index, coverage index conformity 
index, unified dosimetry index score and unified 
dosimetry index at conformity index one of all plans 
score of each treatment site

Technique Mean±SD

Prostate 
(n=13)

Esophagus 
(n=26)

Cervix and 
endometrium 

(n=18)
DG_index

RapidArc 0.206±0.04 0.204±0.06 0.223±0.02
IMRT 0.185±0.04 0.171±0.06 0.211±0.03

HI_index
RapidArc 1.103±0.02 1.135±0.02 1.118±0.03
IMRT 1.088±0.05 1.127±0.03 1.112±0.03

Coverage_index
RapidArc 0.944±0.03 0.947±0.03 0.973±0.02
IMRT 0.936±0.05 0.893±0.09 0.983±0.01

Confirmity_index
RapidArc 0.977±0.05 1.003±0.04 1.152±0.07
IMRT 1.110±0.11 1.045±0.21 1.300±0.11

UDI
RapidArc 43.072±15.22 43.133±13.34 60.183±17.87
IMRT 57.266±20.96 120.532±227.82 90.602±41.03

UDIunit_CI

RapidArc 28.322±6.73 32.660±7.66 24.723±6.66
IMRT 28.635±12.21 46.469±35.35 22.217±5.21

DG: Dose gradient, HI: Homogeneity index, UDI: Unified dosimetry 
index, UDIunit_CI: Unified dosimetry index at conformity index one of 
all plans, IMRT: Intensity‑modulated radiation therapy, SD: Standard 
deviation
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Discussion

The method of UDI score‑based plan evaluation and 
comparison of different techniques plans can be useful for 
establishing a benchmark.[6] Although many numbers of 
indices have been proposed for plan evaluation, it is difficult 
to understand as to which system is better or useful. The 
radiation therapy oncology group has suggested that a quality 
treatment plan has to evaluate using three separate indices 
of dose coverage, conformity, and homogeneity.[1] The UDI 
used here incorporates all four dosimetry indices into a single 
overall score. In this study, the plans of similar techniques 
were analyzed and compared to find a better plan for patient 
treatment using this UDI score.

Conformity index may vary according to the isodose selected. 
The conformity index can be reduced while selecting lower 
isodose level as the reference, and therefore increasing the 
volume of reference isodose.[7] Therefore, in the evaluation 
of different techniques, this index would help to take clinical 
decision.

It is observed that the conformity index was significantly 
higher with Rapid Arc plan than IMRT (P < 0.001). While 
considered the conformity index as unit, the UDIunit_CI of both 
plans did not differ significantly (P = 0.527). However, the 
UDI score values of both planning techniques were calculated 
with actual conformity index was better with Rapid Arc than 
IMRT significantly (P < 0.001). Subsequent effect of better 
conformity index, better DG index could be achieved with 
Rapid Arc plans. Therefore, critical structure dose (especially 
prescribed dose region) was controlled with Rapid Arc plan 
significantly than IMRT plan (P < 0.011). The dose‑volume 
histogram values of different critical structures in the treatment 
of different sites were controlled significantly with Rapid Arc 
plans than IMRT.

From Figures 1‑3, it is noted that the UDI score spikes for 
few plans. This result was observed in the bulky patients and 
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Figure 1: The unified dosimetry index score of each patient’s Rapid Arc 
and intensity‑modulated radiotherapy plans of Ca.Prostate.

whose tumor size is relatively large. The conformity index 
was relatively lesser due to the higher dose spillage outside 
the target.

For all plans studied, the coverage index, HI did not differ 
significantly between both IMRT and Rapid Arc. The same 
results were observed in various studies.[8‑12] Therefore, it can 
be concluded that the higher degree of confined dose delivery 
of Rapid Arc technique provides better treatment plans when 
compared with IMRT.

Table 2: Mean and standard deviations of dose gradient 
index, homogeneity index, coverage index conformity 
index, unified dosimetry index score, and unified 
dosimetry index at conformity index one of all plans 
score of all patients

Technique All sites (n=57), mean±SD
DG_index

RapidArc 0.212±0.05
IMRT 0.190±0.05

HI_index
RapidArc 1.123±0.03
IMRT 1.113±0.04

Coverage_index
RapidArc 0.960±0.03
IMRT 0.950±0.04

Confirmity_index
RapidArc 1.056±0.09
IMRT 1.172±0.16

UDI
RapidArc 46.055±16.31
IMRT 74.463±40.44

UDIunit_CI

RapidArc 27.877±6.54
IMRT 29.443±10.44

DG: Dose gradient, HI: Homogeneity index, UDI: Unified dosimetry 
index, UDIunit_CI: Unified dosimetry index at conformity index one of 
all plans, IMRT: Intensity‑modulated radiation therapy, SD: Standard 
deviation
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Figure 2: The unified dosimetry index score of each patient’s Rapid Arc 
and intensity‑modulated radiotherapy plans of Ca.Cervix and endometrium.
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Conclusion

For all compared treatment sites in this study, Rapid Arc plans 
scored better UDI value as well as better OARs sparing. In the 
comparison of IMRT and Rapid Arc plans using the UDI score, 
the impact of conformity index was significant.
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Figure 3: The unified dosimetry index score of each patient’s Rapid Arc 
and intensity‑modulated radiotherapy plans of Ca.lower third oesophagus.
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Abstract

Original Article

Introduction

Standard medical linear accelerators  (LINACs) used in 
radiotherapy are equipped with a flattening filter (FF). The FF 
is designed to produce uniform dose distribution across the 
field in a homogeneous medium. Recently, there has been an 
increasing interest in operating medical LINAC without FF. 
A FF free (FFF) LINAC is basically a standard LINAC with 
the FF removed from the beam line. The main advantages of 
removing the FF are increased dose rate in addition to reduced 
scatter and leakage radiation inside and outside the target 
volume.[1‑5] These benefits result from removal of attenuation of 
the primary beam, reduction of the scatter radiation originating 
from the FF, and reduction of leakage radiation due to decrease 
in beam energy. Reduction of the head scatter also improves 
dosimetry of the FFF beams due to reduction of output 
variation with field size and field size‑dependent parameters.
[6‑8] FFF LINAC has been investigated in detail and is used 
in radiotherapy treatments including advanced modalities 
such as intensity‑modulated radiation therapy treatments and 
stereotactic radiosurgery.[9‑13] As expected, there are differences 
in the beam characteristics of LINAC operated in FFF mode to 

that of LINAC with the FF mode. FFF LINAC beam is softer, 
for example, the central axis percent depth dose in water for a 
6 MV FFF beam resembles a 4 MV FF beam.[14] In addition, 
the lateral dose profile is peaked on the central axis, and less 
integral target current is required to generate the same dose to 
the tumor.[15,16] As a result, the shielding parameters, such as 
the tenth‑value layers (TVLs) and scatter fractions, calculated 
for flattened beams, may not be appropriate for shielding 
evaluations for unflattened beams.[17‑19] Since FFF beam is used 
for advanced modalities requiring higher monitor units (MUs) 
to be delivered, it must be determined whether shielding 
needs to be enhanced or reduced to use an FFF machine in 
comparison to vault of FF machine.

Considering the LINACs with FFF beam available in India 
and their growth, this study was carried out to find the impact 

Detailed structural shielding of primary and secondary barriers for a 6 MV medical linear accelerator (LINAC) operated with flattening filter (FF) 
and flattening filter free (FFF) modes are calculated. The calculations have been carried out by two methods, one using the approach given in National 
Council on Radiation Protection (NCRP) Report No. 151 and the other based on the monitor units (MUs) delivered in clinical practice. Radiation 
survey of the installations was also carried out. NCRP approach suggests that the primary and secondary barrier thicknesses are higher by 24% and 
26%. respectively, for a LINAC operated in FF mode to that of a LINAC operated in both FF and FFF modes with an assumption that only 20% of 
the workload is shared in FFF mode. Primary and secondary barrier thicknesses calculated from MUs delivered on clinical practice method also show 
the same trend and are higher by 20% and 19%, respectively, for a LINAC operated in FF mode to that of a LINAC operated in both FF and FFF 
modes. Overall, the barrier thickness for a LINAC operated in FF mode is higher about 20% to that of a LINAC operated in both FF and FFF modes.
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latter can further be divided into scatter and leakage radiation. 
The calculations for basic shielding parameters includes 
workload (W), use factor (U), occupancy factor (T), distance 
from the radiation source (d), and permissible dose limit (P) 
as prescribed by the regulatory authority of the country.

Workload (W)
W for radiotherapy is the time integral of the absorbed dose rate 
at the depth of the maximum absorbed dose at 1 m from the 
source considering maximum possible number of the patient 
treated and physics work. The most common period of time 
over which W specified is 1 week and is expressed in cGy/week 
at 1 m. Here, we have considered only the delivered radiation 
dose for clinical use. Physics workload is not included since 
it is significantly less except commissioning measurements 
and for measurements after major repair work. W is calculated 
as below by considering an average of 200 cGy dose given 
per patient at 10 cm as the average depth of dose delivery in 
clinical cases:

P P d
10

1= × × ×W D N N
DD

� (1)

where DP is dose (in cGy) delivered per patient, NP is number 
of patients treated per day, Nd is number of days per week, and 
DD10 is central axis dose at 10 cm depth normalized to dose 
value where dose maximum occurs.

Use factor (U) and occupancy factor (T)
U is the fraction of time that the beam is likely to be incident 
on the barrier and is considered as 0.25 for primary wall and 
1 for secondary wall. T is defined as the kind of occupancy 
around the installation. In this study, T is considered as 1 for 
all the locations.

Distance (d)
The distance between source and point of interest, which has 
been considered with reference to the standard plan as provided 
in Figure 1 and measured in centimeter for all purposes.

Permissible dose limit (P)
In India, P is 20 µSv/week and 400 µSv/week for general 
public and radiation workers, respectively.

Primary barrier
Expression for the reduction factor  (RF) to achieve the 
radiation level “P” is given by:

2

WUTRF =
Pd

� (2)

where W, U, T, P, and d have their usual meaning. Then, the 
primary barrier thickness (tpri) can be determined using number 
of TVLs, n, based on energy of the treatment unit and the type 
of shielding material being used.

( ) 2= × = log × = log ×pri
WUTt n TVL RF TVL TVL
Pd

 
 
 

� (3)

It may be noted that wall thicknesses determined for primary 
barriers will be more than the thickness required to shield 

of FFF beam on bunker design of LINAC facility in Indian 
scenario. The present study is to assess the structural shielding 
requirements of a 6 MV LINAC operated in both FF and FFF 
modes in comparison to a standard 6 MV LINAC. This study 
includes the detailed calculations of thicknesses required for the 
shielding of primary and secondary barriers of 6 MV LINAC 
bunker operated for FF and FFF photon beams. The calculations 
have been carried out by two methods, one using the approach 
given in National Council on Radiation Protection  (NCRP) 
Report No.  151[20] and the other one is based on the MUs 
delivered in clinical practice. In recent times, several technical 
changes have been augmented in the treatment delivery 
modality which enables higher dose escalation to tumor and 
rapid dose fall off outside the tumor. The technologies involved 
for such delivery enhance the MUs generated from the LINAC 
due to the presence of different beam modifying techniques. 
This study also includes the radiation survey of the installations.

Materials and Methods

National Council on Radiation Protection approach of 
calculation of basic shielding parameters
A standard layout of 6 MV accelerator bunker used in this 
study is presented in Figure 1. Radiation generated by LINAC 
can be divided into primary and secondary components, the 

Figure 1: Standard layout of a 6 MV medical linear accelerator bunker.
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leakage and scattered radiation, which are comparatively 
insignificant, and hence, no further calculations are required. 
The values of TVL reported for corresponding energy of FF 
and FFF beams are different,[18] and accordingly, they have 
been used in our calculation.

Secondary barrier
These barriers are not in the direct line of the radiation beam 
but necessary to shield from leakage radiation from the 
treatment head and scatter from the patient and the treatment 
room walls.

Leakage radiation
For LINAC, International Electrotechnical Commission 
standards state that the leakage from the treatment head 
shall not exceed 0.5% of the primary beam.[21] In general, 
manufacturers provide adequate shielding on head of the 
LINAC resulting in leakage of <0.1% of primary. Therefore, 
it is reasonable to consider leakage as 0.1% in the shielding 
calculations. RF required to achieve design goal (P) against 
head leakage radiation is as follows:

( ) ( )
0

2 2
s s

0.001 × WUT= =
WUT

RF
P d P d
α

� (4)

where α0 is the leakage from the head  (0.1%), ds is the 
distance from the isocenter to the point of interest in meters, 
U is unity for secondary barriers. Then, the secondary barrier 
thickness (tsec) L can be determined as,

( ) ( )
Lsec

2
s

= × = log ×

0.001 × WUT= log
( )

 
 
 

t n TVL RF TVL

TVL
P d

� (5)

Scattered radiation
Patient scatter
RF against radiation scattered by the patient to achieve design 
dose limit (P) is given by:

( )

s

2
sca s

400=
×

FWUT
RF

P d d

α  
 
  � (6)

where, P, W, and T have their usual meaning. The scatter 
primary ratio (αs) depends on the energy of the photon and 
the scattering angle. Values of αs are available for 400 cm2 
irradiated field area for all clinical beams, F is the field area 
incident on the patient in cm2, dsca is the distance (in meter) 
from the radiation source to the patient in meters, and ds 
is the distance from the patient to the point of interest in 
meters. Radiation scattered by a patient is usually <0.1% of 
the incident radiation per 1000 cm2 (0.1 m2) area irradiated. 
For large scatter angles, the energy of the scattered radiation 
will be degraded and the protection designed against leakage 
radiation should provide adequate protection against scattered 
radiation from the patient.

Wall scatter
RF against scattered radiation when the primary beam strikes 
a wall is given by the following expression:

w,s
2 2

w r

=
AWUT

RF
Pd d

α
� (7)

where αw,s is the wall reflection coefficient, which depends 
on the wall material, scattering angle, and beam energy, A is 
the field area projected on the scattering surface (wall) in m2, 
dw is the distance from the radiation source to the scattering 
surface (wall) in meter, and dr is the distance from the scattering 
surface (wall) to the point of interest, in meter. The photons 
scattered by the wall and by the patient are of about the same 
energy. If the thickness required to shield from patient scatter 
is different from that needed to shield from wall scatter by one 
tenth‑value thickness (TVT) or more, the larger thickness is 
used, otherwise, one half‑value thickness (HVT) is added to 
the larger thickness. Similarly, one HVT is added to higher 
thickness if the thickness required to protect from leakage 
differs from that required to protect from scatter by <1 TVT.

Roofs
The roof section that can be struck directly by the primary 
radiation is also a primary barrier and the formula used to 
determine the required thicknesses are the same as that for 
primary.

Mazes
Since for LINAC operating below 10 MV, there is no 
production of neutron, the scatter and transmission of primary, 
leakage, and scattered radiation need to be considered while 
estimating dose at maze entrance.

When the gantry rotation axis is perpendicular to the maze axis, 
the total dose at the entrance door, that is, Dd (Photon dose) 
will be given by:

d P W L T
G G G G

= + × + +D D f D D D∑ ∑ ∑ ∑ � (8)

where 
G
∑  integrates through all gantry angles, DP is the 

dose arising from patient scatter, f is the primary radiation 
transmitted through the patient, Dw is the primary radiation 
scattered by the wall into the maze, DL is the leakage radiation 
scattered down the maze  [Figure 2], and DT is the leakage 
radiation transmitted through the maze wall.

When gantry rotation axis is parallel to the maze axis (i.e., maze 
is a primary barrier), the above expression can be written as:

d P W,T L T
G G G G

= + × + +D D f D D D∑ ∑ ∑ ∑ � (9)

All the symbols have the same meaning except DW, T, which 
will be primary radiation transmitted through the maze wall 
and further scattered to the maze entrance.

Monitor unit data from different radiotherapy centers
Around one thousand patients’ data were taken from 
geographically different regions, considering the variation 
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in patients’ physique and from accelerators of different 
manufacturers  (Varian Medical System, USA and Elekta 
Medical System, UK) capable of delivering FF and FFF beam. 
Patients’ data were grouped for five different major clinical 
sites such as brain, head and neck, thoracic, abdomen, and 
pelvic region. Actual MUs delivered have been obtained from 
the planning systems for these different cases using the 6 MV 
photon beam in both FF and FFF modes. The data, hence, 
generated are presented in Table 1. The small field treatment 
cases are not included as variation in MU delivered in FF and 
FFF mode is not significant.

Practical workload, W is arrived at by analyzing these data of 
MU delivered. The workload for FF mode is the cumulative 
MU delivered for 5 days, which is estimated from the daily 
average dose for stated clinical sites observed over a period 
of 6 months. Over this period, we have noted that 80% of the 
patients are treated in FF mode and only 20% of patients are 

treated in FFF mode. Therefore, in this study, the workload 
for a facility using both FF and FFF mode is assumed to be 
the combination of workloads for 80% of beam in FF mode 
and 20% of beam in FFF mode. Based on the W, barrier 
thicknesses are evaluated using the values of TVL reported 
for corresponding energy of FF and FFF beams.[18]

Radiation survey measurements
The radiation survey measurements were carried out 
in these installations, from where the patient data were 
used. In this study, we have measured the instantaneous 
dose rate  (IDR) for both FF and FFF modes all around 
the installation at different locations. For radiation level 
measurement, a calibrated pressurized ion chamber‑based 
Fluke Biomedical, USA make 450R survey meter was 
used. The LINAC was operated in maximum available dose 
rate for both FF and FFF modes. All measurements were 
performed with the maximum achievable field size for both 
FF and FFF modes. For primary beam, the radiation level 
measurement was carried out without a phantom in the beam 
path considering the worst possible scenario. For secondary 
beam, the radiation levels were measured with a water 
phantom of dimension 40 cm × 40 cm × 40 cm to simulate 
full scattering condition. The phantom was positioned on 
the treatment couch with the center of the phantom at the 
isocenter. On each wall, a matrix of dimension 20 cm × 20 
cm had been created. For each location, measurements 
were taken at the point where the survey meter reading 
was maximum. Radiation levels were measured at seven 
locations, that is, primary wall 1, primary wall 2, ceiling, 
secondary wall (gantry side), secondary wall (couch side), 
door location, and the control console. At each point, 
measurements were taken at four gantry angles 0°, 90°, 
180°, and 270°. The measured data are presented in Table 2. 
Weekly radiation level  (Rw) expressed in µSv/week was 
estimated for 6 MV beam in both FF and FFF modes as per 
the International Atomic Energy Agency Safety Reports 
Series[22] using the equation:

w = × WUR IDR
D

� (10)

where, IDR is the instantaneous dose rate and is the dose rate 
of the photon beam. W and U have their usual meaning.

Table 1: Details of monitor units delivered for major clinical cases using 6 MV photon beam with flattening filter and 
flattening filter free modes

Major clinical 
treatment sites

Average MUs delivered for ten number of 
patients treated in 6 MV using FF mode

Average MUs delivered for ten number of 
patients treated in 6 MV using FFF mode

Brain 500 900
Head and neck 550 1400
Thorax 450 1300
Abdomen 1200 1650
Pelvic 1200 2200
MUs are considered for intensity modulated beam delivery. MUs presented here are the average of 1000 clinical cases divided in twenty such groups, five 
major clinical sites in each group and ten number of patients for each site (rounded to nearest value of multiple of 10). MUs: Monitor units, FFF: Flattening 
filter free, FF: Flattening filter

Figure 2: Layout of a 6 MV medical linear accelerator bunker indicating 
leakage radiation scattered down the maze.
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Results and Discussion

National Council on Radiation Protection approach
Workload
FF beam is harder with higher average beam energy and 
percentage depth dose (PDD). For example, PDD at a depth 
of 10 cm for FF beam is 66.1% whereas for FFF beam, it 
is 63.4%.[14] In conventional FF LINACs, the workload has 
been calculated considering seventy patients treated in a day 
and 5 days in a week. However, it is observed that number 
of patients treated in a LINAC capable of delivering FF and 
FFF beam is maximum 50 instead of 70. Using equation 1, 
W is found to be around 33% less for FFF beam than the W 
calculated for FF beam (i.e., W is about 1.04 × 105 for FF and 
0.78 × 105 for FFF).

Since in clinical practice around 80% of the patients are treated 
in FF mode and 20% in FFF mode, W is calculated using the 
weighted W for FF and FFF beams, that is, total workload, 
W = 0.8 × WFF + 0.2 × WFFF.

Using DP  =  200 cGy/patient, Nd  =  5 for FF and FFF, and 
using NP  =  40 and DD10  =  0.661 for FF and NP  =  10 and 
DD10  =  0.634 for FFF, total workload, W is found to be 
0.76 × 105 cGy/week at 1 m.

Primary barrier
For primary barriers, the values of U and T are 0.25 and 1, 
respectively. Thickness for primary wall is calculated using 
equation 2 and published value of TVL for FF and FFF beam 
has been used for concrete of density 2.35  g/cm3.[18] Since 
the initial considerations are 100 cm from source to isocenter 
distance and a clearance of 300  cm from isocenter to the 
point of interest where the P  value is desired, calculations 
have been carried out for multiple iterations till the thickness 
becomes constant. It is found that primary barrier thickness 
for a LINAC operated in FF mode is higher by 24% to that a 
LINAC operated in both FF and FFF modes with an assumption 
that only 20% of the workload is shared in FFF mode.

Secondary barrier
Leakage radiation
Similarly, for secondary barrier thickness calculations, the total 
radiation level is contributing with respect to head leakage 
as well as scatter from patient. The thickness required was 
calculated using equation 3 and found that the secondary 
barrier thickness for a LINAC operated in FF mode only is 

higher by 26% to that a LINAC operated in both FF and FF 
mode with an assumption that only 20% of the workload is 
shared in FFF mode.

Scattered radiation
Using equations 4‑6, patient scatter, wall scatter, and maze 
scatter were calculated. It was found that secondary barrier 
thickness calculated for leakage radiation is adequate to shield 
the scattered radiation as well. Considering the length of the 
paper, the detailed calculations are avoided.

Calculations based on actual monitor unit data from 
different radiotherapy centers
Workload
The data of delivered MUs in FF and FFF mode for different 
clinical sites have been analyzed to arrive at a practical 
workload  [Table  1], which is the major factor in shielding 
calculation. A total of thousand patients were considered, that 
is, twenty groups, each group with five major clinical sites and 
ten patients for each site. The major clinical sites chosen are 
brain, head and neck, thoracic, abdomen, and pelvic region. 
MUs delivered per patient for both FF and FFF modes are 
presented in Table 1. Hence, W is the total MUs delivered in 
5 days (in 1 week period). It is found that W is about 1.95 × 105 
cGy/week at 1 m for FF beam and 2.3 × 105 cGy/week at 1 m 
for FFF beam.

Primary barrier
The same modality of calculation is adopted for evaluating 
shielding adequacy of accelerator bunker, that is, the 
contribution of FF beam is 80% and to that of FFF beam is 
only 20%. For barrier calculations, workload W = 1.95 × 105 
cGy/week in case of 6 MV beam in FF mode and 2.3 × 105 
cGy/week in case of FFF mode has been considered. It is 
found that primary barrier thickness for a LINAC operated in 
FF mode only is higher by 20% to that of a LINAC operated 
in both FF and FFF modes.

Secondary barrier
Similarly, secondary barrier thickness was calculated and found 
that the secondary barrier thickness for a LINAC operated in 
FF mode is higher only by 19% to that a LINAC operated in 
both FF and FFF modes.

Earlier investigations by Kry et al.[18,19] on the vault shielding 
of LINAC operated in FF and FFF mode estimated an 
overall reduction of 20% in the primary and secondary wall 

Table 2: Measured radiation survey data in µSv/h, with maximum achievable field size and dose rate of 1400 MU/min at 
normal treatment distance for seven different locations for different gantry positions

Gantry 
angle (°)

Without phantom With phantom

Primary wall1 Primary wall2 Ceiling Secondary wall (gantry side) Secondary wall (couch side) Door location Console
0 0.13 0.08 0.06 0.72 0.87 2.80 0.18
90 0.15 0.09 0.07 0.48 0.30 2.40 1.10
180 0.05 0.07 2.30 0.52 0.41 2.90 0.30
270 0.10 5.70 0.04 1.45 1.30 6.20 0.13
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thickness of the LINAC bunker for FFF mode of operation 
in comparison to FF mode of operation. In our study also, it 
is observed that the reduction in primary and secondary wall 
thickness of the LINAC bunker for practical situations is 20% 
for primary and 21% for secondary, which is consistent with 
those reported in literature.

Radiation survey measurements
Rw is estimated using equation 8 for both FF and FFF modes 
LINAC. In this calculation, W is the clinical workload, IDR 
is measured for both FF and FFF modes using the maximum 
dose rate available, and the suitable value for U is considered 
depending on the location. The radiation survey was carried 
out in all installations from where the clinical data were 
taken for this study. However, representative data of the 
radiation survey of only one installation have been presented 
in Table  2. As bunkers were constructed for FF mode of 
use, the measured radiation level is further scaled for FFF 

mode with a factor of 
FFF

FF

– t

– t

e
e

µ

µ

 
 
 

, where tFFF and tFF are the 

thicknesses estimated for FFF and FF mode, respectively. It 
is found that the radiation level all around the installations are 
within the acceptable limit.

Conclusions

The removal of FF significantly decreases local dose rates 
outside the treatment vault. In the present study, shielding 
requirements of a 6 MV medical LINAC operated both with 
and without the FF are assessed using the NCRP Report 
No. 151 and also by MUs delivered for clinical practice in 
Indian scenario. The results based on NCRP approach suggest 
that the primary and secondary barrier thicknesses are higher 
by 24% and 26%, respectively, for a LINAC operated in FF 
mode to that of a LINAC operated in both FF and FFF modes 
with an assumption that only 20% of the workload is shared 
in FFF mode. Primary and secondary barrier thicknesses 
calculated from the data on clinical practice also show the 
same trend and are higher by 20% and 19%, respectively, for 
a LINAC operated in FF mode to that of a LINAC operated 
in both FF and FFF modes. Hence, it is found that overall 
the barrier thickness for a LINAC operated in FF mode is 
higher about 20% to that of a LINAC operated in both FF 
and FFF. As a result, the wall thickness can be saved by 
about 20% for a LINAC operated in both FF and FFF modes 
in comparison to the LINAC operated in FF modes only. 
Hence, the lower consumption of shielding material and 
space for new treatment vaults housing the LINACs with 
FFF and FF modes may reduce the building cost, whereas 
for existing facilities, one might take the benefits in terms of 
increased weekly workload. We are of the view to use similar 
workload while estimating the weekly radiation level around 
the LINAC bunker. Further, this approach of calculations of 
shielding thickness for 6 MV bunker can also be extended for 
higher energies such as 10, 15, and 18 MV as well.
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Abstract

Original Article

Introduction

Ionizing radiation (IR) generates reactive oxygen species (ROS) 
and disrupts the structure of chemical bonds. Absorbed energy 
of IR causes ionization of different atoms and molecules, 
comprising H2O and essential macromolecules such as DNA 
and membrane lipids.[1,2] The harmful role of IR is mainly 
due to ROS, including superoxide radical  (O2º

−), hydroxyl 
radical  (OHº), and hydrogen peroxide generated by the 
decomposition of water.[3] ROS play significant role in many 
physiological and pathological reactions that may cause injury or 
disease. IR can increase production of ROS through interaction 
with water molecules, activation of redox system, and inhibition 
of antioxidant enzymes.[4] The lung is a radiosensitive organ and 
one of the organs commonly affected by ROS.

Radiotherapy (RT) is commonly applied as a part of cancer 
treatment, and it is assessed that more than half of all cancer 

patients will receive RT.[5] The lung is irradiated in patients 
with thoracic‑region tumors that include breasts, lung, 
esophagus, lymphomas, and other mediastinal neoplasms.[6] 
Lung injuries are classified into two phases. The first (early) 
phase is named radiation pneumonitis  (acute syndrome). 
According to histopathological evaluation, acute syndrome 
evidenced by loss of Type I pneumocytes, alveolar capillary 
congestion, increased capillary permeability, inflammatory 
cell accumulation, and interstitial edema in the alveolar 
space. These injuries reveal at approximately 1–6  months 
after RT in 10%–15% of patients who received chest region 

Reactive oxygen species (ROS) are generated by ionizing radiation, and one of the organs commonly affected by ROS is the lung. Radiation‑induced 
lung injury including pneumonia and lung fibrosis is a dose‑limiting factor in radiotherapy (RT) of patients with thorax irradiation. Administration 
of antioxidants has been proved to protect against ROS. The present study was aimed to assess the protective effect of hesperidin (HES) against 
radiation‑induced lung injury of male rats. Fifty rats were divided into three groups. G1: Received no HES and radiation (sham). G2: Underwent 
γ‑irradiation to the thorax. G3: Received HES and underwent γ‑irradiation. The rats were exposed to a single dose of 18 Gy using cobalt‑60 unit 
and were administered HES (100 mg/kg) for 7 days before irradiation. Histopathological analysis was performed 24 h and 8 weeks after RT. 
Histopathological results in 24 h showed radiation‑induced inflammation and presence of more inflammatory cells as compared to G1 (P < 0.05). 
Administration of HES significantly decreased such an effect when compared to G2 (P < 0.05). Histopathological evaluation in 8 weeks showed 
a significant increase in mast cells, inflammation, inflammatory cells, alveolar thickness, vascular thickness, pulmonary edema, and fibrosis in G2 
when compared to G1 (P < 0.05). HES significantly decreased inflammatory response, fibrosis, and mast cells when compared to G2 (P < 0.05). 
Administration of HES resulted in decreased radiation pneumonitis and radiation fibrosis in the lung tissue. Thus, the present study showed 
HES to be an efficient radioprotector against radiation‑induced damage in the lung of tissue rats.
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irradiation.[7‑10] According to histopathological changes in this 
phase, the first symptom of a lung injury is extensive alveolar 
damage.[11] The second or latent phase (chronic syndrome) is 
pulmonary fibrosis that occurs months to years after RT. The 
pathologic findings in pulmonary fibrosis characterized by 
excessive accumulation of extracellular matrix  (ECM) and 
reshaping of the lung structure.[12] Pulmonary fibrosis is the 
repair process of pneumonitis radiation that usually develops 
with the loss of capillaries, thickened alveolar septa, and 
obliteration of the alveolar space.[10] Mast cells are immune 
effectors involved in allergic and hypersensitivity reactions 
that are actively implicated in a number of physiological and 
pathological situations, varying from normal wound healing 
and host defense to tissue inflammation and tumor growth.[13‑15] 
Pathologically, mast cells contribute to alveolitis development 
through the secretion of chemokines and cytokines that serve 
to recruit inflammatory cells.[16,17]

In spite of improving the clinical RT treatment planning and 
delivery technologies, there is a considerable toxicity of RT 
for normal tissues.[18] To attain optimum treatment, the normal 
tissues should be protected against radiation damage. Thus, 
radioprotective compounds are essential in clinical RT.[19] 
Among varieties of radioprotectors, most failed because of 
their toxicity and side effects. The search for radioprotectors 
with less toxicity has motivated interest in the development of 
natural products that prevent damaging effects of IR and have 
some proven therapeutic advantages.[20]

Hesperidin  (HES)  (hesperetin‑7‑rhamnoglucoside), a 
flavanone glycoside, is a member of the flavonoids. Flavonoids 
are a family of natural polyphenolic structures that are found 
in fruits and vegetables. HES is the major flavonoids that 
discovered in sweet orange and lemon. In immature oranges, 
it has up to 14% of the weight of the fruit.[21,22] HES has been 
reported to exert a wide range of pharmacological effects, 
which include anticarcinogenic, antiallergic, vasoprotective, 
hypolipidemic, antioxidant, and anti‑inflammatory actions.[23,24] 
These biological effects of HES are mainly associated with 
their antioxidant properties. Histopathologically, several 
investigations have demonstrated that HES has radioprotective 
effect against normal tissues exposed to RT.[25‑28] This study 
was performed to evaluate the protective effect of HES against 
γ‑irradiation‑induced acute and chronic lung injury in male 
Sprague–Dawley rats.

Materials and Methods

Animals
In this study, chemical materials including HES 
(CAS registry number: 520‑26‑3) and phosphate‑buffered 
saline tablet (PBS) were purchased from Sigma Chemical Co. 
(St. Louis, MO, USA). Healthy adult male Sprague–Dawley 
rats were purchased from the Center for Comparative and 
Experimental Medicine, Shiraz University of Medical 
Sciences  (SUMS), Shiraz, Iran. The rats weighed around 
220  ±  5  g and were housed in accordance with particular 

practices described in “The Guide for The Care and Use of 
Laboratory Animals” arranged by SUMS in the university 
animal house. The practices involved some specific measures 
which include as follows: characteristics of animal natural life in 
captivity situation, using spacious cages, preparing appropriate 
ventilation and light, handling with care, giving standard pellet 
diet and water ad libitum, etc. All the animals were housed 
in certain circumstances including temperature  (23 ± 2°C), 
humidity (55% ±5%), and light (12 h of light and dark cycle). 
Besides, four animals were separately housed together in 
polypropylene cages containing sterile husk bedding during 
the experiments, and this study was conducted based on the 
instructions issued by the SUMS’ Ethical Committee.

Animal exposure
Rats were anesthetized before exposing to radiation using 
ketamine at a dose of 80 mg/kg and xylazine at a dose of 5 mg/
kg with an intraperitoneal injection. Accordingly, the rats were 
immobilized in the supine position by taping the extremities on 
a well‑ventilated plexiglass container. A cobalt‑60 γ‑radiation 
source (Theratron Phoenix, Canada) was used to irradiate the 
animals in the Department of RT, Nemazee Teaching Hospital, 
Shiraz, Iran. In three groups, simultaneously, the anesthetized 
rats were irradiated locally on the thorax. The source‑to‑skin 
distance was 55 cm with a dose rate of 300 mGy/min at room 
temperature. The rats were irradiated with a single dose of 
18 Gy γ‑rays. In fact, this dose was selected according to the 
results published by Tahamtan et al., in which they declared 
that a single dose of 18 Gy develops considerable radiation 
lung injury.[29]

HES was dissolved in PBS (pH 7.6) and then administered 
orally using a ball‑tipped needle for seven consecutive days 
before exposure to γ‑irradiation. In addition, the drug was 
freshly prepared every day. Dose of 100 mg/kg was selected 
for this study based on the previous reports by Rezaeyan et al., 
Hosseinimehr and Nemati, and Pradeep et al. They have shown 
that 100 mg/kg has protective effect against radiation‑induced 
damage in lung, heart, liver, kidney and bone marrow.[30,31] To 
prepare this dose, 22 mg of HES was dissolved in 2 ml of PBS.

Experimental design
In this course of action, 50  male rats were randomly 
separated into three groups. Group 1  (sham): Fourteen rats 
were earmarked as controls which only received PBS for 
7 days. Group 2 (RT): Eighteen rats received PBS for 7 days 
and exposed to γ‑irradiation 1 h after the last dose of PBS. 
Group 3 (HES + RT): Eighteen rats were treated with HES for 
7 days and exposed to γ‑irradiation 1 h after the last dose of 
HES. After the last administration of PBS at the 7th day, like 
rats in RT and HES + RT groups, the rats of sham group were 
anesthetized. In each group, eight rats were sacrificed 24 h 
after RT for acute histopathological evaluation. Moreover, 
26 animals remained (sham = 6, RT = 10, and HES + RT = 10) 
were sacrificed 8 weeks after RT for chronic histopathological 
evaluation.
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Histopathological evaluation
Rats were anesthetized with ketamine and xylazine. After 
extracting the lungs from the chest, tissue was fixed, infused 
with 10% neutral‑buffered formalin introduced through the 
airways, and then laid into paraffin. Whole‑mount sections 
of the lungs were cut  (5 µm), processed, and stained with 
H and E, Masson’s trichrome (MTC), and acid‑fast (AF). All 
the histological works were performed at the Unit of Pathology, 
Faghihee Teaching Hospital, Shiraz, Iran. The blinded 
histopathological evaluation was carried out using the light 
microscope  (Olympus BX41TF, Japan). Semi‑quantitative 
scoring of each variable was performed by a histopathologist 
using the following scales:  (1) No change,  (2) mild,  (3) 
moderate, and  (4) severe injury. In the acute phase, the 
descriptive items for radiation‑induced lung injuries were as 
follows: Presence of neutrophils, macrophages, lymphocytes 
and incidence of inflammation, erythrocytes (red blood 
cell  [RBC]), hyaline arteriosclerosis, vascular thickness, 
alveolar thickness, and collapse. On the other hand, those 
of chronic phase included the presence of macrophages, 
neutrophils, and lymphocytes; incidence of inflammation, 
alveolar thickness, vascular thickness, pulmonary edema, 
thrombosis and pulmonary fibrosis; and presence of mast 
cells. Sections were stained using H and E for general tissue 
characterization.[32] Moreover, collagen accumulation was 
assessed by preparing tissue sections with MTC stain.[33,34] 
The AF stain was used to evaluate mast cells.[35,36] The lung 
index was calculated as lung index =  (lung weight/body 
weight) ×100.

Statistical analysis
In this study, data were analyzed using a commercially 
available statistical software package  (SPSS® for 
Windows v. 19, Chicago, IL, USA). Histopathological 
evaluations were analyzed by the Pearson Chi‑square test and 
a pair‑wise comparison with Mann–Whitney. Furthermore, 
to evaluate the body weight, lung weight, and lung index, a 
one‑way ANOVA test with post hoc Tukey honestly significant 
difference was performed. The survival rate was evaluated 
with Kaplan–Meier method. The results are presented as 
mean  ±  standard deviation. We considered P  <  0.05 as 
statistically significant difference.

Results

Physical examination and survival rate
Figure 1 and Table 1 illustrate the results of the survival rate, 
body weights, lung weights, and lung indexes of control 
versus experimental rats evaluated 8 weeks after local‑thorax 
irradiation. Before irradiation, rats were preadministered 
with 100 mg/kg/d of HES for seven consecutive days, and 
then, monitoring was done to observe their reaction daily 
and bimonthly. The results showed that the rats received 
18  Gy radiation exhibited symptoms of discomfort which 
was characterized by reduction not only in physical 
activity but also in uptake of food and water. Besides, the 

radiation‑exposed groups showed symptoms of radiation 
sickness such as irritability, ruffling of hair, weight loss, 
emaciation, and epilation. On the contrary, those rats which 
were preadministered with HES had reduced symptoms of 
radiation sickness and significantly enhanced physical activity, 
body weight, and survival rate.

Histopathological examination
Acute phase
At 24 h postirradiation, the sham, RT, and HES + RT groups 
were evaluated through histopathological observation of 
the lung sections  [Figure  2]. Meanwhile, the descriptive 
factors examined include the presence of neutrophils, 
macrophages, and lymphocytes and incidence of inflammation, 
erythrocytes  (RBC), hyaline arteriosclerosis, vascular 
thickness, alveolar thickness, and collapse. According to the 
results, between‑group analysis demonstrated only a significant 
difference in the inflammation, lymphocyte, macrophage, 
and neutrophil (P = 0.001, P = 0.009, P = 0.001, P = 0.001, 
respectively). Between‑group analysis was performed by a 
pair‑wise comparison with Mann–Whitney test and P < 0.05, 
which indicates a significant difference [Table 2]. The results 
indicated significant increases in inflammation, lymphocyte, 

Table 1: Effect of hesperidin treatment on body 
weight, lung weight, and lung index of rats exposed to 
γ‑irradiation

Body weight (g) Lung weight (g) Lung index
Sham 312.16±16.3 2.33±0.26 0.74±0.06
RT 227.16±28.2a 3.97±0.57a 1.78±0.42a

HES + RT 302.00±11.2b 3.00±0.19b 0.99±0.07b

Values are expressed as mean±SD. P<0.05, statistically significant 
when compared between groups versus aSham group, or bRT group. 
RT: Radiotherapy, HES + RT: Hesperidin + radiotherapy, SD: Standard 
deviation

Figure 1: Dose‑dependent effect of hesperidin on the survival rate of 
rats observed for an experimental duration of 60 days. Sham group: 
Six rats out of six were survived. Radiotherapy group: Four rats out of 
ten survived. Hesperidin + radiotherapy group: Seven rats out of ten 
survived.
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Table 2: Effect of hesperidin treatment at 24 h 
postirradiation on histopathological factors in the lung 
tissue of rats

Sham RT HES + RT
Inflammation 1.13±0.354 3.13±0.835a 1.63±0.518b

Lymphocyte 1.13±0.354 3.13±0.835a 1.88±0.835b

Macrophage 1.38±0.744 3.63±0.518a 1.75±0.707b

Neutrophil 1.25±0.463 3.25±0.707a 1.63±0.518b

Values are expressed as mean±SD P<0.05, statistically significant 
when compared between groups versus aSham group, or bRT group. 
RT: Radiotherapy, HES + RT: Hesperidin + radiotherapy, SD: Standard 
deviation

macrophage, and neutrophil frequency in RT group when 
compared with sham group (P = 0.001). In the HES + RT group, 
treatment with HES contributed a decrease in these factors to 
near normal values when compared to RT group (P = 0.003, 
P = 0.017, P = 0.001, P = 0.001, respectively).

Chronic phase
With respect to the lung sections in the sham, RT, and 
HES + RT groups at 8 weeks after radiation, histopathological 
evaluations were conducted to characterize the chronic changes 
in lung tissues after RT [Figures 3‑5]. The descriptive factors 
examined were the presence of macrophages, lymphocytes, and 
neutrophils (inflammatory cells), incidence of inflammation, 
alveolar thickness, vascular thickness, pulmonary edema, 
thrombosis, pulmonary fibrosis, and infiltration of mast cells.

The statistical results of the left lung were found to be 
as follows: A significant difference between groups was 
observed in the presence of inflammatory cells, incidence 
of inflammation, alveolar thickness, vascular thickness, and 
pulmonary fibrosis, and presence of mast cells, but with 

the exception of pulmonary edema and thrombosis. The 
pair‑wise comparison was performed in the experimental 
groups  [Table  3]. Compared to the sham group, the 
radiation‑induced lung injury factors were significant in the 
RT group (P < 0.05). A majority of factors such as frequency 
of inflammatory cells and mast cells and the incidence of 
inflammation, pulmonary fibrosis, alveolar thickness, and 
vascular thickness increased in irradiated lungs as compared 
to the sham group. Pulmonary edema and thrombosis 
signs were not found in the left lung of each group. The 
administration of HES before radiation reduced the vascular 
damage (P = 0.013) and the incidence of fibrosis (P = 0.012), 
inflammation (P = 0.006), frequency of mast cell (P = 0.033), 
macrophage  (P  =  0.001), lymphocyte  (P  =  0.026), and 
neutrophil (P = 0.013) in the HES + RT group when compared 
to RT group, but no significant difference was observed for 
vascular thickness  (P > 0.05). Besides, except lymphocyte, 
pulmonary edema, and thrombosis, a significant difference 
was spotted for these factors to compare between the groups 
of HES + RT and sham.

In the right lung, according to the results, a significant 
difference between groups was found in all of the mentioned 
histopathological factors (P < 0.05). To pair‑wise comparison 
in the groups of radiation and control, all of these factors 
showed a significant difference  (P  <  0.05)  [Table  3]. 
To pair‑wise comparison in the groups of HES  +  R and 
radiation, the HES administration reduced signs of pulmonary 
fibrosis  (P  =  0.005), alveolar thickness  (P  =  0.016), 
pulmonary edema (P = 0.004), thrombosis (P = 0.001), mast 
cells (P = 0.003), inflammation (P < 0.001), and inflammatory 
cells  (P  <  0.05). As similar to the left lung, HES cannot 

Figure 3: Histopathological investigation of the radioprotective effects 
of hesperidin and radiation damage in the chronic phase  (8  weeks). 
(A and a) Sham: Alveolar space, bronchioles, and vascular bed 
are seen normal.  (B and b) Radiotherapy: Acute inflammation in 
the alveolar space, thickening of alveolar and pulmonary edema is 
seen with polymorphonuclear leukocyte  (neutrophils accumulation). 
(C and c) Hesperidin  +  radiotherapy: Mild inflammation was 
observed. The yellow frame shows a magnification of ×400. (H and E, 
ABC: Magnification ×100, abc: Magnification ×400).
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Figure 2: Histopathological investigation of the radioprotective effects of 
hesperidin and radiation damage in the acute phase (24 h). (a) Sham: 
Alveolar space, bronchioles, and vascular bed are seen normal. 
(b) Radiotherapy: Severe interstitial inflammation and pulmonary edema is 
seen. (c) Radiotherapy: Severe inflammation of bronchial wall is seen with 
destruction of bronchus. (d) Hesperidin + radiotherapy: Mild inflammation 
was observed. The arrows indicate an accumulation of lymphocyte, 
macrophages, and neutrophils in lung tissue (H and E, ×100).
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reduce vascular thickness (P = 0.698). In addition, comparing 
the groups of HES + R and control, a significant difference 
was observed for these factors except for lymphocyte, 
inflammation, pulmonary edema, and thrombosis (P > 0.05). 
Overall, in the radiation group, the microscopic results and 
statistical analysis show histopathological damage in the left 
lung lesser than the right lung. Further, in the HES + R group, 
HES treatment reduced lung injury in the left lung more than 
the right lung, except lymphocyte and inflammation.

Discussion

Radiation‑induced tissue damage is mediated generally by 
either direct attack on the genetic material or by generating 
ROS by the radiolysis of water (activation of redox systems 
and inhibition of antioxidant system) that assault the cellular 
macromolecules. Lung tissue damage includes damage to 
endothelial cells by increasing the permeability, edema, and 
fibrin accumulation of ECM. These changes are associated 
with an inflammatory response, including accumulation and 
activation of macrophage, inflammatory cells, chemokines, 
cytokines, and endothelial–leukocyte adhesion molecules 
that are attached to the damaged area or involved in 
inflammation.[8] Since ROS play the main role in radiation 
toxicity, administration of antioxidants may be important for 
patients who have experienced RT to deter normal tissues 
from damages.

Animals receiving higher doses of radiation are usually 
reported to exhibit signs of radiation sickness.[37] In this 
study, rats that received 18 Gy of γ‑irradiation showed signs 
of discomfort, characterized by a decreased physical activity, 
and decreased uptake of food and water. In contrast, the rats 

that were treated with HES showed reduced signs of radiation 
sickness and appeared normal. Treatment with HES showed 
for 7 days significantly improved their body weight and lung 
weight. This result is very important because it is an important 
side effect  in lung radiation adversely impacts nutritional 
intake which accounts for fatigue and weakness of patients. 
Therefore, it is established beyond doubt that malnutrition 
reduces treatment probability, survival, and quality of life.[38‑40]

Radiation‑induced inflammatory response is related to 
various cellular and molecular pathways. Molecular pathways 
including exudation of several cytokines such as tumor 
necrosis factor‑α, interferon‑γ, transforming growth factor‑β, 
interleukin‑1 (IL‑1), IL‑6, and IL‑8. These cytokines increase 
expression of MAPKs, NF‑κB, NADPH oxidase, inducible 
nitric oxide synthase (iNOS), and cyclooxygenase‑2. NADPH 
oxidase is generated by neutrophils and iNOS is induced by 
macrophages.[41] Inflammatory response in the lung tissue is 
described by vascular thickness change, leukocytes infiltration, 
and increased number of macrophages, neutrophils, and 
lymphocytes. On the other hand, pieces of evidence indicated 
that mast cells have been involved in inflammation and have 
been associated with early and delayed radiation damages, 
including tissue remodeling and fibrosis.[42,43] Preclinical 
reports on the role of mast cells in radiation injury show that 
these cells were associated with radiation fibrosis and collagen 
deposition in the lung tissue of rat.[44,45]

In this investigation, radiation increased the counts of 
macrophages, neutrophils, and lymphocytes and that resulted in 
the occurrence of inflammation at 24 h postirradiation [Table 2]. 
Supplementation with HES before irradiation reduces 
inflammatory cells including macrophages, neutrophils, and 

Figure 5: Histopathological investigation of the radioprotective effects 
of hesperidin and radiation damage in the chronic phase  (8  weeks). 
(A and a) Sham: Alveolar space, bronchioles and vascular bed are seen 
normal.  (B and b) Radiotherapy: Acute mast cells infiltration is seen. 
(C and c) Hesperidin + radiotherapy: Infiltration of mast cells is seen as 
mild. Mast cells are seen dark blue points. The yellow frame shows a 
magnification of ×400. (Acid‑fast staining, ABC: Magnification ×100, 
abc: Magnification ×400).
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Figure 4: Histopathological investigation of the radioprotective effects 
of hesperidin and radiation damage in the chronic phase  (8  weeks). 
(A and a) Sham: Alveolar space, bronchioles and vascular bed are 
seen normal.  (B and b) Radiotherapy: Acute collagen deposition 
is seen.  (C and c) Hesperidin + radiotherapy: Deposition of collagen 
is seen as mild. Collagen deposition is seen light blue. The yellow 
frame shows a magnification of ×400. (Massonæs trichrome staining, 
ABC: Magnification ×100, abc: Magnification ×400).

cc

bb

aa



1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

Haddadi, et al.: Protective effects of hesperidin on radiation‑induced lung injury

Journal of Medical Physics  ¦  Volume 42  ¦  Issue 1  ¦  January‑March 201730

lymphocytes resulting in reduced inflammation  [Figure  2]. 
This reveals HES can decrease acute inflammatory pathways 
induced by exposure to γ‑radiation. In the RT group, 
histopathological evaluation of the lung sections at 8 weeks 
after irradiation showed an increase in inflammation, fibrosis, 
alveolar thickness, vascular thickness, pulmonary edema, and 
number of mast cells and inflammatory cells [Table 3]. The 
pulmonary edema and thrombosis signs were not found in 
the left lung of radiation group. In the left lung of radiation 
group, histopathological damage is lesser than the right lung. 
Supplementation with HES before radiation could reduce 
inflammation, fibrosis, and number of mast cells, inflammatory 
cells, alveolar thickness, pulmonary edema, and thrombosis 
significantly [Figures 3‑5]. Furthermore, reduction of vascular 
thickness was not significant. Overall, in the HES + R group, 
HES treatment reduced lung injury in the left lung more than 
the right lung, except lymphocyte and inflammation.

According to previous studies, oral administration of HES 
can reduce γ‑radiation‑induced damage in the lung tissue of 
rats. HES acts by scavenging free radicals and by maintaining 
intracellular superoxide dismutase  (SOD) and glutathione 
levels, thereby preventing lipid peroxidation and tissue 
damage.[28] In another similar study, the irradiation of the 
whole thorax of the rats with 18 Gy, a single dose of X‑ray 
resulted in oxidative stress and histopathological changes in 
the heart tissue. The early oxidative stress is associated with 
the increased malondialdehyde level and decreased SOD 
enzyme activity. Long‑term changes such as inflammation, 
fibrosis, increased mast cells and macrophages, plaque, 
vascular leakage and myocardial degeneration were observed 
in both right and left ventricles. Preadministration of HES is 
used to ameliorate oxidative stress, histopathological changes, 
and subsequent cell death after radiation treatment, which 
can cause the increased risk of heart diseases during years 
after RT.[27] Some studies showed HES supplement reduces 
oxidative and pathologic damages induced by IR in the liver, 
heart, and kidney.[25,26,31]

These investigations show that HES ameliorates inflammation 
signs including reduction of macrophages accumulation 
specially. Macrophages have a major role in acute and chronic 
inflammation and oxidative stress in lung tissues. Hence, 
administration of supplements that alleviate of macrophage 
activity can be advantageous. HES also has been reported to 
exert a protective effect on lung tissues that include modulated 
expression of pro‑inflammatory cytokines and chemokines, 
reduction of polymorphonuclear neutrophils secretion in the 
airway, and improved pulmonary edema and lung morphology. 
HES effectively reduces pulmonary vascular permeability and 
leads to ameliorate pulmonary edema.[46] Hence, HES may 
protect the integrity of the alveolar membrane, resulting in the 
prevention of the infiltration of mast cells, and significantly 
improves lung morphology. Thus, HES has anti‑inflammatory 
and specific protective effects against inflammatory disorders 
which are done through a mechanism involving the antioxidant 
activity of free radicals.

Conclusions

It is known that HES has pharmacological effects including 
antioxidant, anti‑inflammatory, and anticarcinogenic actions. 
The present study indicates that HES significantly diminishes 
γ‑radiation‑induced damage in the lung tissues of rats. It 
seems that HES may be used as a natural radioprotector 
with anti‑inflammatory and antioxidant functions to prevent 
oxidative stress caused by IR in a short‑term after irradiation 
and acute and chronic inflammation of lung tissue. Based 
on the results of this study, it is concluded that HES can be 
a candidate for treating and preventing radiation‑induced 
damage to the tissues, particularly for patients undergoing RT. 
However, additional investigations are needed to understand 
the molecular and cellular mechanisms associated with the 
radioprotective properties of HES in the lungs.

Table 3: Effect of hesperidin treatment at 8 weeks 
postirradiation on histopathological factors in the lung 
tissue of rats

Control RT HES + RT
Macrophage

Left lung 1.33±0.211 3.20±0.200a 2.00±0.149b

Right lung 1.50±0.224 3.80±0.133a 2.20±0.200b

Lymphocyte
Left lung 1.50±0.224 3.10±0.180a 2.30±0.260b

Right lung 1.33±0.211 3.70±0.153a 2.20±0.291b

Neutrophil
Left lung 1.50±0.224 3.10±0.180a 2.30±0.213b

Right lung 1.50±0.224 3.70±0.153a 2.50±0.269b

Inflammation
Left lung 1.33±0.211 3.30±0.213a 2.20±0.249b

Right lung 1.33±0.211 3.90±0.100a 2.00±0.333b

Fibrosis
Left lung 1.17±0.167 3.10±0.233a 2.10±0.233b

Right lung 1.33±0.211 3.60±0.163a 2.40±0.306b

Mast cell
Left lung 1.00±0.00 2.90±0.233a 2.10±0.277b

Right lung 1.33±0.211 3.60±0.221a 2.20±0.291b

Alveolar thickness
Left lung 1.00±0.00 2.90±0.180a 1.90±0.277b

Right lung 1.33±0.211 3.60±0.163a 2.60±0.306b

Vascular thickness
Left lung 1.00±0.00 2.20±0.249a 2.20±0.249
Right lung 1.00±0.00 2.70±0.153a 2.50±0.307

Pulmonary edema
Left lung 1.00±0.00 1.00±0.00 1.00±0.00
Right lung 1.00±0.00 2.00±0.00a 1.40±0.163b

Thrombosis
Left lung 1.00±0.00 1.00±0.00 1.00±0.00
Right lung 1.17±0.167 2.00±0.00a 1.30±0.153b

Values are expressed as mean±SD. P<0.05, statistically significant 
when compared between groups versus aSham group, or bRT group. 
RT: Radiotherapy, HES + RT: Hesperidin + radiotherapy, SD: Standard 
deviation
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Abstract

Technical Note

Introduction

There are many articles and reports referring to the commissioning 
and the verification process of intensity‑modulated radiation 
therapy (IMRT) system consisting of a linear accelerator (linac) 
equipped with a multileaf collimator (MLC) and a treatment 
planning system (TPS) with an inverse planning option. The 
American Association of Physicists in Medicine  (AAPM) 
2003 Guidance Document[1] refers to the planning and delivery 
techniques that are used to enhance the prospects for more 
accurate and trustworthy results in IMRT commissioning. The 
document states that the verification measurements are initially 
implemented on a phantom plan, where the beam segments 
and the position of the MLCs have to be checked. In clinical 
routine and for patient‑specific quality assurance (QA), a patient 
plan is transferred on a phantom computed tomography study, 

recalculating the specific dose distribution on the phantom 
geometry to be delivered in the phantom. The resulting dose 
distribution is measured using either ionization chambers, films, 
or other detectors. The resulting measurement is then compared 
to the predicted dose to the phantom[1] and the objective is to 
coincide the planned dose distributions with the measured one.

In 2009, AAPM Task Group (TG) 119[2,3] focused on the problem 
of quantifying the overall performance of an IMRT system. The 

The current work describes the implementation of the American Association of Physicists in Medicine (AAPM)’s Task Group 119 report on a 
volumetric phantom (Delta4, Scandidos, Uppsala, Sweden) following the stated dose goals, to evaluate the step‑and‑shoot intensity modulated 
radiation therapy (IMRT) system. Delta4 consists of diode detectors, lying on two crossed planes, measuring the delivered dose, and providing 
two‑dimensional dosimetric information. Seven plans of different goals and complexity were performed, with individual structure sets. TG199 
structure sets and plans were transferred and implemented on the Delta4 phantom taking into account its cylindrical geometry. All plans were 
delivered with a 6 MV linear accelerator equipped with multileaf collimator of 1 cm thickness. Plan results for each test met the recommended 
dose goals. The evaluation was performed in terms of dose deviation, distance to agreement, and gamma index passing rate. In all test cases, 
the gamma index passing rate was measured >90%. Delta4 phantom has proven to be fast, applicable, and reliable for the step‑and‑shoot IMRT 
commissioning following TG119’s recommended tests. Although AAPM’s TG119 report is referring to the implementation of test plans that 
do not correspond to patient plans, it could be used as an evaluation tool of various IMRT systems, considering the local treatment planning 
system and the delivery system.

Keywords: Commissioning, intensity modulated radiation therapy, quality assurance, volumetric phantom
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report recommends a set of test cases, to assess the accuracy of 
planning and delivery process of IMRT treatments. It basically 
refers that those tests should be performed at a primary level 
in every institution to be able to proceed on IMRT treatments. 
TG119 recommends verification measurements with ionization 
chamber for one‑dimensional (1D) point measurements and 
film for two‑dimensional (2D) measurements, all performed 
on a solid water phantom. It is essential to study many 
different cases and run multiple measurements during the 
commissioning process to be as accurate as possible and make 
comparisons between IMRT delivery systems. Performing 
treatment plans of different type and complexity may arise 
unidentified inaccuracies of the local treatment and delivery 
system procedure and hence lead institutions to improve the 
IMRT process.

Although AAPM TG119 suggests 1D and 2D measurements, 
it has not been applied so far in literature with a volumetric 
phantom. The aim of this study is the implementation of 
AAPM’s TG119 Report on a volumetric dosimetric phantom 
to evaluate step‑and‑shoot IMRT procedure at our department.

Materials and Methods

All measurements were carried out at Aretaieion University 
Hospital in a 6 MV photon beam linac Siemens Oncor 
Impression. It is equipped with an MLC of 82 leaves in the 
X‑axis and a nominal width of 1  cm at the isocenter. The 
Y‑axis jaws could move independently creating the desirable 
field length. The treatment planning was done on the local 
TPS Oncentra V4.3 (Nucletron, Elekta). The dose distribution 
for all the test cases was calculated using a collapsed cone 
convolution algorithm both for optimization process and for 
final dose calculation. The calculation grid used during the 
planning process was 0.15 cm.

Gamma index: A quantitative tool for dose distribution 
comparison
The idea of dose deviation  (DD) was introduced by Van 
Dyk et al.[4] It referred to the comparison between two dose 
distributions at low dose gradient areas. Mistreatments that 
may occur during setup and alignment of a detector system 
showed a great influence on the results of the comparison. 
To confront those drawbacks, Van Dyk introduced another 
quantitative tool, described by the distance to agreement (DTA) 
for low dose at low gradient areas. It was applied then by 
Harms et al.,[5] as a software tool, introducing the idea of the 
closest distance between two dose distributions, which lie at 
the same dose level. To achieve more precise and accurate 
results, Low[6] combined the two parameters, DD and DTA, 
into one factor, the gamma index. This factor is satisfied when 
both variables DD and DTA pass specific criteria. Many groups 
have attempted to develop methods for the improvement of 
the calculation of gamma index, with Stock et al.[7] in 2005, 
to introduce 2D gamma analysis and gamma histograms for 
complex dose distributions.

Hence, within the gamma index, DTA, and DD were 
summarized to one evaluation tool for the verification of a 
treatment plan. Gamma criteria of 3 mm DTA and 3% DD were 
used for the evaluation of IMRT treatment plans. The criteria’s 
threshold, as Low stated, could be modified depending on the 
clinical needs that are examined.[6] Moreover, it is possible to 
set an acceptable benchmark passing rate, below which, the 
gamma index is unacceptable and above that, passes the criteria. 
In this work, a passing rate of 90% and above for the gamma 
index (3% DD/3 mm DTA) was considered as acceptable.[8]

Delta4 phantom
All test cases, investigated in this work, were planned and 
delivered on Delta4 Phantom (Scandidos, Uppsala, Sweden). 
Delta4 is a cylindrical, polymethylmethacrylate phantom, 
consisting of two orthogonal detector planes in a crossed array. 
It consists of 1069 p‑type silicon diodes that can measure point 
doses and can be used for QA of patient‑specific treatment 
delivery. The detector planes spatial resolution is 5 mm at the 
central area of 6 cm × 6 cm and 10 mm at the outer area in 
each plane. The cylindrical phantom has diameter and length 
of 22 cm and 40 cm, respectively.[9]

For the verification of a patient treatment plan, it was applied 
on a Delta4 phantom and the dose distribution inside the 
phantom was recalculated in the TPS. The comparison between 
the calculated and the measured radiotherapy (RT) dose was 
translated to DTA, DD, and gamma index. The evaluated 
gamma passing rate is only given for the measured points in 
the two detector planes, therefore the analysis is limited to 
the measurement points.[9] Diodes that received a dose less 
than a certain percentage of the maximum absorbed dose was 
ignored in the analysis. These ignored readings typically were 
located in the low gradient regions where the diode response 
is less reliable.[10] In this work, dose values below 10% of the 
dose maximum were excluded from the final result. It has to be 
emphasized that there is not a direct calculation of the delivered 
dose for every point within the phantom. However, according 
to the manufacturer, a 3D calculation of the delivered dose 
is available, even if the planned control points are missing. 
This interpolation method theoretically uses depth dose 
distributions for different field sizes, calculated with the TPS 
for the Delta4 phantom and processed by its software. The 3D 
dose determination for a single beam in the cylindrical Delta4 
phantom requires the planned dose to be known in the complete 
cylindrical volume, while the measured dose to be known in 
the two orthogonal detector planes.

The planned dose for each beam is renormalized using the ratio 
between the planned and the measured dose at the intersection 
point of the beam with the detector plane. Finally, the dose is 
calculated for all the radiation fields.[11] The above process has 
been carried out during the calibration of the phantom, which 
is recommended by the manufacturer to be performed once 
a year including the wing uniformity response, directional 
dependence, and absolute dose calibration.
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Reference treatment planning data, such as DICOM RT objects, 
beam arrangement, and structures from the original plan were 
transferred to the Delta4 system. The software has a variety 
of tools for displaying the differences between the measured 
and the calculated dose. The gamma analysis was performed 
based on the formulae by Low et al.[12] The histograms of DD, 
DTA, gamma index,[6] and the passing rates were calculated 
by the Delta4’s software (Scandidos, Uppsala, Sweden). For 
the statistical calculation, all detectors from both the detector 
boards were used.

Before the evaluation of an IMRT plan, two more measurements 
were done by delivering 100 cGy with a 10 cm × 10 cm field 
at gantry angles of 0° and 90°, in order to check the phantom 
for positional corrections and linac output constancy.[13] 
These setup corrections were then applied to the rest of the 
measurements performed with the same phantom position.

American Association of Physicists in Medicine Task 
Group‑119 report
TG119 report suggests seven test cases for the evaluation 
of the IMRT procedure. Each case included a target and 
peripheral normal structure shapes in a DICOM format, 
which were imported in the TPS. Thereafter, the DICOM 
RT structures were fused and registered on the dosimetric 
phantom. Each test also included specific dose goals 
[Tables  1‑5] and beam arrangement to be applied. The 
seven tests were of varying type and complexity, and hence 
different optimization criteria had to be used. Each case 
required certain specific measurements to be performed for 
testing  the accuracy of both delivery and planning systems, 
through comparison of the results with the published values 
in the report.

Preliminary/forward planning test cases
Test P1: Anterior‑posterior: Posterior‑anterior and Test P2: Bands
Test P1 is a simple, parallel‑opposed setup of the phantom using 
anterior‑posterior: Posterior‑anterior (AP: PA), 10 cm × 10 cm 
fields to a dose of 200 cGy to the isocenter.

Test P2 (Bands test) is also a simple, parallel‑opposed setup 
using a series of adjacent AP: PA fields, to create a set of five 
bands, 3 cm wide and a total field length of 15 cm. This was 
achieved by opening the jaws at Y‑axis up to 15 cm at field 
length, while the MLC’s, which lie in X‑axis, were moving 
asymmetrically producing gradually a field width of 15 cm of 
3 cm per time). The proposed dose escalation to be achieved 
was 40–200cGy, in five 40cGy steps.

Inverse planning test cases
Test I1: Multitarget
Multitarget consists of three cylindrical targets, which are 
stacked along the axis of rotation of the gantry. Each has a 
diameter of 4 cm and length of 4 cm. The objective of the test 
is to deliver different doses to each target, with the central 
target receiving the largest dose per fraction, and the superior 
and targets receiving 50% and 25% of the prescribed dose 
respectively. Dose goals are specified as D99, referring to 

the dose of 99% of the volume and D10, referring to the 
dose of 10% of the volume respectively, for each and every 
target [Table 1].

Test I2: Mock prostate
At the mock prostate test case, the planning target volume (PTV) 
is expanded 0.6 cm around the clinical target volume of the 

Table 1: Treatment planning statistics for multitarget

Planning parameter Plan 
goal (cGy)

Plan 
results (cGy)

TG119 
institutions

Central target D99 >5000 4845 4955
Central target D10 <5300 5266 5455
Superior target D99 >2500 2571 2516
Superior target D10 <3500 3554 3412
Inferior target D99 >1250 1258 1407
Inferior target D10 <2500 2717 2418

Table 2: Treatment planning statistics for mock prostate

Planning parameter Plan 
goal (cGy)

Plan 
results (cGy)

TG119 
institutions

Prostate D95 >7560 7913 7566
Prostate D5 <8300 8237 8143
Rectum D30 <7000 6529 6536
Rectum D10 <7500 7410 7303
Bladder D30 <7000 4766 4304
Bladder D10 <7500 6888 6269

Table 3: Treatment planning statistics for mock head/neck

Planning parameter Plan 
goal (cGy)

Plan 
results (cGy)

TG119 
institutions

PTV D90 5000 4992 5028
PTV D99 >4650 4586 4704
PTV D20 <5500 5381 5299
Cord maximum <4000 3826 3741
Right parotid D50 <2000 1722 1798
Left parotid D50 <2000 1838

Table 4: Treatment planning statistics for mock C‑shape 
(easier)

Planning parameter Plan 
goal (cGy)

Plan 
results (cGy)

TG119 
institutions

PTV D95 5000 5068 5010
PTV D10 <5500 5463 5440
Core D10 <2500 2461 2200

Table 5: Treatment planning statistics for C‑shape (harder)

Planning parameter Plan 
goal (cGy)

Plan 
results (cGy)

TG119 
institutions

PTV D95 5000 4008 5011
PTV D10 <5500 5647 5702
Core D10 <1000 968 1630



1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

Avgousti, et al.: IMRT commissioning using a 3D phantom and the AAPM’s TG119 report

Journal of Medical Physics  ¦  Volume 42  ¦  Issue 1  ¦  January‑March 201736

prostate with a posterior concavity. The bladder and the rectum 
are also included in the structure set and need to be protected. 
Dose goals for prostate PTV, are specified as D95 and D5, 
referring to the dose of 95% and 5%, respectively. In addition, 
rectum and bladder have to be protected, and dose has to be 
kept under specific limits. D30 and D10, which are referring 
to the dose of 30% and to the dose of 10% of the volume, 
respectively, have to be characterized [Table 2].

Test I3: Mock head/neck
The PTV head/neck test case includes all anterior volume 
from the base of the skull to the upper neck, including the 
posterior neck nodes. The parotid glands and the spinal cord 
are also outlined and have to be protected. For the PTV, dose 
goals are specified as D99, D90, and D20 describing the 
respective dose percentages of the target. For the parotids, 
D50 was used, referring to the dose received by 50% of the 
volume, whereas the maximum dose for the cord has to be 
kept under 4000 cGy [Table 3].

Test I4 and I5: C-shape
The last two IMRT plans refer to a C‑shaped target that 
surrounds a central avoidance structure. The center core 
is a cylinder 1 cm in radius and is located in the inner arc 
of the PTV. Two versions of this test case, with different 
numerical goals but with the same beam arrangements, were 
examined. In the first and easier one, the central core must 
be kept under 50% of the target dose, while in the second 
and harder test case the central core has to be kept below 
20% of the target dose. For both cases, PTV dose goals are 
specified as D95, aka the dose to 95% of the volume and 
D10, aka the dose to 10% of the volume. For the core, D10 
needs to meet individual criteria, which are stricter for the 
harder case [Tables 4 and 5].

Results

The proposed dose goals from TG119 and plan results from 
the local TPS are shown in Tables 1‑5, individually for all the 
tests performed at our department. Mean values achieved by 
the institutions referred to the TG119 report are also shown 
in Tables 1‑5, respectively. Results refer to the doses in cGy 
of the different PTV’s and to the organs at risk that have to be 
protected according to TG119.
Planning parameters, including number of fields, segments 
and  monitor units (MU’s), and the gamma analysis results of 

each test case, including DD, DTA, and gamma index passing 
rates, are also presented in Table 6.

Test P1: Anterior‑posterior:  Posterior‑anterior and P2: 
Bands
The percentage of gamma passing rate of the test P1 is 99.3%, 
and for the test, P2 is 99.7%. For the simple irradiation of 
parallel‑opposed fields, AP: PA and bands test, the results of 
gamma index were high. Those tests could also be performed 
as a primary accuracy check of a delivery system for everyday 
practice.

Tests I1: Multitarget
The gamma passing rate for the multitarget was calculated 
at 98.1%. Test case I1 represents a concomitant target IMRT, 
asking from the planner to achieve gradually different doses 
to the three targets. The DD pass percentage was 81.7% and 
the DTA pass percentage was 95.1%.

Test I2: Mock prostate
The gamma passing rate for test I2 was 99.6%, while the 
pass percentages of DD and DTA were 80.1% and 98.6% 
respectively. Dose distribution at axial projection and on 
the Delta4 planes and the gamma index results are also 
provided [Figure 1].

Test I3: Mock head/neck
The gamma passing rate for the I3 test case was 98.6%, while 
the pass percentages of DD and  DTA were 83.1% and  94.2% 
respectively. The mock structures of the spinal cord and the 
parotid glands showed a decline in dose, while target receives 
at least 95% of the prescribed dose [Figure 2].

Tests I4 and I5: C‑shape
For each case of the C‑shape test, different objectives and 
constraints had to be achieved. For the easier case, the pass 
percentage of gamma index was 95.2%, while that for DD and 
DTA were  48.8%, and 87.8% respectively and are presented 
below  [Figure  3]. For the harder case, the gamma index 
pass percentage was 90.3%. For the DD and DTA, the pass 
percentages were 48.2% and 86.7% respectively.

Discussion

For each TG119 test case, there were specific dose goals that 
had to be fulfilled by the IMRT system, including the TPS, 

Table 6: Results of dose deviation, distance to agreement, and gamma index for all the test cases

Test case Fields 
number

Segments 
number

MU Dose 
deviation (%)

Distance to 
agreement (%)

Gamma 
index (%)

P1 ‑ Anterior‑posterior: posterior‑anterior 2 2 274 85.4 96.5 99.3
P2 ‑ Bands 10 10 227 91.5 98.8 99.7
I1 ‑ Multitarget 7 61 492 81.7 95.1 98.1
I2 ‑ Prostate 7 46 507 80.1 98.6 99.6
I3 ‑ Head/neck 9 80 1213 83.1 94.2 98.6
I4 ‑ C‑shape (easier) 9 70 1204 48.8 87.8 95.2
I5 ‑ C‑shape (harder) 9 60 1368 48.2 86.7 90.3
MU: Monitor unit
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the optimization algorithm, and the linac’s MLC system. In 
Tables 1‑5, the plan results of our IMRT system are presented. 
As it can be seen most of our plan results met the TG119 
recommended dose goals.

The multitarget test case was satisfied for most of the planning 
goals, except the D99 for the central target with a difference of 
3.1% lower dose coverage than the required constraint and the 
D10 for the superior target with a difference of 1.5% higher value 

than the TG119’s constraint. These differences are low and could 
be considered as acceptable, while the rest parameters satisfied 
the TG119 needs. Considering the results of the institutions with 
the dose goals of TG119, there was a difficulty in achieveing the 
goals of D99 and D10 of the central target by 0.9% lower and 
2.9% higher than the asked values, respectively.

Regarding mock prostate test case, all the specified goals were 
met. Like the other institutions, the doses to critical organs 

Figure 1: Dose distribution, dose deviation, distance to agreement, and gamma index of test case I2: Prostate.
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were kept much lower than the proposed doses. Furthermore, 
the dose coverage at the PTV both for the D95 and the D5 did 
satisfy the stated goals.

For the head/neck test case there was a 1.4% deficiency in 
reaching the goal for D99 of the PTV and also a deficiency 
of 0.2% in achieving the goal of PTV D90, while PTV D20 
stayed below 2.2% the required dose. On the other hand, the 
published  results in the report satisfied all the goals both 
for the PTV and for organ‑at‑risks (OARs). However, due 
to the fact that the deviations of the dose that we measured 

Figure 2: Dose distribution, dose deviation, distance to agreement, and gamma index of test case I3: Head/neck.

are lower than 3% of the proposed dose, they could be 
considered as acceptable.

In the easy case of C‑shape, the objectives referring to PTV 
were satisfied with the core to be kept under the proposed dose. 
TG119 results for the easy case of C‑shape were also acceptable 
for the D95 and D10 of the PTV, and also the core kept under 
the asked limits. However, in the harder case of C‑Shape, 
there was a disability to keep PTV D10 lower than the goal, 
and there was a deficiency in meeting the benchmark value 
of D95 for PTV. Nevertheless, the cord dose was kept lower 
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than 1000 cGy. Unlike other institutions, we chose to preserve 
the core and underdose the PTV in order to stay below the 
core constraint. The report’s results, on the contrary, satisfied 
the dose coverage of PTV95 by remaining 0.2% above the 
proposed goal, but at the same time, PTV D10 exceeded the 
proposed value by 3.7% and also D10 for the core exceeded 
by 63% of the required constraint.

Another basic purpose of the implementation of the tests was 
to check if the measured dose from the diodes of the phantom 
agreed with the planned dose from the TPS. The comparison 

included measuring the percentages of DD, DTA, and from 
those two the percentage of gamma index. It is essential, 
these three parameters to be combined for more accurate 
results. Acceptance criteria of 3% DD, 3 mm DTA, and 90% 
threshold of the passing rate for the gamma index were used. 
As presented in Table 4, in all test cases, the gamma index 
passing rate was measured >90%. Furthermore, in each test 
case DTA was measured closer to the gamma index value 
than the DD value, respectively. However, in the C‑shape test 
cases, even though the gamma index has been satisfied, DD or/

Figure 3: Dose distribution, dose deviation, distance to agreement, and gamma index of test case I2: C‑shape (easier).
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and DTA have been measured relatively low. The above  has 
been stated by Low et al.,[14] to prove that it is not obligatory 
for the acceptance of gamma index percentage to conclude to 
also acceptable percentages of DD and DTA. In particular, it is 
mentioned that DTA tool is more intense and variable at steep 
dose gradient regions, where  as  the spatial discrepancy of 
dose distributions is rather low. In clinical practice, a treatment 
plan, in order to be accepted, must be verified by comparing 
the measured dose with the planned dose. Different practice 
has to be followed for different cases, referring to the criteria 
that a plan needs to satisfy depending on tumor/critical organs 
and taking into account the uncertainties of spatial resolution. 
Nevertheless, Low et al.[14] studied and have proved that 
these two vectors tend to conclude to similar results. As an 
illustration, all above measurements have shown this tendency 
of DTA to the gamma index pass percentage. The DD pass 
percentage on the other hand, shows a general decline to most 
of the test cases, despite gamma index’s acceptable percentage. 
The DD pass percentage was the lowest for the harder case 
of C‑shape test at 50%. The complexity of the planning goals 
for the individual plans was varied according to the objectives 
and the constraints given in TG119. The measured DD, DTA, 
and gamma index histograms of the forward plans resulted 
in high pass percentages. The two forward plans can be used 
as an initial cross‑check of the planning and the delivery 
system, before the IMRT procedure. The IMRT plans resulted 
in acceptable pass percentages of the gamma index and did 
meet the criteria asked from the report. In addition, from IMRT 
results it was revealed an increase in the planned MU’s with 
the complexity of the plans and respectively a decrease in the 
gamma passing rate.

Summing up, Delta4 provides a thorough data analysis 
and a relatively faster way to take measurements without 
necessitating further QA systems. Μeasurements take place on 
the two planes of the phantom, where a 3D dose distribution 
of the dose could be computed by the software of the phantom 
through an interpolation method. Α major advantage using a 
volumetric phantom for the implementation of TG119 is that 
one measurement is enough to calculate absolute doses at 
different points corresponding to points in PTVs and OARs. 
The measurement procedure with the volumetric phantom gives 
much more information than point dose measurement with an 
ionization chamber. The Delta4 phantom can be set‑up easily, 
and positional errors could be diminished to the minimum. It 
is important that the initial calibration and the commissioning 
process of Delta4 has to be accomplished with rigorous and 
careful measurements to ensure patient specific QA tests are 
accurate.[8] Last but not least, it should be noted that TG119 
report refers to commissioning process of an IMRT system at 
a primary level. Consequently, it cannot be used directly on 
the clinical practice, because it refers to methods that should 
be followed in order to test the IMRT planning and delivery 
system before perform IMRT plans on actual patients. In 
addition, the report’s test cases refer to specific mock structures 
but in real patient cases there might be multiple OARs, and 

also the size of PTVs/OARs may differ. The requirements to 
fulfill according to TG119 report were of high intricacy both 
for the planning and for the delivery system. Comparing our 
results with those of other institutions, it was concluded that 
even if they are similar in most of the test cases, (except the 
test case of harder C‑shape), they cannot be compared directly. 
This is basically because institutions referred in this report used 
different delivery and planning systems. Results reported in 
TG119 report refer to mean values of doses that were achieved 
by all institutions collectively and not individually.

Conclusion

Delta4 phantom has proven to be fast and reliable for the 
step‑and‑shoot IMRT commissioning following TG119’s 
recommended tests. AAPM TG119 test cases have been applied 
successfully on the Delta4 volumetric phantom, providing 
accurate results at a primary level and before any clinical use. It 
has to be noted that the test cases refer to theoretical objectives 
and constraints but not to practical guidelines on performing 
IMRT plans on actual patients. Nevertheless, the TG119 report 
could be used as an evaluation tool of different IMRT systems 
between institutions, in order to compare results for different 
combinations of planning and delivery techniques.
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Abstract

Introduction

Megavoltage electron beam therapy is an important 
treatment modality in radiotherapy, providing unique 
choice to treat superficial tumors.[1,2] Electron beams have 
been produced initially by betatrons, and by microtrons 
followed by linear accelerators.[3] An appropriate dosimeter 
must be used to determine the dose accurately at a point 
with minimum perturbation of electron fluence.[4] The 
drawbacks of the dosimeters such as destructive technique, 
annealing process[5,6] and ineffectualness in reestimating 
the dose with thermoluminescent dosimeters, reduced 
lifetime with metal oxide semiconductor field effect 
transistors  (MOSFETs) [7,8] necessity for corrective actions 
required with diode,[9,10] cumbersome measurements with 
cables  (MOSFET, diodes),[11] and non-suitability in patient 
dosimetry with plane‑parallel ionization chamber (gold 
standard in electron beam dosimetry)[12] persist the necessity to 
explore new dosimetric method for dosimetric verification.[13] 
The dosimeters that are based on the luminescence properties 

of solids are highly suitable for in  vivo and in‑phantom 
measurements as they are available in small sizes providing 
high spatial resolution and wider dose range coverage with high 
precision.[14‑16] Optically stimulated luminescence dosimeter 
(OSLD) has been introduced into radiation dosimetry, yet it 
is well known as a suitable dosimeter in space dosimetry and 
personal dosimetry over a decade.[17‑22] Despite the ability to 
measure small and large doses with high accuracy and precision, 
the drawback is that it has to be enclosed in a light‑proof case 
owing to the nature of optically stimulated luminescence (OSL) 
phenomenon in the phosphor material (Al2O3:C).[23] However, 
this drawback is easily overcome by encapsulating the 

Response of Al2O3:C‑based nanoDot optically stimulated luminescence (OSL) dosimeter was studied for the dosimetry of 6, 9, 12, 16, and 
20 MeV therapeutic electron beams. With reference to ionization chamber, no change in the response was observed with the change in the 
energy of electron beams for the field size from 6 cm × 6 cm to 25 cm × 25 cm, dose rates from 100 MU/min to 600 MU/min, and the linearity 
in the response up to 300 cGy. The fading of the transient signal was higher for 20 MeV electron beam than that of 6 MeV electron beam by 
about 5% as compared to value at 20 min after irradiation. The depletion of OSL signal per readout in 200 successive readouts was also found 
to change with dose and energy of electron beam from 6 MeV (9% and 12% per readout at 2 and 10 Gy, respectively) to 20 MeV (9% and 16% 
at 2 and 10 Gy, respectively). The OSL sensitivity changed in the range from 2% to 6% with accumulated doses from 2 to 8 Gy and with 
electron energy from 6 to 20 MeV, but the sensitivity could be reset using an optical annealing treatment. Although negligible fading for 
postirradiation storage from 20 min to several months, acceptable precision and linearity in the desired range, and high reproducibility makes 
nanoDot dosimeters very attractive for the dosimetry of therapeutic electron beams, a note should be made for changes in sensitivity at doses 
beyond 2 Gy and electron beams energy dependence in reuse, short‑term fading, and signal depletion on repeated readout.
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sensitive element in a water equivalent light‑tight plastic 
casing. A  form factor difference of 50% with standard dot 
dosimeters enables to place this dosimeter in more restricted 
spaces, for instance, eyelid. The reported results of electron 
beam energy dependency with dot OSLD,[24,25] optical fiber,[19,26] 
and nanoDot[27] was <1%. However, higher response of 1.9% 
was observed in the uncorrected data of electron beams with 
6 MV photon beam.[28] Schembri observed a discrepancy of 
3.7% between electron (6–22 MeV) and 6 MV photon beams 
with OSL film.[29] This significant difference points out the 
need for detailed investigations with careful attention to the 
experimental conditions. In addition, the other dosimetric 
responses with therapeutic electron beams such as field size, 
reproducibility, long‑term fading effect, reader stability, and 
signal depletion per readout of nanoDot OSLD were studied, 
and the results were discussed.

Materials and Methods

The OSLDs used were commercially available nanoDot 
dosimeters  (Landauer, Inc., Glenwood, USA), and they are 
5 mm diameter and 0.2 mm thick discs of Al2O3:C. These discs 
are encased in a 10 mm × 10 mm × 2 mm light‑tight plastic 
case to prevent depletion of optical signals due to light. The bar 
code information in the nanoDot OSLD enables identification 
of each dosimeter and recording of the reading with ease. 
InLight microStar reader  (Landauer Inc., Glenwood, USA) 
was used to read the optical signals of the OSLDs, with the 
reader warm up time of 10 min. The reader system includes 
an external PC, installed with a special software system to 
acquire the data, export to Microsoft Excel spreadsheet for 
analysis, and an optical annealing unit with recommended 
bleaching time of 6 h. During readout, OSLD is stimulated 
with a light of wavelength 540  nm, and the luminescence 
emitted is of wavelength 420  nm. The optically bleached 
OSLDs were read before irradiation, and the postirradiation 
readout was done after the transient signal decay. The resultant 
OSL counts reported were the difference between the pre‑ and 
post‑irradiation optical signals of OSLD. The stability of the 
reader was checked before each readout session to ensure 
that the variations are within limits recommended by the 
manufacturer. With the intrinsic system check, reader stability 
was assessed by measuring the background counts  (DRK) 
from photomultiplier tube (PMT), the counts from 14C (CAL), 
a small exempt source to indicate the consistency of the PMT 
and counts from PMT to check the stability of the beam 
intensity of the light‑emitting diode. The values within the 
tolerance limit indicate the acceptable stability of the reader. 
In every measurement, four OSLDs were used and average 
of 4 readings of OSL counts represents each data point of the 
measurement. Unless stated otherwise, the precision in the 
measurements was <2% (1 σ).

The ionometric measurements were performed with a 
calibrated NACP‑02 parallel plate ionization chamber 
developed by Nordic Association of Clinical Physicists. The 
chamber has a sensitive volume of 0.16 cm3, incorporated with 

a front window of thickness 0.5 mm made of graphite covered 
with a mylar foil of 0.1 mm thickness as water proof. The dose 
1 electrometer (Scanditronix Wellhofer AB, Sweden) of high 
precision is used along with the chamber and maintained at a 
polarizing voltage of 200 V. The ion chamber and electrometer 
were calibrated in absorbed dose to water according to TRS 
398 reference dosimetry protocol in a Cobalt‑60 beam. The 
data obtained with OSLDs was compared with ion chamber 
measurement wherever applicable.

Measurements with electron beams were performed in a Clinac 
DHX linear accelerator (Varian Medical Systems, Palo Alto, 
CA, USA). During irradiation, the dosimeters were placed at 
the reference depths [Table 1] corresponding to their electron 
energies  (6, 9, 12, 16, and 20 MeV) with various electron 
applicators at 100 cm source to surface distance (SSD). The 
irradiations were done with a nominal dose rate of 400 MU/min 
and a known dose of 200 cGy was delivered for all dosimetric 
measurements unless otherwise mentioned. Measurements 
were carried out in plastic water phantoms made of white 
polystyrene material of size 30  cm  ×  30 cm with various 
thicknesses having a density of 1.04 g/cm3. The slabs of 10 cm 
thickness were used for backscatter in all irradiation set ups. 
A specially designed perspex slab with a groove arrangement 
was used to place OSLDs with minimized air gap during 
measurements.

Results and Discussion

To ensure batch heterogeneity, element correction factor (ECF) 
for each OSLD (ratio of the average signal of the batch to 
the individual OSL signal) was calculated. For uniform 
irradiation, 60Co beam was chosen to simultaneously irradiate 
the OSLDs to a known dose of 2 Gy at 5 cm depth with a field 
size of 20 cm × 20 cm. The histogram [Figure 1] shows the 
distribution of ECF values from 0.90 and 1.07 better than the 
reported distribution[30] and a coefficient of variation <1.5%. 
This could be attributed to the improved production process 
of the supplier. Ninety percent of the dosimeters fall within 
5% of the mean. The ECF obtained was applied to the raw 
readings of OSL in the successive uses in all measurements.

Figure  2 shows the dose response of OSLDs from 50 cGy 
to 1000 cGy with electron beams. The response was linear 
(with R2 values ranging from 0.997 to 0.998) in the range from 
50 cGy to 300 cGy above which supralinearity was observed 
up to 10 Gy, the maximum dose delivered. Similar behavior 

Table 1: Reference depths for each energy level

Cone size (cm2) Reference depth (cm) for electron energies

6 MeV 9 MeV 12 MeV 16 MeV 20 MeV
6×6 1.27 1.97 2.80 3.67 4.51
10×10 1.27 1.97 2.80 3.70 4.68
15×15 1.28 1.97 2.78 3.70 4.69
20×20 1.26 1.98 2.78 3.69 4.69
25×25 1.28 1.97 2.80 3.70 4.69
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was observed for all five electron (6, 9, 12, 16, and 20 MeV) 
energies. As expected and evident, the supralinearity of OSLDs 
to therapeutic electron beam is similar to that of therapeutic 
photons beams at doses >2 Gy.[7,24,25,29,31‑33]

To establish the field size dependency, nanoDots were irradiated 
with electron applicators of 6 cm × 6 cm, 10 cm × 10 cm, 
15 cm × 15 cm, 20 cm × 20 cm and 25 cm × 25 cm. A dose of 
200 cGy was delivered by positioning the dosimeters at the 
reference depth of each energy level with 100 cm SSD. The 
measurement uncertainty was calculated, and it was found 
to be  <1.5%. This indicates the independency of nanoDot 
response with field size. The results obtained suggest that 
OSLD can be used instead of ion chamber in the relative 
output factor measurement as there is no change in trend in the 
effect of OSL response compared to ion chamber.[7] However, 
it may be noted that for 6 MV photon beams, Schembri and 
Heijmen[29] reported a maximum discrepancy of 2.5% with 
the use of OSL, but there is no such study for electron beams. 
In addition, no dose rate dependence was observed for dose 
rates from 100 MU/min to 600 MU/min for a dose of 200 cGy 
delivered at the reference depths of electron energies with 
15  cm × 15 cm electron cone applicator  (SSD  = 100  cm). 
Within the measurement uncertainty, this study confirms the 
dose rate independence of nanoDot OSLDs for the dose per 
pulse. Yukihara et al.[28] have also shown the dose rate variation 
of 1% in the response of OSL package of polyester film up to 
1000 MU/min, with 9 MeV electron beam.

The variation in the energy response of OSL dosimeter was 
tested with five different electron energies of 6, 9, 12, 16, and 
20 MeV and compared with 6 MV photon beams by delivering 
200 cGy [Table 2]. A maximum variation of 2.1% was observed 
for 9 MeV electron when compared with 6 MV photon beam.

To investigate the reproducibility of OSLDs with repeated 
irradiations, the dosimeters were exposed to identical doses 
three times in three different ways. First, OSLDs were 
irradiated to a dose of 8  Gy with an increment of 2  Gy 

and read after every exposure of 2  Gy with a minimum 
wait period of 10 min. The exposed OSLDs were optically 
bleached after each irradiation (bleach) and made ready for 
the next exposure. Second, the absorbed dose in the OSLDs 
was accumulated to a dose of 8 Gy in steps of 2 Gy without 
bleaching (accum) the dosimeters, and the OSLDs were 
readout. Third, OSLDs were irradiated to a dose of 8  Gy 
in a single session (SS), and the readout was done after the 
wait period. The OSLD irradiations were carried out with 
6, 12, and 20 MeV electron beams at their corresponding 
reference depths in phantom with 15 cm × 15 cm applicator. 
Figures  3a‑c show the response of dosimeters when they 
are bleached in between irradiations (bleach), accumulated 
the OSL signals without bleaching (accum), and irradiation 
of OSLD in a SS for 6, 12, and 20 MeV, respectively. The 
error bar represents the standard deviation of OSLD readings 
during readout. The accumulated response of OSLD was 

Table 2: Variation in energy response of optically 
stimulated luminescence dosimeter

Energy (MeV) Percentage variation in the 
response of nanoDot OSLD

Percentage 
of SD

In comparison 
with 6 MV (%)

In comparison 
with 12 MeV (%)

6 +2.0 +0.8 0.46
9 +2.1 +0.9 0.53
12 +1.2 ‑ 0.43
16 +1.0 −1.0 0.37
20 +0.9 −1.0 0.48

Published results in comparison with 6 MV photon beams
Dunn et al. A variation of 1.6±1.6% with nanoDot (20 MeV)
Yukihara et al. A variation of 1.9% with OSL films (6, 9,12, 16 and 

20 MeV)
Schembri and 
Heijmen

A variation of 3.7% with OSL films (6-22 MeV)

OSLD: Optically stimulated luminescence dosimeter, SD: Standard 
deviation, OSL: Optically stimulated luminescence

Figure 1: Histogram of the distribution of element correction factors of 
200 optically stimulated luminescence dosimeters.

Figure 2: Dose response of nanoDot optically stimulated luminescence 
dosimeters with electron beams of different energies
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found to increase with dose and energy. The percentage 
difference observed between bleached and accumulated 
response was 3.9% in 6 MeV, 4.4% in 12 MeV, and 5.9% 
in 20 MeV electron beams at 8 Gy. The response variation 
of OSLDs due to accumulation of dose in an SS was found 
to be  <2% with optically bleached OSLDs. A  maximum 
difference of 7% with 6 MV photon beam was reported 
by Miller and Murphy.[34] In our study, it has been noticed 
that the response of nanoDot OSLDs without accumulation 
of dose had shown no change in sensitivity. As the optical 
bleach extends the useful life of OSLD, it can be conveniently 
used multiple times eliminating the supralinear effect. 
A  supralinear corrective action is required if the OSLDs 
are irradiated with high doses (HDs) more than 3 Gy or if 
the doses are accumulated without bleaching. However, the 
ability to optically reset and reuse the nanoDot OSLD is the 
extreme beneficial feature of this dosimeter in large scale 
dosimetry program where more than hundred OSLDs would 
be used.[30]

The decay in OSL signal as a function of time was assessed 
by exposing nanoDot OSLDs to a low dose of 2 Gy and a HD 
of 10 Gy with 6, 9, 16, and 20 MeV electron beams at the 
reference depths with 100 cm SSD and an applicator size of 
15 cm × 15 cm. The dosimeters were stored at room temperature 
and checked for the periods of  (a) short‑term (s/min/h), 
(b) mid‑term (few days), and (c) long‑term (months). OSLDs 
were read immediately after irradiation as early as 40 s, every 
day for the first 5 days, and then once a week for 5 weeks. 
The long‑term fading was evaluated by taking OSLD reading 

monthly once for about 8 months. Figure 4 shows the transient 
signal decay in OSL signal as a function of time with 6 and 20 
MeV electron beams for 2 Gy. The rapid drop in the optical 
signal response due to the transient signal from the unstable 
electron traps depend on the energy of electrons. The drop 
in signal from 40 s to 20  min was found to be 10.7% for 
6 MeV beam, whereas 15.9% for 20 MeV electron beams. 
It was evident from the graph that a minimum wait period of 
at least 10–15 min after the irradiation is required to achieve 
stable readout; accordingly, this was followed during all other 
measurements. The fading beyond 20 min post-irradiation was 

Figure 4: Post-irradiation fading of optically stimulated luminescence 
response from 40 s to 60 min following irradiation to 2 Gy of 6 MeV and 
20 MeV electrons.

Figure 3: Reproducibility of optically stimulated luminescence dosimeters when irradiated to a total dose of 8 Gy with an increment of 2 Gy with 
bleach (bleach), without bleach (accum), and single session for (a) 6 MeV (b) 12 MeV (c) 20 MeV.

c

ba
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found to be similar (0.2%) for 6 and 20 MeV beams. The decay 
rate of fading stayed constant in every 1 month period (<1%), 
and the same effect was observed over a period of 8 months.

The signal loss during successive readout of OSL dosimeter 
was analyzed by exposing OSLDs to 2 Gy and 10 Gy of 6, 12, 
and 20 MeV electron beams (100 cm SSD) with 15 cm × 15 cm 
applicator at the reference depths. The OSLDs were read two 
hundred times successively, and the signal depletion per readout 
is shown in Figure 5. The percentage reduction in signal with 
electron beams of 6 MeV and 20 MeV for a dose of 200 cGy 
was 8.6%, and 9.3%, respectively. With a dose of 1000 cGy, the 
variation was 12.3% for 6 MeV and 15.8% for 20 MeV electron 
beams. These results indicate that the depletion rate depends 
on dose and energy involved during irradiation.

Conclusion

The electron beam energy dependence of nanoDot OSLDs 
was studied for the linearity of dose response, dose rate, field 
size, reproducibility, reader stability, fading characteristics, 
and depletion of signal per readout. Although negligible fading 
for post-irradiation storage from 20 min to several months, 
acceptable precision and linearity in the desired range, and 
high reproducibility make nanoDot dosimeters very attractive 
for the dosimetry of therapeutic electron beams, a note should 
be made for changes in sensitivity at doses beyond 3 Gy and 
electron beams energy dependence in reuse, short‑term fading, 
and signal depletion on repeated readout.
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The aim of this article is to assess Tamil Nadu pediatric computed tomography (CT) diagnostic reference levels (DRLs) by collecting radiation 
dose data for the most commonly performed CT examinations. This work was performed for thirty CT scanners installed in various parts of the 
Tamil Nadu region. The patient cohort was divided into two age groups: <1 year, and 1–5 years. CT dose indices were measured using a 10 cm3 
pencil ion chamber with pediatric head and body polymethyl methacrylate phantoms. Dose data such as volumetric CT dose index (CTDIv) and 
dose length product (DLP) on a minimum of twenty average‑sized pediatric patients in each category were recorded to calculate a mean site CTDIv 
and DLP value. The rounded 75th percentile was used to calculate a pediatric DRL for each hospital, and then region by compiling all results. 
Data were collected for 3600 pediatric patients. Pediatric CT DRL for two age groups: <1 year (CTDIv and DLP of head [20 mGy, 352 mGy.cm], 
chest [7 mGy, 120 mGy.cm] and abdomen [12 mGy, 252 mGy.cm]), and 1–5 years (CTDIv and DLP of head [38 mGy, 505 mGy.cm], chest [8 
mGy, 132 mGy.cm] and abdomen [14 mGy, 270 mGy.cm]) for select procedures have been calculated. Proposed pediatric DRLs of CTDIv and 
DLP for head procedure were lower, and for chest and abdomen procedures were higher than European pediatric DRLs for both age groups.

Key words: Diagnostic reference level, pediatric computed tomography, pediatric computed tomography diagnostic reference level, 
volumetric computed tomography dose index

JMP_62_16R14

Introduction

Children are being referred for computed tomography (CT) 
scan due to the latter’s speed, accuracy, flexibility, and 
accessibility. This has been mainly due to the introduction of 
fast spiral scanning, which obviates the need for sedation to 
keep children motionless, thereby permitting scans of younger 
or less cooperative children.[1] In the US, about 33% of all 
pediatric CT procedures are in children aged 10 or younger, 
with 17% of children aged five or younger.[2] At these ages, the 
organs and tissues are inherently more radiation sensitive to 
the oncogenic effects due to the larger quantity of cells that are 
separating and reproducing.[3‑5] The International Commission 
on Radiological Protection  (ICRP) states that children are 
2–3 times more radiosensitive as compared to adult patients, 
due to the effect of cell division in developing organs and the 
longer anticipated lifetime for developing cancer cells.[6,7] The 
radiation‑induced effects are also elevated in pediatric patients 
due to wider and enlarged cellular circulation of red bone 

marrow, and their higher postexposure life expectancy.[8,9] With 
this sharp radio‑sensitivity now well documented, and to better 
inform radiographers about the significance of limiting the 
unwanted radiation dose to pediatric patients[10] the European 
Commission (EC) has, in its recommendations published in the 
year 2000, stressed the need for optimization of pediatric CT 
radiation dose.[11] The Food and Drug Administration (FDA) 
has also published related recommendations in 2002[12] about 
pediatric radiation dose optimization. While the use of CT 
scan for pediatric cases has increased unlike adult examination 
protocols, most of the times the exposure parameters used in 
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the older CT scanner are not always optimized to suit children. 
The result is that pediatric patients are being given considerably 
larger radiation doses than required for an optimum image 
quality.[13,14]

As children are intrinsically more sensitive to the effects 
of X-rays than adults, there is an urgent need to optimize 
CT exposure protocols for pediatric patients. The objective 
of optimization in CT exposures is to obtain acceptable 
image quality with minimum dose to the patients; reduction 
of dose in itself is not the objective of medical exposures. 
From this point of view, in recent times, much work has 
been done on optimization of scanning parameters in routine 
clinical conditions.[15‑18] The foundation of optimization is 
the establishment of diagnostic reference levels (DRLs), first 
proposed by the ICRP in 1996[19] and later introduced into 
European[20] and Irish legislation.[21]

ICRP defines DRLs as “a form of investigation level applied 
to an easily measured quantity, usually the absorbed dose in 
air or tissue‑equivalent material at the surface of (or inside) 
a simple standard phantom or a representative patient.” This 
definition strongly emphasizes that DRLs are not the dose limits 
and do not help distinguish between good and poor medical 
practice. Although dose limits for occupational exposures must 
not be exceeded, patient DRLs may be exceeded if clinically 
necessary. DRLs also differ from dose limits for occupational 
exposure because they are not used to constrain individual 
patient exposures; this is because a dose higher than the standard 
dose may be required depending on the patient’s body size and 
weight. DRLs are a tool for identifying facilities with unusually 
high doses and for promoting the optimization process.

Separate DRLs have been established for each country and/or 
region because equipment and procedure protocols can vary 
between different facilities in countries or regions, mainly due 
to different patient sizes and their weights. It is usually defined 
for a large collection of data at the 75th percentile. It can be 
defined at local level for a minimum number of 10–20 patients 
and preferably for a much larger number. By averaging such 
data from a large number of hospitals, the national DRLs 
can be estimated.[22,23] Hence, establishing national DRL 
would definitely ensure a safer pediatric CT diagnosis from 
patient’s perspective. The purpose of DRLs is optimization 
of the imaging technique rather than radiation dose reduction 
to patients. If a justified examination does not provide the 
necessary clinical information because of too low dose 
resulting in an inadequate image quality, then the patient has 
been exposed needlessly to radiation. In clinical practice, it is 
assumed that the necessary dosage, within stipulated margins, 
will be used. In this line, it is essential to initially establish 
zonal DRL, namely, South, North, East, West and central and 
finally consolidate them to arrive at the pediatric DRL for 
the country. Thus, the objective of our study was to measure 
radiation dose for most commonly performed pediatric head, 
chest, and abdomen procedures in the radiology department 
in Tamil Nadu hospitals and suggest/derive pediatric DRLs, 
compare them with the internationally recommended DRLs 

and to suggest dose reduction methods without disturbing 
image quality.

Materials and Methods

Selection of computed tomography scanners
When attempting to establish regional CT DRLs which 
are applicable to all hospitals in Tamil Nadu, it is essential 
to sample as many hospitals as possible. The hospitals 
incorporated were equally spread over in the state of Tamil 
Nadu. This work was performed in thirty CT scanners which 
include both conventional and  multidetector CT  (MDCT) 
types installed at various major cities (Chennai, Coimbatore, 
Madurai, Salem, Erode, Tirupur, Namakkal, Trichy, Vellore, 
Dindigul, Dharmapuri, Hosur, Thiruvarur). The selection of 
the scanners was based on the number of pediatric patients 
investigated. The average number of pediatric patients scanned 
each day in the Tamil Nadu region was 3000: From this 1100 
for head, 900 for chest and 1000 for abdomen CT procedures 
were performed. The total number of patients examined each 
day in the region was approximately 9000. Table 1 summarizes 
the make and model of the CT scanners involved in this study.

Radiation dose calibration
Before collecting the patient dose data, CT dose index (CTDI) 
measurements were carried out on all CT scanners by using 
calibrated 100  mm pencil ionization chamber  (DCT10 
RS, S/N 1636) and solidose electrometer 400  (S/N 4253) 
of RTI Electronics, Sweden. For this purpose, polymethyl 
methacrylate head (10 cm diameter) and body (16 cm diameter) 
phantoms were used.[24] The dosimetry methods recommended 
in the European guidelines[20] were followed. The individual 
approximate patient dose data were estimated from the 
phantom CTDIv and DLP measurements. It should be noted 
that phantom measurements are only a measure of the actual 
patient dose. Furthermore, it requires correction for different 
pediatric patient diameter.

Computed tomography dose measurements
Before initiating measurements in hospitals, a questionnaire 
was prepared to collect data regarding the pediatric CT 
protocols and clinical practices adopted by the hospitals in 
Tamil Nadu. These data helped to record the pediatric CTDI 
values for different scanning protocols adopted by the various 
departments. Participants were asked to extract from the 
scanner library, data for twenty patients belonging to each 
examination type and each age group in thirty CT departments 
(a total of 120 [20 (patients) × 3 (sites) × 2 (age group)] × 
30 = 3600 procedures). In each category of machine, the 
lowest, highest, and mean physical parameters and operating 
parameters of both age group of pediatric patients are presented 
in Tables 2 and 3. Each row in this table refers to the parameters 
of the scanners mentioned in Table 1 in the same order.

This data abstraction has been done as per “Nationwide 
Evaluation of X‑ray Trends” protocol.[25] The questionnaire 
contains a number of parameters including  (i) make and 
model of the CT scanner,  (ii) patient physical parameters 
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such as height, weight, lateral diameter and anteroposterior 
diameter, (iii) indication, (iv) interested organ, (v) phase such 
as pre‑ and post‑contrast, arterial phase, venous phase, full 
bladder, and delay phase, (vi) routine scan parameters such 
as tube potential, tube current, scan time, rotation time, slice 
thickness, slice beam collimation, pitch, total slices, field of 
view, start couch level and end couch level, (vii) dose‑related 
data such as displayed volumetric CTDI and DLP.

The majority of the hospitals have followed almost similar 
exposure parameters for chest and abdomen procedures. 
However, the newer scanner systems like 64 slice, 128 slice CT 
machines use AEC/care kV technique for pediatric patients. 
Some of the CT centers have used larger scan length for routine 
brain and abdomen procedures. Further, it was noted that 
individual CT radiographers selected different scan parameters 
for the same type of pediatric patients.

CT dose experiments were carried out by placing the 
standard head and body phantom at the isocenter of the 
CT scanner and applying one axial slice of a clinical head 
protocol in sequential scan mode. The dose received by the 
phantom at the five positions for a set of scan parameters was 
measured by placing the ion chamber in one hole at a time 
while plugging the rest of holes with acrylic rods.

The CTDI is defined as:[26]

CTDI = (1/nT) ∫ Dz dz (integration limits 
from −50 mm to +50 mm)� (1)

where, n is the number of data channels in the multiscan CT 
scanner, T is the slice thickness corresponding to one channel 
and the integration is done over the length of the pencil 

chamber (100 mm). The CTDI was measured as per the above 
definition by the pencil chamber‑electrometer system and 
displayed on the dosimeter unit. CTDI is defined for a single 
complete rotation of the CT scanner. Using these dose values, 
the other CT dose indices, namely, weighed CTDI (CTDIw), 
CTDIv, and DLP were calculated using the following relations:

Weighted CTDIw = 1/3 (CTDI100, c) +2/3 (CTDI100, p)� (2)

Volumetric CTDIv = CTDIw/pitch� (3)

DLP = CTDIv × scan length� (4)

Results and Discussion

Before carrying out the regional dose estimation, complete 
QA  (electrical, mechanical, and radiation checks) was 
performed for all the machines involved in this work. One 
among these tests was the measurement of CTDIw for 
standard protocol involving tube potential of 80 kV, 100 kV, 
and 120 kV, tube current‑time product of 100 mAs and 5 mm 
slice thickness. These values were compared with the CTDIw 
displayed on the console to ensure that the measured and 
displayed values agreed as per Atomic Energy Regulatory 
Board standards (maximum ± 18%).[27]

The CT dose indices were measured based on the five point 
method proposed by European guidelines using standard CTDI 
phantoms and suitable detector. The pediatric CTDI phantom 
was placed on the couch and aligning the central axis of the 
phantom with isocentre point of the gantry. As per FDA’s 
recommendation the dose is measured at the four peripheral 
holes as well as the central hole. The measured CTDIv and 
DLP of pediatric head, chest and abdomen procedures for 

Table 1: Make and model of the computed tomography scanners involved in this study

Number of slice Make Models Tamil Nadu (number of units)
Single Hitachi Pratico 1

Philips Secura 1
Siemens Emotion 1

Dual/4 slice Hitachi CXR4 1
Philips Brilliance Big Bore 1
Siemens Emotion Duo 2
Toshiba Asteion 2
GE High speed dual 3
Siemens Somatom 2
Toshiba Asteion 1
GE Lightspeed QX‑I Quad CT 2

16 Philips Brilliance 1
Siemens Somatom Emotion 1
Toshiba Aquilion 2
GE Brivo and LightSpeed 2

64 Siemens Somatom Sensation 2
Toshiba Aquilion 1
GE High‑speed VCT 1

128 Siemens Somatom Definition AS and Edge 2
GE Optima 660 1
Total 30

GE: General electric
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both age groups at different CT departments are presented in 
Figures 1 and 2.

Figures 1 and 2 show that the large variations in CT radiation 
doses for pediatric head, chest, and abdomen procedures were 
noted for both age groups. This may be attributed to scans 
conducted without optimization of tube voltage and tube 
current‑time product (mAs) with respect to the patient anatomy 
and organ of interest. Out of thirty CT departments, twenty 
CT departments have followed larger scan length for routine 
procedures; this will also give rise to an increase in the patient 
dose. Further, in this work, it was observed that based on the 
experience and knowledge of the radiographers, the selection 
of exposure parameters was altered from the default values. 
Those who have experience, have selected appropriate scan 
parameters when compared with newer radiographers; this 
also contributes to minimize radiation dose. Further, in this 
study, latest advancements and concepts in CT technology and 
selection of techniques such as detector arrangements, detector 
size, number of detectors, scan speed, tube rotation time, and 
type of detector (e.g., stellar detector in Siemens CT) available 
in recent MDCT scanners have been employed with reduction 
of radiation dose when compared with older CT scanners for 
pediatric patients.

Further, using overall calculated CTDIv and DLP value for 
both age groups of pediatric patients, the 75th percentile of 
CTDIv and DLP for head, chest and abdomen procedures 
thus calculated was taken as their respective third quartile 
values for each group of pediatric patients. The pediatric CT 
DRL proposed for Tamil Nadu region in south India has been 
compared with DRL recently proposed by EC[28] in Tables 4 
and 5 [extracted from Figures 1 and 2].

From Tables 4 and 5, it was observed that the 75th percentile 
of CTDIv of pediatric head is lower than European DRL 
for both age groups. For chest and abdomen procedures, 
the 75th percentile of CTDIv is higher than European DRL 

Table 3: Pediatric patient physical parameters in 
Tamil Nadu region

Pediatric patient physical 
parameters

Age group (years)

0‑1 1‑5
Weight (kg) 2.5‑4.5 4‑15

Height (cm) 40‑80 80‑130
Antero‑posterior diameter (cm)

Head 5‑10 8‑14
Chest 5‑10 5‑13
Abdomen 5‑13 5‑15

Lateral diameter (cm)
Head 4‑11 5‑14
Chest 5‑13 8‑15
Abdomen 5‑15 6‑18

Abdominal circumference (cm)
Head 4‑12 5‑14
Chest 4‑13 5‑15
Abdomen 5‑14 5‑18
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Table 4: Mean, range and third quartile values for volumetric computed tomography dose index for select procedures

Study region Age group in year Volumetric CTDI (mGy)

Mean Range Third quartile value of Tamil Nadu 
2015

Pediatric European DRL 
2015

Head <1 17 11‑24 20 25
1‑5 18 12‑28 20 38

Chest <1 5 2‑9 7 3.3
1‑5 7 2‑11 8 5.6

Abdomen <1 9 5‑17 12 5.7
1‑5 12 8‑17 14 5.7

CTDI: Computed tomography dose index, DRL: Diagnostic reference level

for both age groups. This may be attributed to selection of 
greater exposure parameters for pediatric chest and abdomen 
procedures as compared to European practice. Following 

the European regulations, it becomes necessary to take into 
account the body size and habitus for selection of optimum 
machine parameters (e.g.,  tube voltage and mAs) for the 
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Figure 1: Calculated volumetric computed tomography dose index for <1 year and 1–5 years age group of pediatric patients for select procedures.
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Table 5: Mean, range and third quartile values for dose length product for select procedures

Study region Age group in year DLP (mGy.cm)

Mean Range Third quartile value of Tamil Nadu 2015 Pediatric European DRL 2015
Head <1 300 143‑513 352 300

1‑5 304 182‑616 360 505
Chest <1 69 24‑207 120 80

1‑5 96 24‑176 132 115
Abdomen <1 175 90‑357 252 160

1‑5 246 180‑368 270 170
DLP: Dose length product

required diagnostic information with minimum dose to the 
patient. In addition, it was observed that the 75th percentile 
of DLP of pediatric head for 0–1 year old patients is higher 

and for 1–5 years old patients is lower than European PiDRL, 
and for chest and abdomen procedures was higher than 
European pediatric DRL for both age groups. This is mainly 
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Figure 2: Calculated dose length product for <1 year and 1–5 years age group of pediatric patients for select procedures.
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because of choosing higher scan length for both procedures 
and both age groups.

From this study, it is suggested that it is very important to 
justify CT examinations in advance and once the decision 
for CT scan is taken, it is mandatory to adopt the ALARA 
principle strictly. In this line, radiologists should play 
essential advisory role with referring clinicians. When 
equal or greater diagnostic yields are expected, CT should 
be replaced by alternative imaging modalities such as 
sonography, magnetic resonance imaging, or radionuclide 
voiding cystography. On the other hand, radiologists should 
make every effort to reduce the pediatric radiation dose of CT 
examinations while maintaining diagnostic quality when CT 
is indicated. Furthermore, minimizing the scan range of CT 
examinations as required is a straightforward way to achieve 
this goal. CT radiographer should follow the strategies for 
pediatric CT dose optimization methods, namely, body size 
adopted CT protocols, tube current modulation, optimal tube 
voltage, scan modes, appropriate pitch, appropriate scan 
length, and field of view to reduce the pediatric CT radiation 
dose for selected procedures.

Conclusion

This study reports the regional pediatric CT DRLs for head, 
chest and abdomen procedures for the first time in Tamil 
Nadu region. More than 3600 individual patients’ data were 
recorded and studied. The experimentally measured CTDIv and 
DLP values for all procedures were compared with displayed 
control console values  (maximum  ±  18%). Tamil Nadu 
pediatric CT DRL values have been proposed for CTDIv and 
DLP of head, chest, and abdomen procedures for <1 year and 
1–5 years age group of patients. These proposed DRL values 
were compared with the pediatric European DRL values and 
strategies for pediatric CT dose reduction have been suggested. 
In this line, all clinicians who request pediatric CT should 
frequently assess its suitability on a case‑by‑case basis. When 
used carefully, CT is a valuable imaging modality for both age 
groups of children.
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Letters to Editor

Sir,
Over last two decades, there has been an increasing interest 
in bystander effect in radiotherapy. Now, millions of people 
around the world undergo radiotherapy. On the other hand, in 
parallel with recent progresses in cancer therapy, there is an 
increasing life expectancy for cancer patients. However, these 
may cause growing concerns related to long‑term consequences 
of radiotherapy including secondary malignancies. These 
concerns are more important for pediatric cancer patients. The 
risk of secondary cancer among pediatric patients who have 
undergone radiotherapy is considered to be up to ten folds 
than in adult patients.[1]

Possibly, bystander effect is one of the most interesting 
biological responses to ionizing radiation that may be involved 
in second primary cancer occurring years after radiotherapy. 
According to the in  vitro and in  vivo studies conducted so 
far, there is a direct link between bystander effect and cancer 
hallmark in non-irradiated cells. The direct role of the bystander 
effect in the induction of medulloblastoma in the non-targeted 
brain of mice has been investigated by Mancuso et al.[2]

In clinical studies, the best example of the role of the 
bystander effect in second primary cancer induction, is a 
high incidence of secondary lung cancer among patients who 
have had radiotherapy for prostate, ovarian, and rectal cancer. 
Induction of secondary cancers is more obvious for long‑term 
survivors.[3] The prevalence of secondary lung cancer among 
these patients has been one of the most common malignancies 
within years after treatment, while received radiation dose 
with lung has been reported as lower than 0.5 Gy.[4] Hence, 
in addition to the need to understand the importance of this 
phenomenon in different situations, it is crucial to consider 
bystander effect as an important factor in selecting the 
treatment modalities.

According to different studies that have been conducted 
so far, different biological and physical factors are 
involved in damages induced by bystander effect. Two 
important biological factors are sex specificity and tissue 
specificity. Similar to direct irradiation, bystander signals 
are more obvious in males as compared to females.[5] Among 
physical factors, the role of dose, dose rate, linear energy 
transfer (LET), and fractionation have been investigated in 
several in vitro and in vivo studies.[6] Although it is predictable 
that an increase in cell damage, along with the increased 
LET, results in more obvious damages in bystander cells, 
the effect of fractionation against direct irradiation has less 

sparing effect on bystander cells.[7] Moreover, the effect of 
dose and dose rate are controversial.[8]

To the best of our knowledge, the basic mechanisms of 
bystander effect include inflammatory responses, antioxidant 
system suppression, epigenetic modulators, and so on.[5,9,10] 
Although, it seems that complete mechanisms of this 
phenomenon remain to be elucidated. Based on the importance 
of bystander effect in radiation treatment of cancer, it seems 
that the risk of secondary malignancies caused by this 
phenomenon should be considered in the near future. For 
this aim, it is crucial we consider life expectancy and sex of 
patients, numbers of fractionation, LET, and other factors.
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Issue of “In Water Calibration Certificate” for Cobalt‑beam 
Quality at 10 cm Reference Depth ‑ Is it Admissible Under  

TRS 398 Protocol?

JMP_89_16R8

Sir,
Cobalt‑60 teletherapy beams are used in treating cancer, in 
most of the developing countries and countries with large 
population. For dosimeters used for output calibrations in 
high‑energy photon and electron beams in linear accelerators, 
cobalt‑60 beam qualities are still in use for specification 
of calibration factors in the calibration protocols such as 
TRS 277,[1] TRS 381,[2] TRS 398,[3] and TG 51.[4] In TRS 
398,[3] the reference condition for calibration factor Nd, w is 
indicated as 5 g/cm2  (5 cm depth) in water. However, TRS 
398 gives the reference conditions for the determination of 
absorbed dose to water as either 5 or 10 g/cm2 (5 or 10 cm) 
depths. Absorbed dose at depth of dose maximum (dmax) is to 
be arrived at using percentage depth dose (PDD) (if source 
to surface distance  [SSD] is 80 or 100 cm) or using tissue 
maximum ratios (TMR) for isocenter coinciding with specified 
depths  (source axis distance 80 or 100  cm) referred from 
“standard tables.”[5] When these measured outputs are applied 
for treatment planning calculations, the output at dmax in cGy/
min is used along with PDD at desired depths. The relevant 
physical factors and their significance were clearly outlined 
earlier.[6,7] Whether we use 5 cm or 10 cm as the reference 
depth for calibration, once the respective PDDs[5] are taken for 
respective field sizes, it is expected to give the same results. 
Most of the IAEA‑accredited secondary standard laboratories 
follow TRS 398 protocol for giving Nd, w at cobalt energy at 
reference depth d = 5 g/cm2 (PTW,[8] Iba[9]). In the recent past 
in India,[10] a reference depth of d = 10 cm in water is followed.

To validate the above point, a question was raised, whether 
the same traceability of dose would be valid for all field sizes, 
had the calibration factor Nd, w been provided from 5 to 10 cm. 
A need for this aspect is brought out because, in the clinics, a 
10 × 10 reference output is used along with PDDs or TMRs for 
treatment planning. A 0.6 cc Farmer ionization chamber (TM 
30013, PTW) along with Unidos Electrometer (T 10008, PTW) 
at polarizing voltage of + 300 V measured ionization charge in 

nC in a Co‑60 teletherapy unit (Theratron 780E, M/s Theratronix, 
Canada) using a 30 cm × 30 cm × 30 cm water phantom. The 
water phantom (PTW) has 5 cm and 10 cm water level line 
marks above the chamber center. The factors for field output 
variation (ratios of dosimeter corrected readings only) at 10 cm 
depth, normalized to 10 cm × 10 cm, showed variation from 
0.862 to 1.218 from 5 cm × 5 cm field to 35 cm × 35 cm fields (σ 
= 0.8%). Similar factors for 5 cm depth showed factors variable 
from 0.903 to 1.145 for respective fields. When the chamber is 
kept at the surface of water phantom with chamber center aligned 
with the same level, the field factors varied from 0.948 to 1.097. 
For chamber with build‑up cap, with no water surrounding 
the chamber, at the same 80 cm source to chamber center, the 
variation was found to be 0.961–1.073. It was therefore apparent 
that scatter conditions at various geometries give rise to different 
normalization factors with reference field of 10 cm × 10 cm.

It could be observed that for larger field sizes there are about 
6.1% higher factors for 10 cm depth calibration against the same 
values with 5 cm depths. To understand this effect, a simple 
calculation with the interaction volume for 5 cm circular field 
at SSD = 80 cm with base at 5 cm depth (using truncated cone 
method) revealed an excess volume of interaction of primary 
flux by 470 ml at depth of 10 cm; a 30 cm diameter field at 
80 cm SSD produces an additional scatter volume of 23,780 ml. 
When we took the measured head scatter factors multiplied by 
PDD ratios, and peak scatter factor ratios (obtained from BJR 
Supplement 25[5]), better agreement with measured field factors 
was seen at 5 cm depth compared to 10 cm depth. In literature, in 
general, it has been documented that the variation in estimated 
calibration factors in water (Nd, w) at various depths is within 
experimental uncertainty. It was also well documented that 
variation in the water to air stopping power with respect to depth 
is not larger than 0.5%, and perturbation effects are assumed 
constant beyond the depth of dose maximum. It is highlighted 
that for linear accelerator photons, 10 cm recommended depth is 
indicated in all the protocols because of the reason of definition 
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of beam flatness at 10  cm depths by manufacturers. Our 
measurements in telecobalt beam in 6 occasions have shown 
variation of calibrated absorbed doses at dmax (arrived from 5 
to 10 cm) within ±0.5%, which may be within the uncertainty 
in ion‑chamber dose estimates. This may therefore imply that 
TRS 398 protocol could be interpreted that it allows the use of 
10 cm depth for issue of Nd, w certification as practiced in one 
of the Secondary Standard Dosimetry Laboratories.[10]
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Erratum: Clinical implications of Eclipse analytical  
anisotropic algorithm and Acuros XB algorithm for the 

treatment of lung cancer
In the article titled, “Clinical implications of Eclipse analytical anisotropic algorithm and Acuros XB algorithm for the treatment 
of lung cancer” published in pages 219-223, issue 4, vol. 41 of Journal of Medical Physics,[1] the fifth and sixth sentences under the 
section “Introduction” are written incorrectly as ‘Type “A” was proposed by Knöös et al.[3] which were based on measurements 
and accounts for correction for patient contours and heterogeneities. Type “B” was proposed by Ojala et al.[4] which were based 
on superposition and convolution techniques.’ instead of ‘Type “A” and “B” were proposed by Knöös et al.[3] Type “A” was based 
on measurements and accounts for correction for patient contours and heterogeneities. Type “B” was  based on superposition 
and convolution techniques. Ojala et al.[4] proposed type “C “.’
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