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Introduction

The improved accuracy of advanced radiation treatments has led 
the radiation beams to match with the size and shape of a patient’s 
tumor almost anywhere in the body. Moreover, radiation dosim-
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ABSTRACT
Background: In Radiotherapy, computation of dose is important since in a small 
field with heterogeneity, dose is usually computed with discrepancies. 
Objective: The present study was aimed to evaluate the dosimetry of treatment 
planning algorithms in lung equivalent heterogeneous medium for Volumetric Modu-
lated Arc Therapy (VMAT) with step and shoot Intensity-Modulated Radiation Thera-
py (ss-IMRT), and dynamic Intensity-Modulated Radiation Therapy (d-IMRT).
Material and Methods: In this experimental study, Computerized Imaging 
Reference System (CIRS) phantom was used with an inhomogeneous Racemosa wood 
cylinder for two types of tumors, namely, Left Lung Central Tumor (LCT) and Left 
Lung Peripheral Tumor (LPT) in the CIRS left lung cavity. The computed tomography 
(CT) datasets were employed with the generation of VMAT, d-IMRT and ss-IMRT 
plans for the LCT and LPT irradiated with 6 MV photon beams. In this study, the ac-
curacy and efficacy of two algorithms: Monte Carlo (MC) and the Pencil Beam (PB), 
from the Monaco treatment planning system (TPS), were tested by using Gafchromic 
EBT3 films and CIRS thorax phantom. 
Results: Regardless of treatment techniques, both algorithms exhibited higher di-
vergence in LPT than LCT. In both LCT and LPT, the highest deviation was near the 
tumor-lung junction. However, the deviation was higher in the PB algorithm than MC 
algorithm, with a minimally acceptable variation of -0.8%.  
Conclusion: The MC algorithm shows more consistency for EBT3 measured dose 
in lung equivalent heterogeneous medium. However, accurate dose predictions are 
complicated due to electronic disequilibrium within and at the interface of inhomo-
geneity. These constraints may cause variations from the anticipated outcomes of the 
treatments.
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etry due to inhomogeneity remains a major 
concern, and the disruption of electronic equi-
librium and inhomogeneity affect the inten-
sity of photon beam and scattering properties. 
The lung in the thoracic cavity is one of the 
most heterogeneous organs, with considerable 
movement due to inter/intra segmental mo-
tion generated by respiratory motion, which is 
a possible source of failure from the intended 
volume irradiation. Adding a low-density in-
homogeneous environment, such as the lungs, 
can create a 30% dose deviation [1, 2]. Vari-
ous treatment planning systems (TPS) are cur-
rently performed with different algorithms to 
generate radiotherapy treatment plans depend-
ing on their efficacy [3, 4]. In radiotherapy, an 
exact dose should be delivered to targets with 
an effectiveness depending on the precision of 
the absorbed dose in the target volume and the 
prescribed dose. If the absorbed dose is less 
than the specified dose, cancer cells may be-
come resistant to radiation or the tumor may 
reappear. On the other hand, if the absorbed 
dose is higher than the specified dose, it 
can result in death or major harm to normal  
tissues [5, 6]. 

The dose distribution is much more com-
plex in the region of heterogeneous tissues, 
particularly in small fields and the size of the 
discrepancy escalates [5, 7]. A low-density 
medium, such as the lung in a small field usu-
ally leads to challengingly estimating dose. As 
a result, the selection of the treatment plan-
ning algorithms for the estimation of dose 
in small fields in low-density medium and a 
detector verifying the planned dose is impor-
tant for the intended outcome [8]. Electronic 
Portal Dosimetry (EPID), Thermo Lumines-
cence Dosimeter (TLD), MOSFET, Ionization 
Chamber Systems, and Gafchromic film are 
some of the methods to evaluate the estimated 
dose distribution [9]. The Gafchromic EBT3 
film is one of the most suitable detectors for 
dosimetry of smaller fields with a low-density 
medium due to its energy independent, broad 
range dose-response, independence to devel-

opers, and ability to manage in-room light. Af-
ter exposure, Gafchromic film does not require 
any chemical, physical, or thermal preparation  
[10, 11]. The dose estimation accuracy can 
only be improved if TPS employs high-quality 
algorithms that include multisource modelling 
to monitor each secondary scattered photon 
and electron and its subsequent dose deposi-
tion in non-equilibrium conditions [12-15]. 

In this study, we compared the tumor iso-
center dose, dose at different points, 2D Gam-
ma values measured by Gafchromic films in 
the tumor isocenter plane of lung equivalent 
heterogeneous medium as well as within the 
tumor created inside it which was irradiated 
with different algorithms for different treat-
ment techniques. CIRS Lung phantom was 
introduced with one tumor at the center of left 
lung and another tumor at the periphery of left 
lung sharing its one end with chest mimick-
ing Lung-Tissue interface. Thus, different al-
gorithms based on different techniques were 
evaluated by comparing TPS planned data 
with data derived from the film-measured data.

Material and Methods

CIRS 3D phantom and Wood slabs
In this experimental study, the dynamic tho-

rax phantom (CIRS model 008A; Computer-
ized Imaging Reference Systems Inc., Nor-
folk, VA, USA) was used to investigate the 
dosimetry methodology in sophisticated radia-
tion-therapeutic interventions, such as Intensi-
ty Modulated Radiation Therapy (IMRT), and 
Volumetric Modulated arc Therapy (VMAT). 
Both lungs (right and left) with Hounsfield 
Unit (HU) -700 were included in the Com-
puterized Imaging Reference System (CIRS) 
phantom that simulates a human thorax in a 
medical environment. A hollow cavity (cylin-
drical) for the entire thorax in the left lung is 
provided, which could hold various and ben-
eficial inserts for a variety of dose test instru-
ments. In this study, two types of inserts were 
used: 1) lung inserts, which are made of a  
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cylindrical rod with the same density and ma-
terial as the two lung structures and 2) a be-
spoke wood cylinder constructed of Ficus rac-
emosa wood slabs (commonly recognized as 
Goolar in India) [Figure 1a and b].

A suitable material with the same lung den-
sity was used as a lung insert to assess the in-
fluence of heterogeneity on the radiation beam 
while traversing the various density materi-
als. The use of handmade wood slabs (Ficus 
racemosa wood slabs) was used to mimic the 
inhomogeneity found in real human lungs. An 
empty space-like wood slab cylindrical (in-
sert) of the same dimension (radius 3.7 cm) 
was employed, made of wood slabs of variable 
widths with about the same thickness (along 
the middle line) to simulate lung equivalent 
inhomogeneity. The wood cylinder was in-
serted into the hollow space provided in the 
thorax phantom [Figure 1b (I) and (II)].

Dosimetry Films
Gafchromic EBT®3 films were employed as 

detectors, and evaluated by the Verisoft com-

puter software Version 4.2.1 from PTW, Frei-
berg, Germany. While scanning the films, flat-
bed scanners (EPSON A3 Transparency Unit 
Model: EU-88, Japan) using 200 dpi spatial 
resolution oriented in landscape orientation 
were used with the transparent mode [10, 11]. 
Both the scanner and the films were calibrated 
according to standard protocol. Films were 
typically cut in landscape layout and labelled 
for scan assessment.

Delineation of the target volume 
and the organs at risk

Organ images and tumor volumes were gen-
erated by 3D computed tomography, includ-
ing the tissue details in Computed Tomogra-
phy (CT) numbers. The CT images were used 
with a slice thickness of 1.5 mm using a he-
lical 16-slice scanner (Somatom Sensation, 
Siemens, Germany) for actual patients. Gross 
Tumor Volume (GTV) contouring was done 
using Monaco SIM for tumor 0.5 cm uniform 
margins were added to the GTV to delineate 
the Planning Target Volume (PTV). The organ 

Figure 1: (a) central axis point 1 to point 8 for Left Lung Central Tumor and center of Left Lung 
Peripheral Tumor (LPT), (b) (I) wood slab cylinder for the cavity of computerized imaging refer-
ence systems Thorax phantom, (II) seven wood slabs with Gafchromic film for dose measure-
ments inside the wood cylinder in total of eight surfaces, (c) location of left lung central tumor 
(LCT), and (d) location of Left Lung peripheral Tumor (LPT). 
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at risk (OAR), such as total lung and heart and 
spinal cord (SC) was delineated on Monaco 
(Version: 5.11.03) contouring workstation. 
Planning risk volume (PRV) was created (5 
mm uniform margin to SC).

Planning with TPS
The Monaco sim system transferred con-

toured CT images to the Monaco planning 
(Elekta Medical Systems, Version: 5.11.03, 
Crawly, UK) workstation. The various types 
of plans with different algorithms were gener-
ated prior to accepting for implementation on 
the high energy Medical linear accelerator (In-
finity; Elekta Medical Systems, Crawly, UK) 
with 6 MV photons and which is equipped 
with Multi Leaf Collimator (MLC) and Cone 
beam CT (CBCT) and 6D controlled couch. 
With a prescribed dose of 50.4 Gy, the frac-
tionation scheme was 1.8 Gy per fraction, and 
all of the plans were 28 fractions. For OAR 
planning, the dose parameters were V20<20%, 
V30<12%, and a mean dose of <20 Gy for 
the heart and both lungs. The dose threshold 
for the spinal cord was fixed at 45 Gy. CBCT 
or portal images were acquired and matched 
into reference images to check the accuracy 
of orientation. After position verification, dif-
ferent plans were generated, and the dose for 
each plan was evaluated using Gafchromic 
films inserted in the CIRS 3D phantom (tis-
sue volume). On TPS, these measured dose 
values might well be compared to dose values 
planned. The dose measured and TPS data was 
compared to determine the efficacy of the ide-
ally appropriate algorithm for heterogeneous 
environments. The investigation would find 
a correlation between the doses planned and 
received by the medium. The Monte Carlo 
Algorithm (MCA) and Pencil Beam Algo-
rithm (PBA), which could perform IMRT and 
VMAT, were utilized for the treatment plans.

VMAT Planning
Each VMAT plan was designed with dual 

arcs (2A) with a start-stop angle of 180-180 

degrees (30-degree arc) delivered anticlock-
wise with 0-180 degrees (30-degree arc) de-
livered clockwise to ensure whether PTV was 
covered by at least 95% of the prescribed 
dose. All plans were developed with the Mo-
naco TPS, which used a changing dose rate 
with the gantry’s increment angle at 30 de-
grees. All contouring structures were sent to 
the TPS (Monaco). The treatment delivery 
strategy to generate the treatment plan was 
dynamic conformal arcs. In the present study, 
the photon beam energy was 6 MV. Sequen-
tial factors, 200 control points per arc, 0.50 
cm minimal segmentation width, and medium 
fluence smoothing were used to optimize all 
plans. The parameters were computed at 0.3 
cm grid spacing and 1.0 percent statistical de-
viation. PBA and MCA were used to optimize 
the designs, and the dose was determined in 
the target volume.

IMRT (dynamic-IMRT and step and 
shoot-IMRT) Planning

All IMRT plans were designed with a mini-
mum of 95 percent of the therapeutic dose 
in the PTV volume. The d-IMRT plans were 
designed using a 500 Monitor Unit (MU)/
min fixed-dose rate to obtain improved PTV 
coverage and lower OAR dose. Seven copla-
nar beams with gantry angles of 0°, 25°, 50°, 
75°, 100°, 125°, and 150° and 7 Fields (7F) 
were used to create the plans in dynamic win-
dow mode. Plans were optimized using the 
sequencing parameter, with a maximum of 30 
control points per beam, a minimum of 0.50 
cm segment width, and fluence smoothing set 
to medium. The parameter grid spacing was 
set at 0.3 cm for the calculation, and statistical 
uncertainty was set to 1.0 percent. The MLC 
sequences were accomplished by the step 
and shoot window IMRT method of delivery 
with seven coplanar beams for ss-IMRT. The 
appropriate sequencing criteria were used to 
optimize the plans: minimal segment area  
2.0 cm2, minimum segment width 0.50 cm and 
MU per segment 4.0, maximum segments per 
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plan 250, and fluence smoothing to medium. 
The remaining parameters were identical to 
those in d-IMRT planning. All VMAT and 
IMRT designs used the same isocenter and ob-
jective characteristics for normal tissue.

Experimental Setup
The experimental setup is shown in Figure 

1a and b. A cavity of 8.164 cc was construct-
ed in two successive slabs of racemosa wood 
cylinder. Denture relining material (density 
-1 g/cm3) was used to fill these two cavities 
[Figure 1c], referred to as Left Lung Central 
Tumor (LCT), and this material was also uti-
lized in the creation of dentures. A racemosa 
wood cylinder containing a tumor was put 
within the phantom cavity with the tumor’s 
center aligned with the central beam. The tu-
mor was scanned on a CIRS thorax phantom 
with a wood cylinder at a depth of 6.5 cm (an-
teriorly). Another spherical tumor (37.799 cc) 
was formed in the periphery of the left lung, 
with one end touching chest tissue and imi-
tating the lung-tissue interface, referred to as 
LPT (Figure 1d). Tumors were also construct-
ed so that Gafchromic films were used to pre-
cisely measure the central plane of the tumor. 
For LCT, films were arranged along with the 
coronal section of the racemosa wood cylin-
der, aligned to the radiation direction with a 
gantry angle of zero degrees. In between the 
interior surface of the CIRS phantom and the 
racemosa wood cylinder, films were placed for 
LPT. The CIRS 3D Lung phantom with LCT 
and LPT tumor was positioned on the couch of 
the Infinity Linear Accelerator (with MLC 40 
pairs of 1.0 cm width at isocenter) for film ir-
radiated as per the algorithm-generated plans. 
Cone Beam CT (CBCT) with kilo-voltage 
X-ray Volumetric Imaging (XVI) match was 
captured for the phantom after inserting the 
films to replicate and verify the isocenter in 
the center of the tumor as planned. For irra-
diating the phantom’s respective tumors (LCT 
and LPT), plans of three methods (ss-IMRT, d-
IMRT, and VMAT) were prepared for a 6 MV 

photon beam using both algorithms (PBA or 
MCA). In both situations, Gafchromic EBT-3 
films were cut and marked for directions at the 
edge before directly positioned in the middle 
of the tumor plane, sharing the lung equivalent 
slices, causing film to incorporate dose infor-
mation for the isocentric plane. One additional 
film strip (aside from the isocentric plane film) 
was held at a plane 3.5 cm from the tumor cen-
ter for each plane irradiation to verify the al-
gorithm’s accuracy in estimating normal lung 
dose. TPS transfers the isocentric plane of 
each plan to Verisoft software for evaluation 
with the film irradiated in the same arrange-
ment. For assessment, the resolution and grid 
size for both the TPS image plane and the film 
were maintained the same for each case.

Calculation and Comparison
The film, held at the isocentre plane and radi-

ated, was matched with a TPS film of the same 
dosage plane and synced to evaluate the out-
comes. The 2D gamma passing rate percent-
age with two delta dose and delta distance cri-
teria of 2% and 2 mm, 3% and 3 mm, and 5% 
and 5 mm were used to evaluate the general 
matching of the measured and algorithm com-
puted dosage planes. The final 5% and 5-mm 
test was used to verify the efficacy of the al-
gorithm under adverse scenarios. The central 
axis absolute dose from point 1 to 8 was also 
compared as shown in Figure 1a. The differ-
ence in dose concerning was visually repre-
sented along that axis. Another film irradiated 
at a distance of 3.5 cm from the isocenter was 
used to compare the TPS computed dose for 
2D gamma passing index using delta dose 
and distance criteria of 3% and 3 mm. The 
following relationship (Equation 1) was used 
to compute the percentage variation between 
the absolute point dose planned on TPS and 
the measured dose separately for MCA and  
PBA [8], as follows:

( ) ( )
( )

TPSPD MCA or PBA Measured Dose Film
PV 100 

Measured Dose Film
 −   = × 
  

 (1)

where PV defines percentage variation; TP-
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SPD, TPS Planned Dose; MCA, Monte Carlo 
Algorithm and PBA, Pencil Beam Algorithm 
for equation 1.

Results

Left Lung Central Tumor 
Table 1 illustrates dose variation utilizing 

Gafchromic film and dose calculation algo-
rithms (PBA and MCA) for LCT. In percent-
age, the absolute dose along the central axis 
(Point 4) variations from the measured dose for 
the cavity 8.164 cc target LCT estimated with 
PBA algorithm treatment plans of ss-IMRT, 
d-IMRT, and VMAT target outcomes were 
+11.6%, +10.5%, and +10.2%, respectively. 
For the central axis dose variations recorded 
for an LCT computed using MCA treatment 
plans of ss-IMRT, d-IMRT, and VMAT target 
was -1.4%, -0.9%, and -0.8%, respectively. In 
this study, the (+) and (-) symbol represents 
overestimation and underestimation, respec-
tively. In percentage, the absolute dose along 
the central axis (Point 1) variations from mea-
sured estimation with PB algorithm plans of 

ss-IMRT, d-IMRT, and VMAT target out-
comes were +12.9%, +12.5%, and +12.5%, 
respectively. 

Similarly, for the central axis dose, varia-
tions of -2.1%, -1.6%, and -1.2% were record-
ed for an LCT computed using MCA treatment 
plans of ss-IMRT, d-IMRT, and VMAT target, 
respectively. In percentage, the absolute dose 
along the central axis (Point 8) variations was 
measured using the PB algorithm generated 
plans of ss-IMRT, d-IMRT, and VMAT target 
outcomes were +11.9%, +11.5%, and +11.6%, 
respectively. Same for the central axis, dose 
variations recorded for an LCT computed 
using MCA plans of ss-IMRT, d-IMRT, and 
VMAT target were -2.4%, -1.9%, and -1.1%, 
respectively.

The highest variation at the tumor-lung junc-
tion of these outcomes is shown in Table 1, 
regardless of delivery modalities or tumor vol-
ume. However, the largest variation recorded in 
PBA was +12.9%, whereas the MCA showed 
minimal deviation, which is less than -0.8%. 
Also, maximum deviation was computed by 
PBA for ss-IMRT, and MCA calculates mini-

Evaluation Points
Dose Difference Calculated vs. Measured in percentage
ss-IMRT d-IMRT VMAT

PBA MCA PBA MCA PBA MCA
1 +12.9 -2.1 +12.5 -1.6 +12.5 -1.2
2 +10.8 -1.9 +9.1 -1.4 +10.5 -1.1
3 +10.5 -1.6 +9.8 -1.1 +11.6 -1.0
4 +11.6 -1.4 +10.5 -0.9 +10.2 -0.8
5 +11.8 -1.9 +9.6 -1.4 +11.7 -1.2
6 +11.2 -1.8 +9.5 -1.5 +12.4 -1.1
7 +11.5 -2.2 +10.8 -1.7 +11.8 -1.2
8 +11.9 -2.4 +11.5 -1.9 +11.6 -1.1

ss-IMRT: Step and Shoot Intensity-Modulated Radiation Therapy; d-IMRT: Dynamic Intensity-Modulated Radiation Therapy; 
VMAT: VVolumetric Modulated Arc Therapy; PBA: Pencil Beam Algorithm; MCA: Monte Carlo Algorithm; +: Overestimation;  
-: Underestimation

Table 1: Dose variation utilizing Gafchromic film and several treatment planning system dose 
calculation algorithms for Left Lung central tumor (LCT).
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mum deviation for VMAT. Percentage of dose 
variation between Gafchromic film and TPS 
dose calculation algorithms at different points 
(Point 1 to Point 8) for ss-IMRT, d-IMRT and 
VMAT techniques were shown in Figure 2.

At an isocentric dose plane, for PBA gener-
ated evaluation, the 2D gamma passing index 
rate for criteria 3%/3 mm was 94.9 to 96.2%, 
whereas it is found to be 92.2% to 94.5% for 
criteria 2%/2 mm.

The same evaluation done using MCA pro-
vided 97.3% to 98.7% for the criterion 3%/3 
mm, and 95.3% to 95.6% for the criteria  

2%/2 mm. 
Table 2 demonstrates the gamma passing 

index rate utilizing PBA and MCA with dif-
ferent passing criteria for LCT. For the crite-
rion of 3% and 3 mm, the evaluation of the 
2D gamma passing index rate for the normal 
lung, with the film at a plane 3.5 cm from the 
tumor plane, was 96.1% to 97.3% for PBA and 
98.2% to 98.6% for MCA plans (Figure 3).

Left Lung Peripheral Tumor (LPT)
The absolute dose along the central axis 

differences measured for 37.799 cc target 

Figure 2: Techniques percentage dose variation between Gafchromic film and treatment plan-
ning system dose calculation algorithms at different points (Point 1 to Point 8). 

Evaluation Points
Dose Difference Calculated vs. Measured in percentage

ss-IMRT d-IMRT VMAT
PBA MCA PBA MCA PBA MCA

2D GPI at Iso-center
2%/2 mm 93.1 95.6 94.5 95.4 92.2 95.3
3%/3 mm 95.3 97.3 96.2 98.7 94.9 97.5
5%/5 mm 99.1 99.3 99.0 99.4 96.2 99.2

2D GPI at 3.5 cm 3%/3 mm 96.1 98.2 96.4 98.2 97.3 98.6
ss-IMRT: Step and Shoot Intensity-Modulated Radiation Therapy; D-IMRT: Dynamic Intensity-Modulated Radiation Therapy; 
VMAT: Volumetric Modulated Arc Therapy; PBA: Pencil Beam Algorithm; MCA: Monte Carlo Algorithm; GPI: Gamma Passing 
Index Rate

Table 2: Percentage gamma passing index rate utilizing algorithms with varying passing criteria 
for left lung central tumor (LCT).
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(LPT) computed using PBA plans of ss-IMRT, 
d-IMRT, and VMAT target were +13.0%, 
+12.5%, and +12.7%, respectively, for ss-
IMRT, d-IMRT, and VMAT target; -2.6%, 
-2.1%, and -1.5% for MCA plans, accordingly.

Irrespective of delivery modalities or tumor 
volume, highest variation was found at the tu-
mor-lung junction, as shown in Table 3. How-
ever, the largest variation was found in PBA 
(+13.0%), whereas the MCA showed mini-
mal variation (<-1.5%). Also, the maximum 
variation was computed by PBA for ss-IMRT, 
and MCA calculated minimum deviation for 
VMAT, shown in Figure 4.

In an isocentric dose plane compared among 
PBA and measured, the 2D gamma passing 
index rate for criterion 3% with 3 mm was 
from 95.2% to 96.1%, whereas it was 92.1% 
to 92.4% for criteria 2 percent and 2 mm. The 
same comparison between MCA and measured 
yielded 96.6% and 97.5% for the criterion 3% 
and 3 mm, and 94.2% and 95.6% for the cri-
teria 2%- and 2-mm. Table 4 demonstrates the 
gamma passing index rate utilizing PBA and 
MCA with different passing criteria for LPT.

For the criterion of 3% and 3 mm, the 2D 
Gamma assessment for the usual lung, with the 
film at the plane 3.5 cm from the tumor plane, 

Evaluation Points
Dose Difference Calculated vs. Measured in percentage

ss-IMRT d-IMRT VMAT
PBA MCA PBA MCA PBA MCA

Peripheral Dose +13.0 -2.6 +12.5 -2.1 +12.7 -1.5
ss-IMRT: Step and Shoot Intensity-Modulated Radiation Therapy; D-IMRT: Dynamic Intensity-Modulated Radiation Therapy; 
VMAT: Volumetric Modulated Arc Therapy; PBA: Pencil Beam Algorithm; MCA: Monte Carlo Algorithm; +: Overestimation;  
-: Underestimation

Table 3: Dose variation utilizing Gafchromic film and several treatment planning system dose 
calculation algorithms for left lung peripheral tumor (LPT)

Figure 3: Algorithms/techniques gamma passing index variation between Gafchromic film flu-
ence and treatment planning system dose fluence for left lung central tumor (LCT) with differ-
ent passing criteria.
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was 95.8% to 98.2% for PBA and 97.4% to 
98.8% for MCA plans (Figure 5).

Discussion
In this study, EBT 3 Gafchromic film mea-

sured data for the lung heterogeneities when 
irradiated with a 6 MV photon beam to evalu-
ate the dose calculation accuracy of two types 
of algorithms, PBA, and MCA. On the other 

hand, previous evidence contrasted particular 
algorithms with theoretical Monte Carlo evi-
dence or dose derived for a single tumor in the 
center of the lung alone [11, 16]. The authors 
of this study evaluated the reliability of algo-
rithms with measurements taken at the central 
plane and the interface target of the lung. The 
difference is for the absolute dose at differ-
ent points comprising tumor at the center and 

Dosimetric Study in Lung Equivalent Heterogeneous Medium

Figure 4: Techniques percentage dose variation between Gafchromic film and treatment plan-
ning system dose calculation algorithms at different points central axis dose (CAD) for left lung 
peripheral tumor (LPT) and left lung central tumor (LCT).

Evaluation Points
Dose Difference Calculated vs. Measured in percentage

ss-IMRT d-IMRT VMAT
PBA MCA PBA MCA PBA MCA

2D GPI at Iso-center
2%/2 mm 92.1 95.1 92.4 95.6 91.2 94.2
3%/3 mm 95.2 96.6 96.1 97.5 95.2 96.7
5%/5 mm 98.7 99.4 99.1 99.8 99.2 99.9

2D GPI at 3.5 cm 3%/3 mm 96.5 97.4 95.8 98.7 98.2 98.8
ss-IMRT: Step and Shoot Intensity-Modulated Radiation Therapy; D-IMRT: Dynamic Intensity-Modulated Radiation Therapy; 
VMAT: Volumetric Modulated Arc Therapy; PBA: Pencil Beam Algorithm; MCA: Monte Carlo Algorithm; GPI: Gamma Passing 
Index Rate

Table 4: Percentage Gamma Index passing rate utilizing Algorithms with varying passing criteria 
for Left lung peripheral tumor (LPT).
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interface of the lung, so the variation found 
could be slightly higher than in prior tradition-
al Monte Carlo calculation.

In the present study, higher variations from 
measurement were reported for LCT with the 
PB algorithm across all points and tumor siz-
es. Even with the tough delta 2%/2 mm crite-
rion, the 2D Gamma assessment passing rate 
is good for MCA, as shown in Tables 2 and 4.

Based on the evaluation of central axis points 
it reveals that the interface between the lung 
and the tumor is where algorithms fail most 
frequently. These discrepancies were as high 
as +13% in the PB algorithm against -1.5% in 
the MC algorithm, related to the capabilities 
of the algorithm in computing forward and 
transverse electronic disequilibrium, which is 
the primary reason for dose variation for the 
tumor. In dose plan evaluations, VMAT exhib-
its a high pass proportion and slight variation 
despite the algorithm. Also, the tumor at the 
interface has a relatively higher dose variation 
than the tumor center. The difference observed 
in the current study at the interface may be due 
to involvement, such as forward electronic dis-

equilibrium calculated by various algorithms. 
The findings of this study may incorporate sta-
tistical errors in the computations of commer-
cialized algorithms, which may be reflected in 
the estimation of dose variation.

As more modulated and conformal therapeu-
tic interventions become routine medical pro-
cedures, as in lung tumors, multi-institutional 
investigations of various dosimetric criteria 
should be employed to assess the efficacy of 
respective algorithms with the small fields, in-
cluding heterogeneities present in adverse sit-
uations. Alagar AGB et al. [17] presented that 
maximum deviation among the algorithms 
was in the inter-face/junction of the lung and 
tumor. Similarly, in the current study, the same 
trend of results irrespective of treatment tech-
niques was considered. In the present study, 
regardless of delivery mode, MC and PB algo-
rithms exhibited the highest variation near the 
tumor-lung junction in both central and inter-
faced tumors. However, the variation with PBA 
was greater than MCA-generated VMAT plan, 
with a minimal permissible deviation of 0.8%, 
related to the lower accuracy of algorithm in 
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Figure 5: Algorithms/techniques gamma passing index variation between Gafchromic film flu-
ence and treatment planning system dose fluence for left lung peripheral tumor (LPT) with dif-
ferent passing criteria.

512



J Biomed Phys Eng 2023; 13(6)

Dosimetric Study in Lung Equivalent Heterogeneous Medium

simulating the enhanced transverse scatter-
ing phenomenon in low-density mediums.  
Saini A et al. [18] showed that the greatest 
dose variation predicted by the PB method 
was -11.6% of the observed Gafchromic film 
dose in 15 MV photon energy. The maxi-
mal variation in dose was similarly large in 
all other energies. The largest dose varia-
tion predicted by the MC method was 2.04% 
of the observed Gafchromic film dose in 6 
MVFFF photon energy. For all other energies  
(6 MV, 10 MV, and 15 MV and 6 MVFFF as 
well as10 MVFFF), the dose variation was 
within 2%, which was consistent with dose 
variation of the current study. The Monte Car-
lo algorithm is reasonably precise with some-
what longer computational timeframes since it 
accounts for all physical phenomena, includ-
ing inhomogeneity effects caused by scattered 
radiation, electron density, and electrons. For 
current findings, MC also performs Gafchro-
mic film within tolerance limits. The efficacy 
of the MCA for LCT and LPT for ss-IMRT, d-
IMRT, and VMAT techniques to effectively ac-
count was evaluated for inhomogeneity under 
simple geometric situations. Patient-specific 
Quality Assurance (QA) should be performed 
with lung phantoms instead of homogeneous 
density solid phantoms.

Conclusion
In this study, both algorithms exhibit slightly 

higher variations in left lung peripheral tumor 
than in left lung central tumor, regardless of 
treatment techniques. As a result, the dose as-
sessment for the peripheral tumor should be 
done carefully. In addition, in both centralized 
and interfaced tumors, both algorithms exhib-
it the highest variations near the tumor-lung 
junction. However, with the PB algorithm, the 
variation is larger whilst there is a minimum 
permissible deviation with the MC algorithm-
generated VMAT plans. This may be due to 
less accuracy of algorithms used to simulate 
elevated lateral scatter events in low-density 
substances. It is recommended that patient-

specific QA should be preferred in lung phan-
toms instead of homogeneous density solid 
phantoms in thorax cases, including lung ra-
diotherapy with irrespective of delivery tech-
niques.
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