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Abstract

Original Article

INTRODUCTION

Proton therapy (PT) has shown better sparing of surrounding 
normal tissue and reduction of integral dose as compare 
to  outcome, improved quality of life, and reduction 
of second cancer.[1] Recently, PT with pencil-beam 
scanning (PBS) technique is increasingly adopted (https://
www.ptcog.ch) primarily due to its technological 
advancement as compare to traditional passive-scattering 
technique, availability of less-expensive single-room 
compact system, and emergence of promising dosimetric 
and clinical outcome data.[1] The first PT facility in India 
was clinically commissioned at the Apollo Proton Cancer 
Center (APCC), Chennai. This three room (two gantries 
and one fix line) PT facility is equipped with the latest 

model of Proteus 235 (IBA, Louvain-la-Neuve, Belgium) 
with dedicated nozzle (DN) and cone-beam computed 
tomography (CBCT). The DN is a newly developed nozzle 
exclusively for PBS technique, and it claimed to produce 
the proton spots of smaller size in comparison to previous 
universal nozzle.[2] CBCT is also a new system capability 
in addition to orthogonal radiograph.

Purpose: The purpose of this study is to evaluate the performance characteristic of volumetric image-guided dedicated-nozzle pencil 
beam-scanning proton therapy (PT) system. Materials and Methods: PT system was characterized for electromechanical, image quality, and 
registration accuracy. Proton beam of 70.2–226.2 MeV was characterized for short- and long-term reproducibility in integrated depth dose; spot 

Results: 

Distal range (R90
international commission on radiation units and measurements 49 and 0.0156× R90, respectively. The R90
standard deviation of 0.05 g/cm2

positions were accurate within ±0.6 mm. The planned and delivered spot pattern of known complex geometry agreed with (
Conclusion: The PT-system performed well within the expected 

during their crucial phase of commissioning.

Keywords: Characterization, commissioning, pencil-beam scanning, proton, validation
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The characterization of a new PT system is of paramount 
importance to understand its complete behavior and 
establishing baseline data for subsequent consistency 
check. Characterization need to be carried out with the 
highest possible accuracy for precise and safe delivery of 
dose to patient. Very recently, the American Association 
of Physicist in Medicine (AAPM) have published the 
guideline for the quality assurance (QA) of PT system in 

[3] However, 
consensus guideline for the characterization of PT facility 
for clinical commissioning is still lacking in the literature. 
Adopted methodology and test protocols vary from center 

equipment type, and physicist viewpoint. Proton beam 
characteristic of active scanning PT systems have been 

accelerators and beam delivery techniques.[4-6] However, 
comprehensive proton-beam characteristics, dosimetric data, 
electromechanical, image quality, and image registration 
evaluation results from Proteus 235 PT system with dedicated 
PBS nozzle is lagging in the literature. In this study, we report 

uniform dose and intensity-modulated proton therapy. 
Performance characterization includes (a) electro-mechanical 
characterization, (b) image quality and image registration 

characterization, calibration, and consistency of proton beam.

MATERIALS AND METHODS

Overview of the proton therapy facility
Proteus-235 comprises C230 isochronous cyclotron, energy 
selection system (ESS), beam transport system (BTS), 
dedicated PBS nozzle, and two pairs of kV X-ray tube (Rad-A 

and set-up error correction in six dimensions (6D). The C230 

accelerate hydrogen nuclei up to 230 MeV which can be 
reduced till 70 MeV using beam degrader in ESS. Minimum 
and maximum extracted beam current ranges from 1 to 350 

proton varies from 4 to 32 g/cm2 at DN exit. The range of 
proton beam can be reduced further by 7.5 g/cm2 using an 
add-on Lexan (density = 1.25 g/cm2) Range shifter having 
water equivalent thickness of 7.5 g/cm2 (physical thickness 
of 6 cm). One spot sigma for the maximum proton energy in 

size was 30 cm × 40 cm at isocenter. Minimum and maximum 

software. The two pairs of kV imaging system driven by Adapt 
Insight software (IBA, Louvain-la-Neuve, Belgium) enable 

planar radiograph and CBCT and the same can be corrected 
in 6D using Leoni robot.

Electro-mechanical and safety test
Electromechanical test related to translational and rotational 
movement accuracy of Leoni robot patient positioning system 
(PPS), gantry rotational and speed accuracy, isocentric accuracy 
with respect to PPS and gantry movement, congruence of 
proton isocenter, and imaging isocenter were tested following 
standard test methods. Safety interlock tests were performed 
following the manufacturer test protocol. Mechanical and 

out in both stereo X-ray imaging and CBCT mode using 
appropriate test tools and methodology described in AAPM 

[7] and acceptance test protocol of IBA. The included 
test were the congruence of Rad-A and Rad-B isocenter, 
low and high-contrast resolution in planar radiography and 
CBCT mode, computed tomography (CT) number accuracy 

elsewhere.[7]

Image registration accuracy test
Image registration accuracy test was carried out using an 
anthromorphic head and neck phantom having seven markers 

AcquilonLB (M/S Canon Medical System Corporation, 

plan in RayStation TPS. The approved plan was exported to 
AdaptInsight through MOSAIQ oncology information system. 
The phantom was setup on the Leoni PPS and aligned using 
room laser as if it is done for the patient. An orthogonal 
radiographs were acquired and subsequently registered with the 

automatic registration algorithm and second by automatic 
matching based on intensity. The procedure was repeated 

and rotation. The measured stereo X-ray correction vectors 

CBCT were acquired for the same phantom and co-registered 
with reference planning CT datasets using intensity-based 
auto-registration and estimated correction vectors were 
compared against known expected values.

Characterization and calibration of proton beam
Pristine Bragg peak/integrated depth dose measurement
Integrated depth doses (IDD) from 70.2 to 226.2 MeV 
proton energy were acquired in 10 MeV increment using 3D 
scanning tank (Blue Phantom2) and large diameter (12 cm) 
parallel plate ionization chamber (StingRay Sr No 0042; 

was used as a reference detector. All the measurements 

 The 
measured range (R90) from each IDD was compared against 
calculated range based on the international commission on 
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radiation units and measurements 49.[9] The measured distal 

20% ), were 
compared against expected value calculated as 0.0156 times 
calculated range.[10] The complete set of IDDs measurement 
was repeated in the next week to check the short-term 
reproducibility. IDDs were also measured from 70.2 to 
226.2 MeV in 10 MeV increment using a Zebra multi-layer 

of 2.5 cm diameter and inter-chamber spacing of 2 mm. It 
can cover energies ranging from 2 to 33 cm of WET with a 
resolution of 2 mm. The detail performance characteristics of 
Zebra MLIC is reported elsewhere.[11] The R90 extracted from 
the IDDs measured in water phantom using stingray and zebra 
MLIC was compared to establish the baseline for subsequent 
QA. The long-term reproducibility of the IDDs over the 

measurement of IDDs using Zebra MLIC.

Spot profile and position measurement

ranging from 70.2 to 226.2 MeV were acquired in 10 MeV 
increment in air by keeping the active layer of Lynx (IBA 

and ±20 cm, respectively. Lynx is a gadolinium-based 

spatial resolution of 0.5 mm and active surface area of 
30 cm × 30 cm and its detail characteristics are reported 
elsewhere.[12]

IMRT software and myQA fast tract software (IBA dosimetry, 

RayStation TPS. Spot size represented by one sigma (1 ) 

symmetry along X and Y direction were also estimated from 

dependence of spot size with gantry angle was investigated by 

of 70.2, 100, 115, 145, and 226.2 MeV, respectively. The same 

to calculate the relative spot position of the corner spots with 
respect to the central spot.

Spot pattern accuracy
A complex dose/spot pattern of known geometry was created 

120, 100, and 70.2 MeV, respectively. The agreement between 

was compared using gamma (

Absolute dose calibration
Dose (cGy)/monitor unit calibration

Ionization measurement from 33 mono-energy (70.2–226.2 

PPC05 parallel plate chamber and Dose-1 electrometer (IBA 

TPS beam physics guide. The absorbed dose to water at the 
reference depths was calculated following the formalism of 

[13]

Dose linearity and monitor unit accuracy

carried out for proton energy of 226.2, 145 and 70.2 MeV 
using PPC05 ionization chamber positioned at 2 cm depth in 

and secondary monitor chambers were also recorded at the 

Dose reproducibility and Output constancy with gantry angle
The short and long term dose reproducibility were tested by 

and 5 days (1 week) from any arbitrarily chosen energy of 200 

RESULTS

The results of the electromechanical test related to Leoni PPS, 

are summarized in Table 1. It also shows the results of planar 
kV and CBCT image quality, scale and distance measurement 
on CBCT images, CT number accuracy and uniformity 

parameters were within the acceptance tolerance limit provided 
[3,7] 

Also, all the safety features pass the acceptance criteria. The 
point based image registration errors along translation (X, Y, Z) 

be discuss in this manuscript.

Characterization and calibration of proton beam
Pristine Bragg peak/integrated depth dose characteristics

 1 represents one set of normalized IDDs from 70.2 
to 226.2 MeV proton energy in 10 MeV increment. The 
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corresponding calculated range (R90) and the absolute 

plot) is shown in  2a. The expected range for 70.2–226.2 
MeV increases from 4.1 to 32.04 g/cm2. The difference 
between calculated and measured ranges for the entire energy 
was within ±0.1 g/cm2

of measured IDD agree within ±0.1 g/cm2.  2b shows 

70.2–226.2 MeV proton energy in 10 MeV increment. The 

calculated and measured (R20
2 for all proton 

energies. The mean values of R90 for 70.2–226.2 MeV measured 
with Zebra MLIC and StingRay agrees within ±0.1 g/cm2. The 

reproducible within a standard deviation (SD) of 0.05 g/cm2 
in R90 [  3].

Spot Profile and position characteristics
The spot size (1 ) measured at different air gaps of 
0 cm (isocenter), ±10 cm and ±20 cm from the isocenter for 
70.2–226.2 MeV proton in 10 MeV increment are shown in 

 4. The Spot sigma along X-direction [  4a] varies 

isocenter. The corresponding values in Y-direction [  4b] 

along X and Y direction varies from ±0.19% (±0.01 mm) 
up to ±4.5% (±0.15 mm) at isocenter. No correlation was 
observed between the magnitude of deviation and beam energy. 
However, the deviation between X and Y sigma increases as 
the air gap increases primarily due to the changes in Y spot 
sigma with air gap. In comparison to spot sigma measured 
at isocenter, the variation in spot sigma with air gap was 
minimal along X-direction with a maximum deviation of 

which gradually decreases with increase in energy and attain 
a minimum value of ±0.21 mm (±7.15%) for 226.2 MeV. The 
spot sigma measured at isocenter along X and Y direction 

is shown in Table 2. In comparison to median spot size, a 

Table 1: Results of the electromechanical test and imaging parameters

Results
Electro-mechanical parameters test related to Leoni PPS and proton 
gantry

Accuracy in linear movements of Leoni PPS Max deviation from programmed position along X=0.3 mm, Y=0.2 mm and 
Z=0.1 mm

Accuracy in the angular movement of Leoni PPS

Isocentricity of Leoni PPS
Isocentricity with respect to gantry rotation <1 mm diameter (Max deviation along X=±0.2 mm, Y=±0.4 mm, Z=±0.3 mm)
MRD of gantry due to emergency stop

Rotational accuracy of gantry
<1.5 mm diameter

Image quality test performed
High-contrast spatial resolution tested using Digi-13 imaging 
phantom for planar kV X-rays

3.1 lp/mm for Rad A and 3.4 lp/mm for Rad B

Low-contrast resolution tested using Digi-13 imaging phantom for 
planar kV X-rays
Scale and distance measurement accuracy in CBCT images

CT number accuracy and uniformity test for CBCT in small and Measured and expected CT number for water, acrylic, air and LDPE agrees 

High-contrast spatial resolution tested using CatPhan-600 for CBCT
Low contrast sensitivity tested using CatPhan-600 for CBCT 15 mm @ 1%

Figure 1: Normalized integrated depth doses from 70.2 to 226.2 MeV 
proton beam measured using large diameter StingRay parallel plate 
ionization chamber in water tank
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maximum deviation of 3.56% was observed for range of 145 
MeV at 220 gantry angle. The deviation between planned and 
measured positions of the four-corner spots with respect to 
central spot were within ±0.6 mm as shown in  5a. The 

of 0 (isocenter), ±10 cm and ±20 cm were symmetric both in 
X and Y direction within ±10% [  5b]. The comparison 

the gamma analysis value for one of the representative proton 
 6. In 

Figure 3: Variation in the distal range (R90) corresponding to proton 
energy ranging from 70.2 to 226.2 MeV over the period of 8 months. 
All measurements were performed using Zebra multi-layer ionization 
chamber

Figure 5: (a) Relative positional deviation of the four corner spots 
normalized with respect to the central spot for enrgies from 70.2 to 
226.2 MeV at isocenter (air gap = 0) and for gantry 90°. (b) Symmetry 
in % of the central single spots along X and Y direction measured for 
70.2–226.2 MeV at 10 MeV increment for gantry 90°and at different air 
gaps of 0 (isocenter), ±10 cm and ±20 cm

b

a

Figure 4: In-air spot size represented by one sigma (1 ) of X profile (a) 
and Y profile (b) of the central spot at isocenter for various air gap of 
0 (isocenter) cm, ±10 cm and ±20 cm for proton energies ranging from 
70.2 to 226.2 MeV in 10 MeV increment

c

a

Figure 2: (a) Expected range (R90) in g/cm2 for proton energies from 
70.2-226.2 MeV. Inside bar plot represent the difference in ranges between 
expected and from two sets of separate measurement. (b) Expected distal 
dose fall-off in g/cm2 for proton energies from 70.2 to 226.2 MeV. Inside 
bar plot represent the difference in distal dose fall-off between expected 
and from two sets of separate measurement

b

a
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all four gantry angles and proton energies studied, planned 
and measured dose distribution/spot pattern agrees with 
(
difference at 1 mm distance-to-agreement (1%@1 mm). 
The average ±SD 

70.2 MeV respectively.

Absolute calibration

separated by a week is shown in  7
decreases sharply in lower energy region and becomes relatively 
less sensitive in medium to higher energy. The maximum 
deviation between the two consecutive set of measurement 

dose for three select proton energies is shown in . The 

R2) value of 1.0 for all the 

primary and secondary except for the very high programmed 

DISCUSSION

Although the accelerator (C230 isochronous cyclotron) and 
beam delivery technique (PBS) used in our study is similar 
to the one investigated in the study by Pidikiti et al.,[6] the 

and hence expect differences in electro-mechanical and 
proton beam characteristics. Therefore our results are not 
directly comparable with any of the previous publications.
[4-6] Moreover, almost all PT systems today are designed to 
deliver proton beam in PBS technique and the number of 
such installations are increasing worldwide. Thus reporting 
of characterization, performance, commissioning procedures 
and results from various PT system and delivery technique 
will be useful for inter comparison of new or existing PT 

Table 2: The variation in spot sigma in mm along X and Y direction for different energies at different gantry angle

Gantry angle Spot size (1 ) value in mm along X and Y direction for different energies of

226.2 MeV 145 MeV 115 MeV 100 MeV 70.2 MeV

X Y X Y X Y X Y X Y
0 3.00 4.01 4.55 4.74 5.36 5.23 6.63
60 3.03 3.02 4.04 4.51 4.76 5.11 5.40 6.49 6.74
220 3.01 2.97 3.93 4.54 4.65 5.16 5.32 6.52
270 3.00 3.00 4.02 4.60 4.70 5.22 5.37 6.56 6.65
Median spot size 3.01 3.01 3.91 4.02 4.55 4.72 5.19 5.35 6.51 6.67
SD 0.01 0.05 0.05 0.04 0.05 0.11 0.07 0.04 0.05
SD: Standard deviation

Figure 7: Variation in output (cGy/MU) from 70.2 to 226.2 MeV at 5 MeV 
increment at gantry 0°and at different depths of measurement in two 
different days seperated by a week

Figure 6: Comparison of planned and measured dose fluence/spot pattern 
along with the gamma analysis for 226.2 MeV at gantry 0°
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Figure 8: Linearity of the response of the dose monitoring unit over the 
ranges of 18.49–8405 MU for 226, 145 and 70 MeV

centres, which subsequently may help in developing a common 
consensus guideline and protocol.

The maximum deviation of calculated and measured R90 were 

to the data reported by previous investigators.[4-6] However it is 

and measurement reported by Mirandola et al.[5] This could be 

limit of 1 mm.[6] The increase in spot size with decrease in beam 
energy is primarily due to the larger wide angle scatter of lower 
energy proton. However, the larger variation in Y-spot sigma 

the beam optics only to make X-and Y spot-sigma similar at 
isocenter. The variation of spot size with respect to gantry rotation 
and accuracy of relative spot positions were well within the 

[3]

reported mostly based on a single depth (2 cm) of measurement. 

based on the recommendation of RayStation beam physics 

very small dependence of ion recombination factor of PPC05 
with beam energy and hence corrected accordingly. Excellent 

constancy demonstrate the capability of beam management 

CONCLUSION

equipped with PBS DN and CBCT at APCC is well within 

the expected accuracy level. The methodology and results 
presented here might certainly help upcoming modern PT 
center during its crucial commissioning phase wherein 
establishing highest possible accuracy of test parameters in 
time sensitive project is of paramount important.
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Abstract

Original Article

INTRODUCTION

External beam radiation therapy is among the most commonly 
used treatments for various tumors. Advances in radiation 
therapy have resulted in dose escalation and also a better 
precision during treatment. Due to the complex nature 
of the advanced treatment technique using multi-leaf 

aspect of the quality assurance (QA) program.[1,2] Although 
most treatments are performed accurately, accidents have 
been reported even in centers with advanced technology and 

[3,4]

is an essential step to ascertain that the equipment is capable 
of delivering the plan generated in the treatment planning 

[5-8]

facilitate the clinical implementation of intensity-modulated 

measuring the point dose and analyzing the planar dose 

material before treating a patient.

[9-12] 
A majority of these phantoms are made up of solid/plastic 
water materials, and most of them are not suitable for QA of 
cranial RT. Although a few phantoms are suitable like Lucy 

Purpose:
Materials and Methods: The head phantom designing 

involves slice-wise modeling of an adult head using PMMA. The phantom has provisions to hold detectors such as ionization chambers of 

volumetric modulated arc therapy patient plans were selected, and doses were measured using a CC13 ionization chamber. The percentage 

 Results: Treatment planning system calculated, and the measured point doses showed a 

percentages of points having gamma value <1 were in the range of 99.17 ± 0.25 to 99.88 ± 0.15 and 93.16 ± 0.38 to 98.89 ± 0.23, respectively. 
Conclusions: The dosimetric study reveals that head phantom can be 

Keywords:

Address for correspondence: Ms. Debjani Phani, 
Department of Radiation Physics, Regional Cancer Centre, 

Thiruvananthapuram - 695 011, Kerala, India.  
E-mail: debjaniphani@gmail.com

Access this article online
Quick Response Code:

Website:  
www.jmp.org.in

DOI:  
10.4103/jmp.JMP_21_20

For reprints contact:

How to cite this article:
et al. Design, fabrication, and validation of a 

radiotherapy treatment plans. J Med Phys 2020;45:66-70.

Design, Fabrication, and Validation of a Polymethyl 
Methacrylate Head Phantom for Dosimetric Verification of 

Cranial Radiotherapy Treatment Plans
V. S. Shaiju, Rajesh Kumar1, Debjani Phani, K. V. Rajasekhar2, George Zacharia, Saju Bhasi, Raghuram K. Nair

Department of Radiation Physics, Regional Cancer Centre, Thiruvananthapuram, Kerala, 1Radiological Physics and Advisory Division, Bhabha Atomic Research 
Centre, Mumbai, Maharashtra, 2Department of Radio Diagnosis (Head), Meenakshi Academy of Higher Education and Research, Chennai, Tamil Nadu, India

Received on: 17-03-2020 Review completed on: 12-04-2020 Accepted on: 15-04-2020 Published on: 20-07-2020



Shaiju, et al.: In-house head phantom for dosimetry

67

QA phantom[13]

and some have limited measurement options especially for 

head phantom with tissue equivalent materials, which is 
suitable for dosimetry QA of cranial RT using advanced RT 
techniques. Although the dosimetry protocols recommend 
performing the measurements in water, solid water substitutes 
are widely used because of their convenience and satisfactory 
results.[14,15]

procedure, the physical and radiological properties of water 
and the phantom material should be equivalent.[16,17]

protruding type novel head phantom that can contribute 

noncoplanar beams. As an initial step, we fabricate the 
phantom with Polymethyl Methacrylate (PMMA) (C5O2H8) n 
as it is cheap and easily available. Article describes the head 
phantom design, fabrication, and also the steps involved in its 
validation and results.

MATERIALS AND METHODS

Head phantom design and fabrication
The phantom was designed using PMMA slabs. Commercially 
available PMMA slabs have a thickness ranging 10–40 mm 
were used. The slabs were stacked together and machined such 
that the external contour of the slabs matches that of an average 
human head with an inter-pterion distance of 14.5 cm. The 
average human head dimension was acquired for fabricating 
the phantom from the computed tomography (CT) data set of 
head available in our hospital. The model was sectioned in the 
craniocaudal direction. The inner dimensions of the PMMA 
slabs were tooled using a 3D Computer Numerical Control 

centre with a spindle speed of 13,000 rpm.  1 shows the 

and the assembled phantom on the treatment couch for dose 
measurements. Carefully, the point of measurement was kept 
at the interface of two selected slices for all the detectors. 
This will help in identifying the plane to align the phantom 
using lasers during measurements. To conveniently handle and 

on both sides of the slices.  2 shows a slice drawing and 
the corresponding machined part. The external contour was 
later machined, stacking the individual slices. In addition, two 
PMMA cylindrical rods with 2 cm diameter were provided to 
secure the slices while the phantom is on the treatment couch.

A cavity of size 40 mm × 40 mm × 40 mm was provided in 

dosimetric detectors such as ionization chambers with various 
active volumes, gel dosimeter, radio-chromic films and 

to the constraints in the machining of internal dimensions, 

edges of the cavity. The cuboid inserts for various types of 
detectors were modeled with Creo Parametric, a 3D modeling 
software after physical measurements, and applying required 
tolerances and were machined individually on the CNC router. 
The cuboid inserts were machined in symmetric halves owing 
to the small tolerances applied, which would be subsequently 
glued together. The point of measurement for all detectors 
was positioned at the center of the cuboid.  3 shows the 
drawing of 40 mm × 40 mm × 40 mm cuboid with a detector 
holder and the corresponding machined part.

were also included in the design.  4a and b shows 
the schematic diagram for the gel and film inserts of 

Figure 1: Head phantom concept to reality: (a) designed par t (b) 
machining the outer contour of the phantom using a Computer numerical 
control machine (c) fabricated head phantom, and (d) phantom mounted 
on linear accelerator couch for dose measurements

dc

ba

Figure 2: (a) Individually designed slice three dimensional model and (b) 
the corresponding machined part

ba

Figure 3: (a) 40 mm× 40 mm × 40 mm cuboid three dimensional model 
with detector insert and (b) the corresponding machined part

ba



Shaiju, et al.: In-house head phantom for dosimetry

68

40 mm × 40 mm × 40 mm.  4c shows the fabricated 

future dosimetric works. Care was taken to align the point of 
measurement of the detectors at the center of the cuboid. The 
head phantom was mounted on the treatment couch using 
BrainLab®

plate machined out of PMMA. The base plate closely followed 

this plate for the inserts.

Validation of the phantom
Point dose measurements

0.13 cc) ionization chamber with their holders was placed 
in the head phantom for evaluating the treatment plans. In 
our institute, CC13 ionization chamber is routinely used for 
the point dose measurements. CT set of the phantom with 

 5 shows the sagittal view of the 
head phantom with a CC13 detector placed at the isocenter. 

Planar dose verification

delivered for the QA purpose. A precut 40 mm × 40 mm 

as shown in 
®

 6b. Two-dimensional 

by comparing it with the unaltered planar dose pattern from 

samples was placed perpendicular to the beam direction in a 

known doses of 0, 50, 100, 150, 200, 250, 350, 450, 550, 

polynomial equation.[17]

Dose = a × OD + b × ODc

RESULTS AND DISCUSSION

The head phantom was designed and fabricated as per the 
drawings. The phantom setup found to be user friendly 

Figure 5: Sagittal computed tomography view of the head phantom with 
detector CC13

Figure 4:  Cavi ty inser t  drawing with external  d imension 
40 mm × 40 mm × 40 mm for (a) Gel dosimetry (b) radio-chromic 
film and (c) fabricated optically stimulated luminescence dosimeter 
insert cuboid

cb

a

Figure 6: (a) 40 mm × 40 mm Gafchromic EBT3 film placed in the 
phantom for irradiation and (b) the exposed film with fiducial marks on 
the films

ba
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connector cables from radiations as it may create noise in the 
signals. The design can overcome the surface irregularity such phantoms. The cost of the head phantom is found to 

15 patients are tabulated in Table 1. The table indicates that 
the relative percentage variation ranges from 0.26 to 1.92 
for the head phantom. The mean percentage of deviation of 
0.87% was found.

the head phantom. The gamma analysis results reveal that for 

to agreement (3 mm); percentages of points having gamma 
value <1 were in the range of 99.17 ± 0.25 to 99.88 ± 0.15 
while for a set acceptance criterion of 2% and 2 mm; 
percentages of points having gamma value <1 were in the 
range of 93.16 ± 0.38 to 98.89 ± 0.23, as shown in Table 2. 
During the gamma analysis, threshold dose was set to 10% of 
isocenter dose.

freedom during beam delivery. Most of the RT centers use slab 
phantoms or other expensive commercially available phantoms 

®

treatment positions while doing QA. Thus it fails to simulate 
noncoplanar treatment positions. The present head phantom 
can be used for the collision checks of the gantry and couch 
prior to the complex non-coplanar beam treatment delivery. 
The fabricated head phantom holds all the detectors in such a 
way that the point of measurement of each detector remains 
the same. This allows the phantom setup easier. In the present 
phantom, all the ionization chamber detectors are inserted 
through the rear side of the phantom. This avoids the chamber 

Table 2: Gamma analysis statistics of stereotactic 
radiotherapy patients in the transverse plane

Serial number 
of patients

Gamma Analysis (DTA, DD)

3 mm/3% (SD) 2 mm/2% (SD)
1 99.88±0.15 98.89±0.23
2 99.17±0.25 93.16±0.38
3 99.73±0.18 96.50±0.27
4 99.81±0.19 95.38±0.28
5 99.85±0.16 96.23±0.24

agreement

Table 1: Validation results of the head phantom using a 
CC13 ion chamber

Point dose measurements using a CC13 ion chamber for VMAT 
plans

Number of patients TPS dose 
(cGy)

Measured 
dose (cGy)

Percentage 
of variation

1 180.90 183.86 1.61
2 190.70 194.43 1.92
3 186.50 187.14 0.34
4 178.40 178.87 0.26
5 181.40 182.32 0.50
6 188.40 192.03 1.89
7 178.50 179.94 0.80
8 190.00 191.11 0.58
9 172.40 173.87 0.85
10 196.20 197.60 0.71
11 187.30 188.74 0.76
12 184.10 184.90 0.43
13 177.40 179.81 1.34
14 177.70 178.33 0.35
15 186.40 187.67 0.68
Mean percentage of deviation 0.87

Figure 7: (a) Transverse plane film image, (b) Transverse unaltered planar dose, (c) combined isodose lines and (d) the corresponding gamma analysis

d

c

b

a
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compared to commercially available phantoms. This phantom 
can also be used to measure the dose to the body surface of the 
critical organs such as lens, thyroid using appropriate surface 
dosimetry detectors. Phantom measurement results are in better 

study results show that the designed head phantom can be used 

CONCLUSIONS
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Abstract

Original Article

INTRODUCTION

Knowledge-based treatment planning (KBP) with a 
machine-learning technique is an approach used to reduce 
variations in plan quality in high-precision radiotherapy, 
thereby improving planning consistency.[1] A commercial KBP 
module, RapidPlan® (Varian Medical Systems, Palo Alto, 
CA, USA), has been released for use with the Eclipse (Varian) 
treatment planning system. The KBP uses a statistical model 
generated from a library of clinically accepted, high-quality 
plans to train dose–volume histograms (DVHs).[1,2] This model 
predicts an achievable DVH range and generates dose–volume 
objectives based on the relationships between geometric and 
dosimetric features, to optimize intensity-modulated radiation 

therapy and volumetric-modulated arc therapy (VMAT) 
plans.[1,2]

Many studies have reported that KBP can generate better 
(or at least comparable) dosimetric results at some anatomical 
sites.[1-15] Our previous study showed that KBP with one-time 
auto-optimization could create an acceptable VMAT plan for 
prostate cancer that could be used in clinical practice with no 
major problems concerning dosimetric accuracy or mechanical 

Purpose:
for volumetric-modulated arc therapy (VMAT) of prostate cancer. Materials and Methods: Thirty prostate cancer VMAT plans were enrolled 

ORIG); (2) 
cases cleaned by removing plans that did not meet all clinical goals of the dosimetric parameters, derived from dose–volume histogram (DVH) 
(KBPC-DVH); (3) cases cleaned outside the range of ±1 standard deviation through the principal component analysis regression plots (KBPC-REG); 
and (4) cases cleaned using both methods (2) and (3) (KBPC-ALL). Rectal and bladder structures in the training models numbered 34 and 48 
for KBPC-DVH, 37 and 33 for KBPC-REG, and 26 and 33 for KBPC-ALL, respectively. The dosimetric parameters for each model with one-time 
auto-optimization were compared. Results: All KBP models improved target dose coverage and conformity and provided comparable sparing 

the KBPC-ALL model generated no cases of >1% V78 Gy (prescribed dose) to the rectal wall, whereas the KBPORIG, KBPC-DVH, and KBPC-REG 
models 
and rectum regions overlapped. Conclusions: The cleaned-up KBP model based on DVH and regression plots improved plan quality in the 
PTV–rectum overlap region.

Keywords: Cleaned-up model, knowledge-based treatment planning, plan quality, prostate cancer
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performance.[10,16] Ueda et al. suggested that sharing the KBP 
model could enable other institutions to reproduce the dose 
distributions, although whether the registered DVH curves 

[17] 
However, the volumes over which high doses were delivered 
to organs at risks (OARs) in the KBP were inferior to those 
of clinical plans (CPs)[10,16] because the doses applied to 
any overlapping regions of the target and OARs were not 
considered in the KBP system.[18] Some reports described the 

investigated whether a “cleaned-up” KBP model created by 
removing the outlier plans or structures which have potential 

quality.[1,19-21] Aviles et al. showed that the DVHs estimated 
using cleaned-up KBP had greater accuracy.[20] In contrast, 
Hussein et al.[1] and Delaney et al.[21] reported that statistical 

remains unclear whether a cleaned-up KBP model can improve 
plan quality. Additionally, the modeling process itself is not 
completely understood.

The purpose of this study was to investigate how a cleaned-up 

cancer patients. For this study, we created a cleaned-up KBP 
model by excluding outlying items according to the DVH and/
or regression plots, and investigated whether the cleaned-up 
KBP model could improve the plan quality involving the 
target–OAR overlap region with one-time auto-optimization 
application, which is easy to install in a clinical situation. The 
one-time auto-optimization can eliminate the subjectivity and 
heuristics, which results in the standardization of high VMAT 
plan quality at many institutions.

MATERIALS AND METHODS

Volumetric-modulated arc therapy planning for prostate 
cancer
Thirty prostate cancer patients (T1–T2c) who underwent 
VMAT with CPs during 2016–2017 were selected for 
the KBP model validation. All VMAT plans for prostate 
cancer were created using 10-MV photon beams, two full 
arcs (gantry angles rotating clockwise from 181° to 179° 
and counterclockwise from 179° to 181°), and collimator 
angles of 30° and 330°, calculated using the Varian analytic 
anisotropic algorithm[22] and the Eclipse treatment planning 
system (version 13.6; Varian Medical Systems, Palo Alto, 
CA, USA) of a TrueBeam® radiotherapy system (Varian).[16] 
The clinical target volume (CTV) in the present study was 

by experienced radiation oncologists. The planning target 

a 10-mm margin in all other directions added to the CTV, to 
reduce the dose at the prostate–rectal interface. The OARs were 
the rectal and bladder walls. The rectum was delineated as a 
region up to 1.0 cm above and below the PTV. The rectal and 
bladder walls were delineated as regions 4.0 mm inside the 

outer surface of the rectum and bladder. The prescribed dose 
was 78 Gy in 39 fractions to 95% of the volume of the PTV 

[16] All patients underwent urine 
collection for 1–2 h before computed tomography simulation 
and treatment.

The clinical goals and acceptable criteria for treatment plans 
in our institution are shown in Table 1.[16,23] The overlap region 
between the PTV and rectal wall was covered with a 90% 
isodose line.

Original knowledge-based treatment planning model 
library

as the original KBP model (KBPORIG). Informed consent 
was obtained from all patients, and our institutional ethics 
committee approved this study (institutional review board 
number: 29–133).

explained in the literature.[5,7,10]

KBP library. The geometric and dosimetric outliers were not 
excluded from this KBPORIG model.

Methods for cleaning-up the knowledge-based treatment 
planning model
Three cleaned-up KBP models were derived from the KBPORIG 
model:
1. Cleaned cases by removing the plans that did not meet 

the clinical goal of the dosimetric parameters; derived 
from DVH plots (KBPC-DVH model)

2. Cleaned cases by removing the plans that were outside ±1 
standard deviation (SD); derived from principal 
component analysis (PCA) regression plots (KBPC-REG 
model)

(1 and 2) (KBPC-ALL model).

The schema of the cleaned-up KBP modeling methods are 
shown in Figure 1. The clean-up processes were performed 
using the above-mentioned methods and a Varian model 

Table 1: Clinical goal and acceptable criteria for each 
structure in our institution

Parameter Clinical goal (%) Acceptable criteria (%)
PTV-R Dmax <110

D95 100
Dmean >99, <103

Rectal 
wall

V40 Gy <60 <65
V60 Gy <30 <35
V70 Gy <20 <25
V78 Gy <1

Bladder 
wall

V40 Gy <60 <65
V70 Gy <35



Tamura, et al.: Cleaned-up KBP for VMAT of prostate cancer

Journal of Medical Physics ¦ Volume 45 ¦ Issue 2 ¦ April-June 2020 73

analytical tool.[21] The number of rectal and bladder structures 
used to train the model was 34 and 48 for the KBPC-DVH model, 
37 and 33 for the KBPC-REG model, and 26 and 33 for the 
KBPC-ALL model, respectively. The volume of the PTV-R in all 
KBP models was within the range of 56.28–202.94 cm3. The 
rectal volume ranges for the KBPORIG, KBPC-DVH, KBPC-REG, 
and KBPC-ALL models were 28.39–117.26 cm3, 28.39–116.46 
cm3, 33.39–117.26 cm3, and 33.39–116.46 cm3, respectively. 
The bladder volume ranges for the KBPORIG, KBPC-DVH, 
KBPC-REG, and KBPC-ALL models were 49.18–486.52 cm3, 
58.08–486.52 cm3, 58.08–486.52 cm3, and 58.08–486.52 cm3, 
respectively. All objectives for the KBP models were generated 
automatically.

Plan evaluation
The thirty plans used for the KBP validation were compared 
across the CPs and four KBPs using the following dosimetric 
parameters.[16]

1. Maximum (Dmax), minimum (Dmin), and mean (Dmean) 
doses of the PTV–R volume (D95 = 100%)

2. Homogeneity index = 100 × (D2% 98%)/D50%, where 
D98%, D2%, and D50% are doses received by 98%, 2%, and 

[24]

3. The 95% isodose conformity index (CI95) = V95%/
V , where V95% is the volume covered by 95% of 
the prescribed dose (74.1 Gy), and V  is the PTV–R 
volume[1]

4. Dose–volume parameters of the rectal wall: V40 Gy, V60 Gy, 
V70 Gy, V78 Gy

5. Dose–volume parameters of the bladder wall: V40 Gy, V70 Gy
6. Modulation complexity scores (MCSs) and monitor 

unit (MU) values.[10] The MCS assesses the variability 
between multi-leaf collimator positions and the aperture 
opening, and has values ranging from 0 to 1, with lower 
values indicating greater modulation.[1]

Statistical analysis
Data were expressed as means and SDs, unless otherwise 
indicated. The Wilcoxon signed-rank test was used to compare 
continuous variables and trends between the each KBP model 
and the CP. All statistical analyses were performed using R 
version 3.4.2 (The R Foundation for Statistical Computing, 
Vienna, Austria). P < 0.05 was considered to indicate statistical 

RESULTS

Table 2 summarizes the results of the dosimetric parameters 
and plan complexity between the each KBP model and the CP. 
Figures 2 and 3 compare the dose parameters between each 

The values of Dmin and Dmean for PTV–R were comparable 
between the CP and all KBPs. Regarding Dmax

Figure 1: Schema of the cleaned-up KBP modeling methods. The KBPC-DVH model was created by excluding cases that did not meet the clinical goal 
based on DVH plots. The KBPC-REG model was created by excluding cases outside ±1 standard deviation from PCA regression plots. Finally, the KBPC-ALL 
model was created by excluding all cleaned-up cases as in both the KBPC-DVH and KBPC-REG models. KBP: Knowledge-based treatment planning, DVH: 
Dose–volume histogram, PCA: Principal component analysis
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Figure 3: (a) V40Gy of rectal wall, (b) V60Gy of rectal wall, (c) V70Gy of rectal wall, (d) V78Gy of rectal wall, (e) V40Gy of bladder wall, and (f) V70Gy 
of bladder wall. Comparison of dose parameters for the organs at risks for all knowledge-based treatment plannings and clinical plans. Middle, lower, 
and upper lines in each box are the median value, first quartile, and third quartile, respectively. Whisker values do not contain the outliers, which are 
plotted as individual points.

d

cb
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a

e

Figure 2:
plans. Middle, lower, and upper lines in each box are the median value, first quartile, and third quartile, respectively. Whisker values do not contain 
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Table 2: Dosimetric parameters and plan complexity for each knowledge-based treatment planning model and clinical 
plan.

Parameter CP KBPORIG KBPC-DVH KBPC-REG KBPC-ALL

PTV-R Dmax (%) 106.63±1.31 105.61±0.50 105.77±0.93 105.63±0.54 105.66±0.69
Dmin (%) 91.90±2.74 91.54±1.67 91.58±1.87 91.76±1.64 91.53±1.60
Dmean (%) 102.30±0.66 102.01±0.31 102.09±0.36 102.08±0.27 102.06±0.29
HI 0.053±0.013 0.047±0.003 0.048±0.006 0.047±0.004 0.047±0.004
CI95 1.28±0.065 1.19±0.025 1.18±0.024 1.19±0.025 1.19±0.023

Rectal 
wall

V40 Gy (%) 48.95±6.38 49.24±4.94 49.35±3.96 50.51±4.94 50.05±5.28
V60 Gy (%) 26.90±4.32 27.62±4.32 27.58±3.94 27.85±4.69 27.52±4.54
V70 Gy (%) 15.00±3.49 15.94±2.25 15.86±2.15 15.69±2.80 15.61±2.33
V78 Gy (%) 0.07±0.17 0.35±0.29 0.44±0.47 0.33±0.36 0.29±0.24

Bladder 
wall

V40 Gy (%) 38.56±10.80 38.34±14.38 37.91±13.38 38.36±13.75 38.23±13.71
V70 Gy (%) 21.00±6.40 20.47±6.19 20.29±7.23 20.39±7.29 20.31±7.38

MU 619.20±60.88 621.26±24.77 625.26±37.90 619.41±30.28 625.11±26.92
MCS 0.27±0.022 0.27±0.015 0.27±0.020 0.27±0.017 0.27±0.018
Results are expressed as means±1 SD. KBP: Knowledge-based treatment planning, CP: Clinical plan, MCSs: Modulation complexity scores, MU: Monitor 
unit, PTV-R: Planning target volume minus the rectum, SD: Standard deviation

Figure 4: DVH-based curves of the rectal wall for cases that did not pass the criterion of V78 Gy <1% for any of the four KBP models. The KBPORIG, 
KBPC-DVH, and KBPC-REG models had two cases (a and b), four cases (a and c-e), and three cases (c, f and g), respectively, that did not meet the 
V78 Gy <1% criterion. The DVH curves for KBPORIG, KBPC-DVH, and KBPC-REG show a long tail close to the maximum dose in some cases, whereas that 
for KBPC-ALL had no tail in any case. KBP: Knowledge-based treatment planning, DVH: Dose–volume histogram
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the CP (P
KBPs were better than that found with the CP, although only 
KBPORIG
CP (P
was more conformal than that of the CP (P < 0.001). For the 
OARs, the dose parameters of all KBPs were comparable to 
those of the CP, except for the V78 Gy of the rectal wall. The 
V78 Gy
than for the CPs. However, the KBPC-ALL was the only planning 
whose V78 Gy of the rectal wall was <1% for all cases, whereas 
KBPORIG, KBPC-DVH, and KBPC-REG resulted in two, four, and 
three cases, respectively, with a V78 Gy of the rectal wall >1%.

Figure 4 shows the DVH curves of the cases that did not pass 
the criterion of V78 Gy <1% for any of the four KBP models. 
The DVH curves for the KBPORIG, KBPC-DVH, and KBPC-REG 
models display a long tail close to the maximum dose in some 
cases with V78 Gy >1%, whereas none of the KBPC-ALL curves 
show such a tail. KBPC-DVH and KBPC-REG had one case each 
with V60 Gy of the rectal wall >35%. KBPORIG had one case with 
V40 Gy of the bladder wall >65% and one case with V70 Gy of the 
bladder wall >35%, whereas KBPC-REG had one case with V40 Gy 
of the bladder wall >65%. Hence, only KBPC-ALL
the criteria for all cases. For the MU and MCS, there were no 

DISCUSSION

In this study, we investigated how the cleanup of KBP models 

cancer with one-time auto-optimization. The cleaned-up KBPs, 
based on DVH and regression plots, may overcome one of the 
characteristics of KBPs that the high-dose delivered volumes 
of the OARs are inferior to those of the CPs.

KBP model on plan quality.[1,19-21] Delaney et al. showed the 

concluded that the cleaned-up KBP did not improve the plan 
quality, although the presence of many outliers deteriorated the 
plan quality.[21] Hussein et al. established a model in the pelvic 
region and also noted that the cleaned-up KBP model had no 

[1] Conversely, Aviles et al. concluded that a 
cleaned-up KBP could improve the accuracy of the estimated 
DVHs,[20] although its usefulness in a new patient was unclear. 
Our study showed that in new patients, a cleaned-up KBP 
model could address weak points where the PTV overlapped 
with an organ. The KBPC-ALL model was the only one that did 
not generate cases with V78 Gy >1%, as shown in Figures 3d and 
4, although KBPORIG, KBPC-DVH, and KBPC-REG had two, four, 
and three such cases, respectively, among the thirty evaluated 
clinical cases. Additionally, KBPC-ALL was the only model that 
could meet all the criteria of the dosimetric parameters, as 
shown in Table 2 and Figures 2 and 3, although only a few 
structures were used. Thus, cleaned-up KBPs could improve 
the accuracy of estimated DVHs, especially in regions of 
high-dose delivery where a long tail appears following a 

close-to-maximum dose to the OARs (estimated using DVHs), 
as shown by Aviles et al.[20]

KBPs were shown to be inferior to clinically accepted plans 
for the high-dose volumes delivered to OARs[10,16] because the 
only priority in the KBP system was the PTV, although the line 
objectives for the OARs were used during the optimization 
process. These line objectives for the OARs were placed 
horizontally in the overlap region between the PTV and OARs 
to prevent underdosing with the PTV.[10,18] The KBP model 
has heuristic factors, one of which may be manual clean-up 
modeling derived from both DVH and PCA regression plots, 
although the upgraded version of the KBP software may 
solve this problem. This KBP modeling method may be 
helpful for updating the KBP model and for creating a KBP 
model that could be used in treatment sites with many overlap 
regions, such as in head-and-neck cancer. The performance 
of the cleaned-up database has been described; few got some 
advantages, whereas few did not get any.[21] Cleaning up the 
database may be an obvious fact; however, no previous reports 
described step-wise outlier cleanup of the database. In this 
study, we showed that the KBPC-ALL model could improve plan 
quality in the overlap region, while the KBPC-DVH and KBPC-REG 
models might be inferior to the CP and the plans generated 
with the original model. Cleaning up of a KBP model must be 
performed carefully with adequate model validations.

CONCLUSIONS

The cleaned-up KBP model created using both DVH and 
PCA regression plots could improve plan quality, especially 
for overlap regions, without causing any deterioration in the 
coverage of the target with one-time auto-optimization for 
prostate VMAT.
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Original Article

INTRODUCTION

In recent years, with the advancement of radiation therapy 
technology, intensity-modulated radiation therapy (IMRT) 
has become popular. IMRT is an irradiation method that 
locally administers a high dose to a tumor while sparing 
the surrounding normal tissues. For IMRT for prostate 
cancer, as there are risk organs – particularly the rectum 
and the bladder – near the prostate, a steep dose distribution 
is formed at the boundary between the prostate and the 
risk organs. If there is any deviation from the computed 
tomography (CT) image in the patient setup during 

treatment, not only will the dose delivered to the prostate 

to the surrounding normal organs. Therefore, a treatment 
plan that considers both the patient setup during treatment 
and anatomical variations is important.

Abstract

Purpose: 
tissue complication probability (NTCP) by constructing a comprehensive dose evaluation system for prostate intensity-modulated radiation 
therapy (IMRT). Methods:
with prostate IMRT were studied. A mean dose of 78 Gy was prescribed to the prostate region, excluding the rectal volume from the target 

combined, and the dose distribution and the NTCP of the rectum and bladder were evaluated. Results: The radiation dose delivered to 2% 
and 98% of the target volume increased by 0.90 and 0.74 Gy on average, respectively, in the half-fan mode and on average 0.76 and 0.72 Gy, 
respectively, in the full-fan mode. The homogeneity index remained constant. The percent volume of the rectum and bladder irradiated at each 
dose increased slightly, with a maximum increase of <1%. The rectal NTCP increased by approximately 0.07% from 0.46% to 0.53% with 

Conclusions: This study demonstrated a 

increases of <1% volume in the rectal and bladder doses and approximately 0.07% in the rectal NTCP.

Keywords: Cone-beam computed tomography, image-guided radiation therapy, imaging dose, intensity-modulated radiation therapy, 
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This challenge has been significantly addressed by the 
introduction of image-guided radiation therapy (IGRT). 
IGRT is a reference technology that reproduces the irradiation 
position determined in the treatment plan by measuring and 
correcting the patient position displacement during treatment. 
It is based on the image information obtained immediately 
before and during irradiation at various frequencies depending 
on the facility.[1-4] The images are obtained with on-board kV 
imagers, oblique X-ray imagers, or cone-beam computed 

exposure, and the absorbed imaging doses measured at the skin 
surface have been reported as 0.2–0.6 mGy in two-directional 
imaging with on-board kV imagers, 0.3–0.6 mGy with 

[5-7] Even 
if the imaging dose is small, it cannot be ignored when a 
large number of fractions is required, such as the 30 or more 
fractions needed for IMRT for prostate cancer. Obtaining 

approximately 1 Gy dose at the isocenter.[8] Hence, patients are 

Ding et al. calculated the imaging doses of various devices used 
in IGRT through Monte Carlo (MC) simulations and showed 
the imaging dose distribution in a patient’s body.[9-12] However, 
the total dose, including the imaging dose, was not evaluated 
in their study. Although some studies reported methods to 
combine the imaging dose with the treatment dose,[13-15] none 
of them have evaluated the combined dose on clinical CT 
images with contours using MC simulation. According to the 
American Association of Physicists in Medicine (AAPM) 
Task Group 180 Report, the imaging dose should be included 
in the prescription dose if the imaging dose exceeds 5% of 
the prescription dose.[16] However, this report did not show 
how to evaluate the combined dose, which is the sum of 
the imaging dose and the treatment dose. Furthermore, the 
radiation treatment planning system (RTPS) currently used 
in clinical practice cannot determine the imaging dose from 
IGRT image acquisition and thus cannot comprehensively 
evaluate the total dose.

Therefore, this study aims to demonstrate a method to evaluate 

dose in prostate IMRT. For this purpose, we constructed 

the treatment dose. Furthermore, this system can evaluate 
changes in dose distribution and normal tissue complication 
probability (NTCP).

METHODS

Patients and treatment planning
The subjects were 20 patients who underwent prostate IMRT 
at the University of Tsukuba Hospital from 2015 to 2018. The 
treatment plan for prostate IMRT was created using Pinnacle 

v9.10 (Philips Medical Systems, Fitchburg, WI, USA). The 
clinical target volume included the whole prostate with a 
seminal vesicle base of approximately 1 cm, plus a 4-mm 

margin on the dorsal side and a 7-mm margin in all other 
directions as the margins of the planning target volume (PTV). 
The prescription dose was set such that the Dmean of the region, 
excluding the rectal volume from the PTV (PTV–rectum), was 
78 Gy with ± 1% error. The dose constraints were as follows: 
<14%, 22%, and 34% of the rectum volume receiving more 
than 60 Gy (V60), V50, and V35, respectively, and <30% and 
50% of the bladder receiving V60 and V45, respectively. This 
study was conducted after obtaining approval from the Clinical 
Research Ethics Review Committee (H29-076).

Construction of a comprehensive dose evaluation system
A system that could comprehensively evaluate the treatment 

Figure 1 shows an 
overview of the system. It can perform MC simulations with 
the CT images used for treatment planning and dose-volume 
histogram (DVH) analysis after dose summation using organ 
structures.

[17-20] An on-board 

the X-ray source was created in the simulation. The geometric 
structure and materials of each component were simulated 
according to the drawings provided by Varian Medical 
Systems. Figure 2 shows the constructed simulation system.

the calculated values of the percent depth dose (PDD) and 
OCR) in water were compared with those 

measured using an ionization chamber. The simulation 
was performed by creating a water phantom measuring 

DOSXYZnrc code.[21] The calculated voxel size was set to 
1 cm × 1 cm × 0.2 cm up to a depth of 1 cm, 1 cm × 1 cm × 0.5 cm 
up to a depth of 2 cm, and 1 cm × 1 cm × 1 cm for deeper 
positions to obtain the PDD and 0.5 cm × 0.5 cm × 0.5 cm 
to obtain depths of 1 and 5 cm for the OCR. The simulation 
settings included photoelectron angular sampling, Rayleigh 

set to 1 keV. Measurements were performed using a Farmer-type 
ionization chamber TM30013 (PTW, Freiburg, Germany) in a 
three-dimensional water phantom, with the PDD up to a depth 
of 20 cm and OCR

The DOSXYZnrc code was used for the simulation with 
CT images of the patients. The DICOM format CT volume 
image of each patient was imported into the MC simulation 
system using the CTCREATE code.[21] Each voxel in the 

material such as air, lung, tissue, bone, and density, and the 
MC simulations were performed.
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Monte Carlo simulation calibration
Using CT images used for treatment planning, the MC calculations 

planning CT images of a water-equivalent polystyrene elliptical 

Germany) with a detector inserted. Using the same geometry, we 

TM30013 and converted it to the absorbed dose as follows:[22]

D MN Pw k Q,cham
en

air

w

�
�

�
��

�

�
��

	



 (1)

where Dw is the absorbed dose in water at a point in the water 
phantom, M is the charge with various corrections, Nk is the 

PQ, cham is the correction 

factor for the change in the chamber response, and 	 
en air

w� �
is the water-to-air ratio of the mean mass energy absorption 

Nk was measured as the calibration factor from the 
charge of the Farmer-type ionization chamber TM30013 to the 
air kerma using the Accu-gold + ionization chamber (Radcal, 

Monrovia, CA, USA). PQ, cham and 	 
en air

w� � were obtained 
from the literature.[22] Calibration was performed by comparing 
the measured and MC-calculated absorbed doses at the center 

Figure 1: Schematic of our methodology. The computed tomography images used for the treatment plan and the drawn organ structure were imported 
into the program constructed in MATLAB. The cone-beam computed tomography dose was calculated through Monte Carlo simulation using the 
isocenter and treatment fractionation set in the treatment plan. Dose-volume histogram can be determined by adding the calculated cone-beam 
computed tomography and treatment doses calculated using the radiation treatment planning system
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of the elliptical phantom, and the doses measured at eight other 
points were used to validate the MC calculations [Figure 3]. 

fMCcal for converting the calculated 
MC value into the absorbed dose in the phantom was obtained 
as:

f
D
DMCcal
MCcal

exp
 (2)

where Dexp is the measured absorbed dose at the center of the 
elliptical phantom and DMCcal is the MC-calculated value at the 

imaging conditions for dose measurements.

Evaluation of organ dose and dose distribution

Subsequently, the doses that were delivered to 2% (D2) 
and 50% (D50) of volumes of the prostate, rectum, 
bladder, and pelvis were calculated. To compare the dose 
distribution of the prostate IMRT treatment plan alone 

analyzed the DVH of the target and risk organs. The target 
was evaluated using the D2 and D98 of the PTV–rectum and 

D2 D98)/D50.[23] 
The risk organs were evaluated using D2 and D50 of the 
rectum, bladder, and pelvic bones; V75, V70, V65, and V60 of 
the rectum; and V80, V75, V70, and V40 of the bladder, with 

Normal tissue complication probability calculations for 
rectum and bladder
We used the formula manipulation software Mathematica 

[24] 
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Here, Veff is the volume defined by the effective volume 
method;[25] if irradiated uniformly, this volume would 
experience a complication probability similar to that caused 
by the actual nonuniform dose delivered. Furthermore, Vref is 
the total volume of the organ, n
dependence, and m represents the slope of the NTCP curve. 

[26] 
TD50(v) is a dose that causes late adverse events in 50% of 
patients when a partial volume of normal tissues v is uniformly 
irradiated, whereas TD50 (1) is a dose that causes late adverse 
events in 50% of patients when overall normal tissues are 
uniformly irradiated. D is the prescribed dose. There are 
various reports on the parameters used to calculate NTCP;[27] 

with n = 0.12, m = 0.15, and TD50 (1) = 80 Gy; the bladder was 
evaluated for symptomatic bladder contracture and volume 
loss, with n = 0.15, m = 0.11, and TD50 (1) = 80 Gy.[26]

RESULTS

Consistency between simulat ions and actual 
measurements
Figure 4 shows the calculated and measured PDD and OCR 

PDD 
was normalized to a depth of 10 cm. The simulation using the 

lower than the measured value up to 1.0 cm from the water 
surface. As the depth increased beyond 1.0 cm, the simulated 
value exhibited a tendency to become lower than the measured 

was observed from the water surface to a depth of 1.0 cm. 
As the depth increased, a tendency to become lower than the 

between the simulated and measured value of 2.51%. The 
OCR was normalized at the center of the beam axis with a 
depth of 1.0 cm. The simulated OCR

Table 1: Default cone-beam computed tomography pelvic 
imaging conditions (pelvis and pelvis spotlight)

Pelvis 
(half-fan mode)

Pelvis spotlight 
(full-fan mode)

Tube voltage (kV) 125 125
Tube current (mA) 80 80
Exposure time (ms) 13 25
Gantry rotation angle (°) 92-88 292-88
Exposure (mAs) 695 740
Filter Half-bowtie Full-bowtie

Figure 2: Schematic of the geometry of the on-board imager v1.6 device 
used for Monte Carlo simulation: (a) half-fan mode uses half-bowtie filter, 
and (b) full-fan mode uses full-bowtie filter

ba
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showed disagreement with the measured OCR of 15.72% and 
2.51%, respectively, at 1.0 cm deep, and 11.95% and 5.18%, 

8.91% and 29.90%, respectively, at 1.0 cm deep, and 5.63% via the MC simulations for two types of imaging protocols. 
The calculated MC values in Table 2 were calibrated 
with the measured values at the center of the elliptical 
phantom (measurement point 5). The calculations with the 
half-fan mode showed a deviation of up to 5% from the actual 
measurements, whereas those values obtained by the full-fan 
mode showed a deviation of up to 8%. Calculated MC values 
for both types of imaging protocols tended to be higher on 
the ceiling side of the elliptical phantom (measurement 

7–9). The values at the middle section of the elliptical 
phantom (measurement points 4–6) tended to be lower in the 
half-fan mode and higher in the full-fan mode.

Organ dose and dose distribution
Figure 5 shows an example of a dose distribution map and 

Figure 3: The cone-beam computed tomography dose was measured 
by inserting a Farmer-type ionization chamber TM30013 into an elliptical 
phantom. (a) Arrangement of phantom during cone-beam computed 
tomography dose measurement and (b) measurement points using the 
Farmer-type ionization chamber TM30013. The calculated Monte Carlo 
value was calibrated with the absolute dose at measurement point 5

ba

Figure 4: Comparison of 125-kV X-ray percent depth dose and off-center ratio with two bowtie filters obtained by Monte Carlo calculations and ionization 
chamber measurements: (a) percent depth dose (half-bowtie filter), (b) percent depth dose (full-bowtie filter), (c) off-center ratio (half-bowtie filter), 
and (d) off-center ratio (full-bowtie filter)

dc

ba
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Table 2: Comparison of doses obtained by Monte Carlo calculations and measured doses in an elliptical phantom

Measurement points Pelvis (half-fan mode) Pelvis spotlight (full-fan mode)

Measured (cGy) Monte Carlo (cGy) Difference (%) Measured (cGy) Monte Carlo (cGy) Difference (%)
1 2.88 2.89 0.12 0.93 0.99 6.95
2 4.02 4.09 1.64 0.78 0.83 5.38
3 3.16 3.27 3.33 0.60 0.64 7.23
4 2.53 2.48 2.28 2.32 1.83
5 2.67 2.67 - 2.45 2.45 -
6 2.49 2.46 1.88 1.91 1.45
7 3.07 3.00 4.18 4.12
8 3.74 3.70 5.32 5.36 0.58
9 2.78 2.66 4.12 3.89
The values calculated through Monte Carlo simulations were calibrated at the center of the elliptical phantom (measurement point 5)

for which a dose of 3–4 Gy was observed in the pelvic 
bones [Figure 5b]. According to the dose distribution in 

change in both the dose distribution and/or the DVH near the 
prostate [Figure 5a and c].

Figure 5: Calculated cone-beam computed tomography doses with the constructed system, combined with the planned treatment dose and dose–
volume histogram. (a) Planned treatment dose, (b) cone-beam computed tomography dose, and (c) combined dose

c

b

a
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Table
fractions. D50 was <1 Gy in the prostate, rectum, and 
bladder in the half-fan mode but higher in the pelvic bones 
at 1.76 ± 0.27 Gy. In the full-fan mode, the average D50 of 
the prostate, bladder, and pelvic bones decreased by 17.5%, 
46.6%, and 25.0%, respectively, and increased by 25.0% in the 
rectum, compared to the half-fan mode. In the half-fan mode, 
the D2 values for the prostate, bladder, rectum, and the pelvic 
bones were approximately 1.3 Gy, 1.2 Gy, 0.9 Gy and 4.0 Gy, 
respectively. The maximum dose was around the pubic bone. 
In the full-fan mode, the average D2 of the prostate and bladder 
decreased by 12.5% and 38.5%, respectively, compared to the 
half-fan mode. Conversely, the average D2 for the rectum and 
pelvic bones increased by 38.7% and 10.2%, respectively, and 
the maximum dose was around the coccyx.

Table 4 presents the D2, D98, and HI of the target, which combines 

D2 and D98 increased by 0.90 Gy and 
0.74 Gy, respectively, in the half-fan mode and 0.76 Gy and 
0.72 Gy, respectively, in the full-fan mode. HI showed no 
change in either mode.

Tables 5 and 6 present the organ volume percentage for rectal 
and bladder doses in the combined dose DVH. For the rectum, 
V75 increased by approximately 0.1%, and V70, V65, and V60 
increased by approximately 0.3%, irrespective of the imaging 
conditions. For the bladder, in the full-fan mode, V80, V75, and 
V40 increased by approximately 0.4% and V70 increased by 0.3%. 
For the bladder in the half-fan mode, both V80 and V75 increased 
by 0.6%, V70 increased by 0.4%, and V40 increased by 0.8%.

Normal tissue complication probability of the rectum and 
bladder
Table 7 presents the results of the DVH and the NTCP obtained 

Table 3: Cone-beam computed tomography doses in organs

Mean±SD (Gy) (range)

Pelvis (half-fan mode) Pelvis spotlight (full-fan mode)

D2 D50 D2 D50

Prostate 1.28±0.87 (0.73-3.67) 0.80±0.10 (0.55-0.99) 1.12±0.71 (0.57-3.19) 0.66±0.09 (0.47-0.77)
Rectum 0.93±0.12 (0.65-1.10) 0.84±0.11 (0.57-1.00) 1.29±0.18 (0.91-1.59) 1.05±0.16 (0.73-1.35)

1.22±0.22 (0.75-1.61) 0.88±0.14 (0.58-1.16) 0.75±0.19 (0.29-1.13) 0.47±0.09 (0.30-0.61)
Pelvic bones 3.92±0.45 (2.70-4.65) 1.76±0.27 (0.90-2.09) 4.32±0.60 (2.83-5.16) 1.32±0.22 (0.66-1.63)
SD: Standard deviation

Table 4: D2, D98, and homogeneity index of the target

Mean±SD (range)

Treatment dose Combined dose (half-fan mode) Combined dose (full-fan mode)
D2 (Gy) 79.64±0.52 (78.50-80.68) 80.54±0.50 (79.73-81.67) P<0.001 80.40±0.51 (79.54-81.59) P<0.001
D98 (Gy) 74.46±0.74 (73.06-75.67) 75.20±0.72 (73.88-76.50) P<0.001 75.18±0.70 (73.90-76.34) P<0.001
HI 0.07±0.01 (0.05-0.09) 0.07±0.01 (0.05-0.09) P>0.1 0.07±0.01 (0.05-0.09) P>0.1
For D2, D98
signed-rank test. SD: Standard deviation, HI: homogeneity index

calculated planned dose, rectal NTCP increased due to the 

half-fan and full-fan modes. The NTCP in the urinary bladder 
was approximately 0.02% at most, even with the inclusion of 

DISCUSSION

Consistency between simulations and measurements

PDD and OCR. Modeling of the 

was reported by Ding et al. and Hioki et al.[9,28] Hioki et al. 

PDD 
and OCR PDD 
and OCR obtained using the half-bowtie and the full-bowtie 

Hence, the model used in this study at least as accurate as 
Hioki et al.’s model.[28]

between the measured and calculated values was greater at 
the shallow part of the PDD
where the dose at the OCR was <50%. The uncertainty near 
the surface during measurements is large, making evaluation 

have a large systematic error near the surface. As the dose 

distribution and DVH was considered to be small.

simulated using the modeled beam. The calculated MC dose 

the ionization chamber up to 5% in the half-fan mode and up 
to 8% in the full-fan mode. Although the error was relatively 
large owing to the comparison of numerical values with small 
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absolute values, the absolute doses were a maximum of 0.12 
and 0.23 cGy in the half-fan and full-fan modes, respectively. 

both modes, the MC-calculated dose tended to be lower at the 

because the CT couch was included in the calculation volume as 
the CT images involved the couch in the MC calculation. In the 

elliptical phantom on a carbon top plate with a width of 14.5 cm 
and height of 2.0 cm, which has lower X-ray absorption. The 
calculated MC doses at the measurement points on the ceiling 
side (1, 2, and 3) were also considered to be higher because the 

Organ dose and dose distribution combined with treatment 
dose and cone-beam computed tomography dose
According to the AAPM Task Group 180 Report, when the 
imaging dose exceeds 5% of the prescription dose, dose 
distributions, including the imaging dose and evaluation of the 
organ dose, are required.[16] With our proposed system, accurate 

In the half-fan mode, the average D50 values of the prostate, 
rectum, bladder, and pelvic bones were 0.80 ± 0.10 Gy, 
0.84 ± 0.11 Gy, 0.88 ± 0.14 Gy, and 1.76 ± 0.27 Gy, respectively. 
Nelson et al. reported the imaging dose in a patient’s body 

study, the D50 ranges of the prostate, rectum, bladder, and 
pelvis in the half-fan mode were 1.19–1.79 Gy, 1.51–1.99 Gy, 
1.36–2.20 Gy, and 2.93–3.96 Gy, respectively.[29] These doses 
were converted into 39 fractions, yielding 0.46–0.70 Gy, 0.59–
0.78 Gy, 0.53–0.86 Gy, and 1.14–1.54 Gy, respectively, which 
are approximately consistent with or calculated doses. The D2 

D50, and the dose increased uniformly owing 
to the small volume. On the other hand, for pelvic bones, 
the average D50 was 1.76 ± 0.27 Gy and the average D2 was 
3.92 ± 0.45 Gy. Ding et al. reported that the absorption of 
125 kV X-rays is extremely high in bones – approximately 

Table 5: V75, V70, V65, and V60 of the rectum

Mean±SD (%) (range)

Treatment dose Combined dose (half-fan mode) Combined dose (full-fan mode)
V75 0.11±0.19 (0.00-0.67) 0.20±0.29 (0.01-1.04) P<0.001 0.19±0.30 (0.01-1.10) P<0.001
V70 1.55±0.75 (0.12-2.90) 1.89±0.86 (0.16-3.31) P<0.001 1.88±0.86 (0.18-3.32) P<0.001
V65 3.44±1.26 (0.69-5.88) 3.73±1.35 (0.78-6.38) P<0.001 3.73±1.36 (0.78-6.40) P<0.001
V60 5.14±1.67 (1.65-8.71) 5.41±1.76 (1.75-9.22) P<0.001 5.42±1.77 (1.78-9.25) P<0.001
For V75, V70, V65, and V60
signed rank test. SD: Standard deviation

Table 6: V80, V75, V70, and V40 of the bladder

Mean±SD (%) (range)

Treatment dose Combined dose (half-fan mode) Combined dose (full-fan mode)
V80 0.08±0.13 (0.00-0.41) 0.66±0.91 (0.01-3.64) P<0.001 0.48±0.78 (0.00-3.20) P<0.001
V75 8.15±3.80 (3.34-18.14) 8.74±4.01 (3.58-19.27) P<0.001 8.58±3.97 (3.49-19.01) P<0.001
V70 11.07±4.89 (4.44-23.90) 11.47±5.03 (4.64-24.64) P<0.001 11.35±5.01 (4.58-24.43) P<0.001
V40 27.89±8.72 (12.80-46.16) 28.70±8.79 (13.34-46.89) P<0.001 28.32±8.78 (13.06-46.65) P<0.001
For V80, V75, V70, and V40
signed-rank test. SD: Standard deviation

Table 7: Rectal normal tissue complication probability 
(%) of treatment and combined dose

Patient 
number

Treatment 
dose

Combined dose 
(half-fan mode)

Combined dose 
(full-fan mode)

1 0.32 0.35 0.35
2 0.28 0.32 0.32
3 0.60 0.69 0.69
4 0.63 0.75 0.74
5 0.62 0.72 0.72
6 0.32 0.38 0.34
7 0.52 0.61 0.60
8 0.29 0.33 0.33
9 0.31 0.33 0.33
10 0.64 0.73 0.73
11 0.87 1.03 1.04
12 0.73 0.82 0.82
13 0.13 0.15 0.15
14 0.30 0.35 0.35
15 0.42 0.49 0.49
16 0.31 0.36 0.36
17 0.43 0.50 0.51
18 0.43 0.51 0.51
19 0.26 0.27 0.27
20 0.75 0.88 0.89
Mean 
(SD)

0.46 (0.20) 0.53 (0.24), 
P<0.001

0.53 (0.24), 
P<0.001

the planned dose was evaluated using the Wilcoxon signed-rank test. 
SD: Standard deviation
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three times higher than in soft tissue.[9] This MC-calculated dose 
shows a similar tendency and thus is considered a reasonable 
result. In addition, D50 is smaller than D2 because the volume 
with a high dose includes the pelvic bone volume. In the full-fan 
mode, the rectal dose increased by 25.0% on average, bladder 
dose decreased by 46.6%, and pelvic bone dose decreased by 
25.0% for D50 compared to the half-fan mode. The full-fan mode 
was set such that the X-ray tube passed through the patient’s 
back from a gantry angle of 292°–88°. Therefore, the decreased 
dose in the bladder can be attributed to the absence of radiation 
to the ventral side. The rectal dose increase in the full-fan mode 

for the maximum pubic bone dose in the half-fan mode and the 
maximum coccyx dose in the full-fan mode.

The D2 and D98 of the target increased by approximately 1 Gy 

did not lose the uniformity of the target dose and increased 
by approximately 1 Gy.

Rectal V75, V70, V65, and V60 showed similar results in both modes 
with increases of 0.08%–0.09%, 0.33%–0.34%, 0.29%, and 
0.27%–0.28%, respectively. Despite the fact that the rectal dose 

increases of V75, V70, V65, and V60 were 1.10%, 3.32%, 6.40%, 
and 9.25%, respectively, while they increased only 0.3% in 
average over all patients.  The Radiation Therapy Oncology 
Group (RTOG) 0415 prostate IMRT dose constraints were 15%, 
25%, 35%, and 50% for V75, V70, V65, and V60, respectively.[30] 
The treatment plan used in this study was designed considering 
the PTV–rectum as the target, so the RTOG0415 constraints 

V80, V75, V70, and V40 of the bladder increased by 
0.58%, 0.59%, 0.40%, and 0.81%, respectively, in the half-fan 
mode, and 0.40%, 0.43%, 0.28%, and 0.43%, respectively, in 
the full-fan mode. In the full-fan mode, the X-ray tube runs 
around the patient’s back; therefore, the dose to the ventral 
side of the bladder is reduced. The V80, V75, V70, and V40 values 

doses were 3.64%, 19.27%, 24.64%, and 46.89%, respectively, 
at maximum, satisfying the RTOG0415 constraints.[30] The dose 

is unlikely that the rectal and bladder complication probability 

on the rectum or bladder side is enlarged or the prescribed 
dose is escalated, a safer treatment plan should consider the 

the patient’s body in the full-fan mode, it is necessary to use a 
revised approach, such as passing the tube through the ventral 
side of the body, to reduce the rectal dose.

Normal tissue complication probability of the rectum and 
bladder
The NTCP of 0.46% ± 0.20% in average with the treatment dose 

et al. reported that the NTCP of the rectum in prostate IMRT 

was 1.9% when target margins of 4 or 5 mm were applied to the 
rectum and 1.3% when 3 mm margins were applied.[8]

we used a rectal margin of 0 mm in the treatment plan, we can 
assume that our NTCP would be lower than that of Maund et al. 

increasing the rectal NTCP by up to 0.07%. Chung et al. reported 
that IGRT reduced the setup margin and the incidence of RTOG 
Grade 2 or higher bladder disorders from 60% to 13% and rectal 
disorders from 80% to 13%.[2] The increase in rectal NTCP 

of location verification. However, unnecessary radiation 
exposure should be kept to a minimum, and exposure reduction 
measures, such as using a surface monitor and an ultrasonic 
monitor without exposure, adjusting imaging conditions, and 
using full-fan mode, should be applied.

Limitations

evaluated; however, in clinical practice, images are acquired 
using various techniques such as kV and MV images and MV 

were not considered in the evaluation of the treatment plan. 
To perform more accurate dose evaluations, we recommend 

a method for correcting for internal organ displacement using 

X-rays and the therapeutic dose from MV X-rays. Therefore, 

were not considered. Future work will include the creation of a 

when accounting for the beam quality, evaluation of the DVH 
and NTCP when accounting for beam quality, and estimation 
of secondary cancer risk.

CONCLUSIONS

In this study, we demonstrated a method for evaluating 
combined dose distribution that has not yet been proposed. The 

by MC simulation and enables comprehensive evaluation of 

can be used as a reference value when planning treatment, 
although some errors may occur depending on the patient’s 
anatomy. The combined dose distribution revealed a slight 
increase of <1% in the percentage volume for each rectal and 
bladder dose and a 0.07% increase in the rectal NTCP.
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Abstract

Original Article

INTRODUCTION

The treatment of cancer using radiation therapy is to kill all the 
cancerous cells whilst sparing the healthy tissues and critical 
organs. Prior to the treatment the volumes to be irradiated 
and avoided are outlined. In the treatment planning phase the 
beam placement and dose optimization is adapted to achieve 
the overall goal of treatment cure and sparing of normal 

relationship for the development of complication also exists 

normal tissue and critical organs. Optimal treatments thus 
depend on the selection of the best possible margins due to the 

describes the probability of killing all tumour cells in a 

volume whilst the concept of normal tissue complication 

as function of dose. This relationship is illustrated in Figure 1. 
A cure without complication can only be achieved if the dose 
to the tumour is high enough for the destruction of all tumour 
cells and the tolerance doses of the normal tissues are not to 

the dose distribution is spatially conformed to the tumour 

Purpose: The purpose of present study is to estimate asymmetric margins of prostate target volume based on biological limitations with help 
Materials and Methods: A novel application of 

to derive margins. The new margin was applied in prostate cancer treatment planning and the results compared very well to current techniques 

were performed to calculate the changes in prostate radiobiological indices and results were used to formulate the rule based and membership 

Results:

using our model and the one based on van Herk et al
Conclusion: The 

advantage of using knowledge based fuzzy logic is that a practical limitation on the margin size is included in the model for limiting the dose 
received by the critical organs. It uses both physical and radiobiological data to optimize the required margin as per clinical requirement in 

Keywords:
modulated arc therapy
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such that the normal tissues are spared as much as possible. 
Treatment margins have previously been derived based on 
these radiobiological considerations.[1-3]

for the derivation of margins for the use in radiotherapy 

[4] [5] 71[6] 
and formulation based on probabilistic dose distributions.  
The published margin formulations tend to assume a linear 
relationship between tumour margin and radiotherapy errors. 
This may be varying for all treatment strategies encountered 

current margins. The rigidity of these formulations to adapt 
to changing patient condition also limits their applicability to 
all treatment scenarios.

In the present study we propose the use of fuzzy logic 
technique to derive asymmetric radiotherapy treatment 
margins. The use of fuzzy logic technique for the derivation 
of radiotherapy margins was initially used by Waschek et al.[9] 
Their technique relied on expert knowledge to derive the 

Mzenda et al.[10]

not be neglected.

In the present study we consider the asymmetric nature of 

along with the setup-errors and delineation errors to deduce 

asymmetric margins based on biological limitations with 
help of fuzzy logic. The input rules used in fuzzy inference 

removing the subjective nature of inter-observer variation. In 
the present study fuzzy logic application is adopted because 
fuzzy model features make it robust for modelling to derive 
treatment margins that are too complex to be modelled by means 
of conventional mathematical techniques. The relationship 

radiotherapy margins as well as radiotherapy uncertainties is 

variability. However fuzzy logic has a distinct advantage in 
allowing the linkage of these geometrical and radiobiological 
parameters through use of fuzzy rules and membership 
functions.[11-13] In the present study Mamdani-type FIS is used 
for modelling because it allows to describe the problem in 
more intuitive manner with suitable environment to correlate 

adaptive radiotherapy planning and treatment. Further the 
main disadvantage of currently used margin formulations  

From the clinical cases it was found that fuzziness region to 

precise selection of treatment margins for optimization and 

for prostate cancer varies greatly case by case and hence the 
application of derived fuzzy margins is assessed in the current 
study to shape their perspective on clinical decisions.

MATERIALS AND METHODS

Brief description of modelling procedure and modelling 
input data

knowledge based fuzzy logic system involved a number 
of steps. The procedure started with the creation of 

the help of pre-and in-treatment image guidance[14-18] analysis 

was followed by simulation technique to displace the prostate 
and critical organs using typical incremental error magnitude 
as obtained during radiotherapy treatment. This allowed the 

increment margin. The output obtained provides the basic 
dosimetric information for use in deriving the fuzzy linguistic 
rules and membership functions for use in the knowledge 

using mamdani-type FIS with help of formulated rules and 

Figure 1: Dependence of the probability of cure without complication 
on dose, resulting from the probability of tumour control and the risk of 
complications in the normal tissues (Waschek T et al. 1997)
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modelling.[25]

phenomenological formula referred to as the generalized 
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50 is the absorbed dose producing a 50% control rate 
50 is the unit 

less model parameter for describing the slope of the tumour 
50 is the tolerance dose producing 

recommended parameters from prostate radiotherapy treatment 
studies[26-29] were used in the above equations for the calculation 
of the tissue control probability and the normal tissue control 
probability together with the parameters shown in Table 1 

Table 1: Parameters used for prostate tumour control 
probability and for rectum normal tissue complication 
probability modelling (Mzenda B et al. 2010 and AAPM 
Task Group 166, AAPM)

Structure D50 
(Gy)

50 a Dose per 
fraction

TD50 
(Gy)

Prostate 46.3 0.95 -10 2.2 -
- - 8.33 2.2 80

Bladder - - 2 2.2 80

the initial crisp output. A Gaussian convolution kernel was 
then applied to optimize the initial fuzzy output. Finally the 
margin obtained as output from the fuzzy model was compared 

treatment planning.

The preferred method for treating Prostate cancer 
n

maximum dose rate and dose prescription of 73.5 Gy. All 

mentioned earlier with 1 mm stepped size to calculate input 
data for fuzzy model as shown in Figure 2

[19] for 
dose optimization and an acceptable plans can be generated 

A successful improvement tool-generalized equivalent 

setting[20-23]

based optimization cannot demonstrate such advantages 

distribution.[24] To overcome the disadvantages mentioned 

standard recommendations. The superposition dose calculation 
algorithms were used for plan calculation. The dose distribution 
of the treatment plans was optimized such that 95% isodose 

bladder was calculated for all plans and output data was used 

Figure 2: Schematic diagram showing variable planning target volume 
asymmetric margins used in treatment plans to calculate input data for 
fuzzy model (B Mzenda et al. 2010)
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output terms resulted in the functions shown in Figures 4 and 5. 
The widths of the functions were based on the gradient of the 

The Gaussian type membership functions were chosen for 
modelling following an assessment of the outputs from 

membership functions. The output surfaces from all functions 
other than the Gaussian function showed steep variations which 

from the input data. The output surface for the Gaussian 
function however showed relatively continuous and even 
transitions which correspond well with the input data variation.

The rules of the Mamdani FIS were formulated as shown 
below:

Ri x1 is fi1 xj is xm is 

then yi = gi 

Where i = 1, n; j = 1, m;

m n xj represents 
the j  the membership function of the i yi is the 
output of rule Ri and gi represents the analytical function of the 
inputs xj gi is a real number. The fuzzy rules were devised 

Preselected 
the anterior wall were chosen so as to allow the algorithm to 
select margins that would avoid rectal complications. Therefore 
the fraction of irradiated rectal wall was also calculated for 

formulation of the fuzzy membership rules. The optimum fuzzy 
rules  derived from input data and using the clinical goals 
and knowledge-based conditions imposed on the margin limits 
are as shown in Table 2. The Permutations of the membership 
functions for 
36 fuzzy rules. However these conditions vary from case to 

Organ motion, set-up and delineation error effects on 
radiobiological parameters
With the help of pre-and in-treatment image guidance[14-18] 

prostate target displacement has been found asymmetrical 

axial views. To avoid interobserver variations in target volumes 

organ motion and setup error with 5 mm added 1 mm step sized 

study to calculate the changes in radiobiological parameters 

[30] where translation and rotation followed 
Gaussian distribution data. A stepwise increase in the combined 

the organ with respect to the dose distribution and compute 

procedure was repeated for each of the treatment plans using 

maximum acceptable value if rectal complications are to be 
avoided.[27] The range of treatment plans and simulated errors 

within the 5% absolute limit. In implementing the rules for 
the fuzzy system for 
margin was not permitted to exceed 5 mm to avoid rectal 
complications due to margin selection. A further consideration 
in implementing the fuzzy rules was that for a tubular structure 

is correlated to rectal bleeding.[31] As such the fraction of 
irradiated rectal wall was also calculated for each margin as 

the fuzzy membership rules.

Implementation of Mamdani Fuzzy Logic System
Mamdani-type fuzzy system was chosen for modelling as 
shown in Figure 3. It gave results which were consistent with 
the expected output suited to human input and so widely 
accepted for capturing expert knowledge which is very 

Figure 3: Basic operation principle of the Mamdani type fuzzy inference system used to calculate the planning target volume margin output function
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case taking into account organ motion and deformation of 
target and surrounding normal structures as one of the major 
confounding factors for prostate tumour site.

RESULTS AND DISCUSSION

Effect of input data on asymmetric margin order of 
planning target volume and defuzzified output

on prostate 

Table 2: Fuzzy rules used in the Mamdani-fuzzy inference 
system (Mzenda B et al. 2010)

Rule If inputs Output

PTV margin

Almost zero Almost zero Almost zero
Almost zero Small

Small
Small Small Medium
Small Medium Medium
Medium Medium Medium
Medium High Small
High High
High Almost zero

Almost zero

Figure 4: Membership function for  tumour control probability

Figure 6: Delta tumour control probability versus asymmetric margin order: 
Effect of organ motion and setup errors on prostate tumor control probability

in Figures 6

errors with magnitude of margin order up to 10 used in our 

increasing asymmetric margin order from 0 to 10 was found 
to be approximately nonlinear. This variation may be expected 
linear or nonlinear depends on organ type and sub volumes 
overlapping.

Based on the 
was calculated for the Mamdani-FIS as shown in Figure 9

margin value. From this output function it was observed that 
the increase in the 

Figure 5: Membership function for  normal tissue complication 
probability

Figure 7: Delta normal tissue complication probability versus asymmetric 
order: Effect of organ motion and setup errors on the variation in normal 
tissue complication probability of rectum
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the applied system rules and also the conditions regarding 

Fuzzy margin comparison to current margins

to the commonly used margin recipe proposed by van Herk 
et al.[8] For total displacement standard errors ranging from 0 

modelling uncertainty into account results in a good match 

one based on van Herk et al. formulation for equivalent errors 

When the total displacement standard errors exceed 5 mm 
s. d. the van Herk margin was higher because the van Herk 
et al. theoretical formulation shows a continuous linearly 

errors encountered in prostate radiotherapy seldom result 

the dominance of the constraint for rectal sparing in the margin 

using the fuzzy model in this study.

planning example to assess its performance against current 

errors were selected. This led to a 9 mm margin for the fuzzy 

with a prescription dose of 73.5 Gy. Similar biasing were 

Figure 10a. As it can be 

equal displacement errors were introduced. This is due to the 

and the application of a reduced error magnitude due to the 
reduction of systematic and random errors from the applied 
image-guided radiation therapy protocol. Similarly equivalent 
treatment plans were produced using 12 mm margin for the 

treatment margins corresponding to 6 mm standard errors and 

are shown in Figure

due to the dominance of the constraints for bladder and rectal 
sparing embedded in the margin selection procedure. Thus in 

the conventional method.

The advantage of using mamdani-fuzzy logic is that a practical 
limitation on the margin size is imposed in the model for 
limiting the dose received by the critical organs. It uses both 
physical and radiobiological data to optimize the required 
margin as per clinical requirement in real time or adaptive 

which mainly rely on physical data only. The fuzzy model 
is also relatively simple to implement and gives accurate 
margin sizes and can thus be extended to other treatment sites 
as required. The main objective of this work was to show 
the feasibility of the computational methods for deriving 

comparison is relevant only for the sample of patient data 
used in this study. The novelty of the method proposed in 
this study lies more in that they allow for the calculation of 

Figure 8: Delta normal tissue complication probability versus asymmetric 
order: Effect of organ motion and setup errors on the variation in normal 
tissue complication probability of Bladder

Figure 9: Output function from fuzzy system
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individualised patient setup corrections particularly in busy 
radiotherapy departments.

CONCLUSION

Fuzzy logic has the potential to be combined with existing 

solutions to the complexities encountered in current and 

delivering highly conformal dose distributions to the tumour 
volume. This inevitably involves steep dose gradients lying 

same tumour type for all patients as is currently the case will 
not be ideal in such treatments. This is due to physiological 

study it is possible to compute margins on a patient-by-patient 
basis using individual measured errors. This way the most 
reliable margins will always be used. A Matlab based software 
tool is in development for the practical implementation of this 
fuzzy margin in radiotherapy treatment planning.
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end

end

%converting percentage dose bins into absolute dose bins

for i = 1:nb

end

%if DVH dose data is in cGy it is converted to Gy

%EUD mathematical model parameters input section

c1c

clc

else

end

%calcu1ating the biologically equivalent dose and the total volume

%normalizing volume data to 1 (therefore, total volume corresponds to 1)

for I = l: nb

end
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%calcuIating the EUD

for I = l: nb

end

section

% ca1culating tumor contol probability

% ca1culating normal tissue complication probability

section.
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Abstract

Original Article

INTRODUCTION

Lung cancer is the superior reason of cancer deaths 
worldwide.[1]

in advanced stages, have a very low survival rate, and this 

expands survival and supports people to live a long life by 

[2]

[3]

[4] 

high-risk patients for early cancer detection. However, an 
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[5] 

lung cancer is diagnosed at an earlier state before spreading to 

table

diagnosis with chest radiographs.  Vapnik et al. have proposed 

for lung cancer diagnosis.[7]

nodules. 
lung cancer diagnosis with deep learning.

be cancer nodules that can be caused by old infections or 

of cancerous nodules in the lung depends on the contrast 
between the nodule and the surrounding nonnodule tissue. 

illustrated in  2.

Related work

of deep learning is the feature learning behavior and least 

et al.

[8]

[10] [11] is a kind 

during training phase. Khagi et al.[12] have suggested that the 

single step. Recently, few research works have been carried 

that are presented in 

Figure 1: Computer-aided diagnosis system for lung cancer with 
deep-learning approach

Figure 2: Samples of true positive and false nodules extracted from the 
Lung Image Database Consortium dataset, (a) False nodules, (b) True 
nodules. Nodule is located at the center of 64 × 64 mm axial view patch

ba
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nodules are detected using thresholding, followed by a 

table features for distinguishing 

as feature-based approach and deep-learning-based approach. 
In a feature-based approach, the radiological features such as 

 2 presents the 

[28]

et al. classify 

[30] 

the knowledge of experienced radiologists. Zhu et al. have 

[17] et al.  have proposed a 

high-probability locations as true nodules. Unbalanced data 

[24,27]

nodules.[31]

and global contextual details about nodule location. In VML 

et al.[32] have proposed a deep-learning-based 

nodules.

SUBJECTS AND METHODS

Dataset

Table 1: Deep-learning approaches for lung parenchyma 
segmentation

Authors Main methods Performance metrics
Harrison et al.[13] Progressive and 

Agnes et al.[14]

and wide network
Skourt et al.[15]

Table 2: Pulmonary nodule classification using deep-
learning techniques

Authors Main methods Performance metrics
Zhu et al.[17]

et al.[18]

et al.
et al.[20]

feature extraction
Li et al.[21]

Setio et al.[22]

Ypsilantis and 
Montana[23]

et al.[24]

Van Ginneken 
et al.[25]

et al.
convolutional neural 
networks

et al.[27]

Shen et al.[28]
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such as axial, sagittal, and coronal, which provide an in-depth 

accurately rather than chest X-ray scans.

known as the Lung 

[8]

educational foundations that are operating collectively to 

Convolutional neural network

have a pile of convolutional and pooling layers tailed by a 

activation function.

Dilated SegNet

 3. 

obtained by both dilated and nondilated convolutional layers 
are fused and forwarded to the next pooling layer. Max-pooling 

set by skipping the redundant details.

I H

C[x, y] = [I[x.y] * H[x, y]

I [i, j] of the 
H[x-I, y-j]

Figure 3: Illustration of the proposed dilated SegNet for lung segmentation
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C x y I i j H x i y j
ij

, [ , ] [ , ][ ] = − −∑∑

dilation rate, which describes the gap between pixels. It 

cells in a kernel. 

dilation rates.

hidden convolution layers use ReLU activation function 
ReLU (x) = max (0, x)

Softmax (X): (x1,  x2….xn) S: (s1,  s2…sn) ,  where
S e ei

xi xj
j n

/
...=∑ 1

R is the 
G

DiceCoef R G G
R G

( , ) | |
| | | |

=
∩
+

2 R

Convolutional neural network with batch normalization

a series of convolutional and pooling layers, followed by 

[33]

μbatch and variance batch 
of the layer input X: (x1, x2…xm).

μbatch iim
x=

=∑1 1...

σ μbatch i batchi mm
x=

=∑1 2
1
( _ )

...

and variance. Output Y: (y1, y2…ym) is obtained by scaling and 
x–i

 and .

X
X

i
i batch

batch
=

−
+

μ
σ ξ2

y xi i= +γ β

shown in 

is a nonlinear activation function which does not suppress 

vector into categorical probability vector

DISCUSSION

Lung segmentation with dilated SegNet

Figure 4: Illustration of convolution on 6 × 6 input data with 3 × 3 filter 
at different dilation rates
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the perfect spatial intersection between the ground truth result 

in 

convolution increases the receptive area without increasing 

Patch-level nodule classification with convolutional neural 
network + batch normalization

function for tuning the network.

Figure 5: Illustration of the proposed convolutional neural network + batch normalization model for lung nodule patch classification

Figure 6: Lung segmentation results of various models (from left to right), (a) Chest computed tomography image in axial view, (b) Lung obtained 
from ground truth mask, (c) Lung segmented from Fuzzy C-means, (d) Lung segmented by SegNet, (e) Lung segmented by dilated SegNet

dcba e
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 8 shows 

layers during the feedforward operation are highlighted. 

the true and false nodules.

precisely.

CONCLUSIONS

Figure 7: The performance analysis graphs of dilated SegNet model for 
lung segmentation during training phase

Figure 8: Visualization of the activations (feature maps) of the consecutive 
convolutional layers such as conv1, conv2, and conv3 for a nodule patch

Table 3: Performance comparisons of dilated SegNet with 
other methods

Method Dice coefficient Accuracy



Agnes and Anitha: Appraisal of deep-learning techniques on computer-aided lung cancer diagnosis with computed tomography screening

105

Financial support and sponsorship

Conflicts of interest

REFERENCES

disease-lookup/lung-cancer/resource-library/lung-cancer-fact-sheet. 
[Last accessed on 2014 Aug 12].

[Last accessed on 2017 Jan].

et al

rd

th

2007. p. 1033-7.

et al

Figure 9: Examples of correctly classified true (cancerous) nodule patches (Score: 1 corresponds to a 100% probability of representing a true nodule)

Table 4: Performance comparison of pulmonary nodule 
classification model

Model variants Accuracy Sensitivity

Figure 11: Discrimination capability analysis between convolutional neural network with and without batch normalization for two-dimensional nodule 
patch classification by visualizing the features extracted. (a) Convolutional neural network without batch normalization. (b) Convolutional neural network 
with batch normalization

ba

Figure 10: (a) Confusion matrix for convolutional neural network without batch normalization, (b) Confusion matrix for convolutional neural 
network + batch normalization

ba
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Abstract

INTRODUCTION

The quality of images obtained from single-photon emission 
computed tomography (SPECT) imaging systems can be 

are attenuation and scatter of photons emitted from the 
radionuclide used in the imaging. Whereas the attenuated 

of the limited energy resolution of the detection material used 

detected in the main energy window are scattered photons.[1] 

included in the main energy window.

correction in SPECT imaging. Most of these studies are related 
to the imaging with the radioisotope of technetium-99m.[2-18] 

Introduction:

contribution into the main energy window(s) used in imaging. Aims and Objectives:

Materials and Methods:

Results:

Conclusion: The use of the proposed correction 
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The scatter correction for each photopeaks window

window (TEW-PK1)

by using a trapezoidal area. Total counts included into two 
narrow energy windows centered at energies 154 keV (Tnw1) 
and 188 keV (Tnw2) are used to estimate two heights of this 
trapezoid [Figure 2
photopeak window (Spk1) can be estimated by the following 
equation (Eq. 1):[7]

S i j
T i j
w

T i j
w

W
pk
TEW nw

nw

nw

nw

pk
1

1

1

2

2

1

2
( , )

( , ) ( , )
� �
�

�
�

�

�
��  (1)

Where wnw1 and wnw2 are the widths of narrow energy windows 
Wpk1 is the 

i,j) indicates the location of 

Triple-energy window method for the second photopeak energy 
window (TEW-PK2)

into the narrow energy window centered at the upper energy 

by using a triangular area that its height is determined by the 
total counts into a narrow window centered at energy 221 
keV [Figure 3

S i j
T i j
w

W
pk
TEW nw

nw

pk
2

3

3

2

2
( , )

( , )
�
�

�
�

�

�
� �  (2)

Where wnw3 is the width of narrow energy window centered at 
Wpk2 is the width of the second photopeak 

window centered at the lower energy limit of second photopeak 
window is used.

window (DEW-PK1)
This scatter correction method is based on the dual-energy 
window method proposed by Jaszczak et al.  The 
essential assumption in this correction method is that the 
scatter counts into the photopeak window can be estimated 
as “k” times of the total counts acquired into a second 
energy window (T1) placed in the left side of the first 
photopeak window [Figure 4
the counts into this second energy window are the scatter 

the scatter counts of the first photopeak window can be 
estimated as follows:

S i j k T i jpk
DEW
1 171 1( , ) ( , )� �  (3)

SPECT images. The indium-111 radioisotope decays by 
electron capture (EC) process to cadmium-111 with a half-life 

Figure 1].[19] 

correction is performed by considering both photopeak 
windows.

MATERIALS AND METHODS

Scatter correction methods

both photopeak windows. The photopeak energy windows 

Figure 1: The decay scheme of In-111[19]
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k factor 
k is calculated 

Dual-energy window method for the second photopeak energy 
window (DEW-PK2)

energy window (T2) placed in the left side of second photopeak 
window [Figure 4b] are used to estimate the scatter counts into 
this photopeak window:

S i j k T i jpk
DEW
2 245 2( , ) ( , )� �  (4)

Scatter correction methods by considering both 
photopeak windows
Six-energy window method
This correction method is in fact a combination of triple-energy 

windows [Figure 5
photons included into the both photopeak windows can be 

Figure 4: The energy windows used in dual-energy window method for (a) the first photopeak energy window and (b) the second photopeak 
window

ba

Figure 3: (a) The energy windows used in triple-energy window method by the trapezoidal approximation for the second photopeak window (221–269 
keV). (b) The estimation of scatter area of the second photopeak window by the triangular approximation along with the spectrum of true scatter 
counts into this energy window

ba

Figure 2: (a) The energy windows used in triple-energy window method by the trapezoidal approximation for the first photopeak window (154–188 keV). 
(b) The estimation of scatter area of the first photopeak window by the trapezoidal approximation along with the spectrum of true scatter counts into 
this energy window

ba
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S i j S i j S i jpk
SEW

pk
TEW

pk
TEW( , ) ( , ) ( , )� �1 2  (5)

Four-energy window method
This correction method is in fact a combination of dual-energy 

windows [Figure
be estimated as follows:

S i j S i j S i jpk
FEW

pk
DEW

pk
DEW( , ) ( , ) ( , )� �1 2

Simulation
[20]

produce the projection images from two photopeak energy 

electric (GE) low-energy high-resolution parallel-hole 

rotation of camera with a radius of rotation 20 cm in 128 

Simulated phantoms and assessment criteria
The phantom used in this study is a simulated model from the 

Figure 7

Figure 7b]. 
This phantom can be simulated as both cold spheres in hot 
background phantom and hot spheres in cold background 

of scatter and attenuation compensation.

cold spheres in hot background phantom. For calculation 

into the background. These regions for largest to smallest 

Figure
the assessment criteria are defined by the following 
equations (Eqs. 7 and 8):[14]

Contrast �
N N
N

CS BG

BG

 (7)

RNB �
�BG
BGN

 (8)

Figure 5: The energy windows used in six-energy window method defined 
as a combination of triple-energy window approximations used for two 
photopeak energy windows

Figure 6: The energy windows used in four-energy window method 
defined as a combination of dual-energy window approximations used 
for two photopeak energy windows

Where NCS  and NBG

and BG

background.

Figure 7: (a) The Deluxe Jaszczak phantom and (b) the cross section of 
simulated phantom including six spheres with different diameters (3.2, 
2.6, 2, 1.6, 1.3, and 1 cm) placed into a water-filled cylindrical phantom 
together with the ROIs defined for the spheres and the background

ba



Noori-Asl: Scatter correction methods in In-111 SPECT imaging

111

The results for TEW correction method
The results obtained from the simulation of cold spheres in hot 
background phantom indicate that the true number of scattered 

the number of scattered photons estimated by the trapezoidal 

Table 1

compared to before the correction (due to the low number of 

images of cold-spheres for both the photopeak windows is shown 
in Figure 9

spheres 1 and 4 are shown in Figures 10
in Table 2

results from the hot spheres in cold background phantom is 
[15]

RC � �
N
N
HS
Corrected

HS
imaryPr 100  (9)

Where NBG
Corrected  and NBG

imaryPr

RESULTS

The results of the simulation for cold spheres in hot background 

the third-order scattering. These results indicate that most of 
the scattered photons in the second photopeak window are 

using the relation of between energy and angle of Compton 
scattered photons as follows:[21]

E
E

E
m ce

�
� 

0

0
21 1( cos )�

 (10)

is clear that there is a chance for the multiple-scattered photons 

scattered photons [Figure 8].

Figure 8: The spectra related to total (scatter + primary), primary 
(nonscattered), and total scatter (the sum of three scatter orders) counts 
along with the spectra of the first three scatter orders

Table 1: The image contrast and the relative noise of 
background obtained from the reconstructed images 
of cold spheres in hot background phantom for two 
photopeak windows separately

Situation (RNB) Spheres

S1 S2 S3 S4 S5
NC-Pk1 (0.035) 53.18 43.12 11.19

72.11 50.44 42.54 15.15
83.39 47.05 20.53 9.128

Primary-Pk2 (0.070) 12.80
TEW-Pk1 (0.072) 91.84 77.99 48.37 22.28
TEW-Pk2 (0.078) 88.89 53.18
DEW-Pk1 (0.059) 87.12 71.49 18.52 12.42

88.22 52.87 19.34 12.20
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Figures 10d and 11d.

The results for DEW correction method

correction method is to calculate the k factor for each 
of the photopeak windows. This factor is calculated by 

of the photopeak windows so that the upper energy limit of 

the mean k

k

Table

Table

and primary data for both photopeak windows [Figures 10d 
and 11d].

Results for SEW and FEW correction methods
Table 3
window (SEW) and four-energy window (FEW) correction 

Table
of the image contrasts for the largest to smallest cold 

Figure 10: The reconstructed images of hot spheres in cold background 
phantom for the first photopeak windows in three situations: (a) the image 
result of the primary counts, (b) the image corrected by triple-energy 
window method, and (c) the image corrected by dual-energy window 
method together with (d) the line profiles obtained from a given row 
through the image of spheres 1 and 4

d

cba

Figure 9: The reconstructed images of cold spheres in hot background phantom in four situations: (a) before correction, (b) corrected by triple-energy 
window method, and (c) corrected by dual-energy window method together with (d) the image obtained from the primary photons. The first and second 
rows are related to the first and second photopeak window, respectively

dcba
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Figure 12 shows a slice of 
reconstructed images of cold spheres corrected by these images of hot spheres along with the line profiles through 

sphere 1 and 4 is shown in Figure 13.

DISCUSSION AND CONCLUSION

Due to the importance of the problem of scattering and its 

been conducted on the scatter correction techniques. Most of 
these studies are based on setting one or more additional energy 
windows in the spectrum of radioisotope used in imaging. 

are based on the energy spectrum of this radioisotope. The 

imaging.

correction on the SPECT images resulting from detection of 

important to note that the presence of two gamma photopeaks 
in the energy spectrum of indium-111 radioisotope results in 

window. This increase is due to fall down a number of scattered 

photopeak window. This is why the scatter correction for the 
multiple-photopeak radioisotopes is more complicated than 
the single-photopeak radioisotopes.

by Gilland et al [22]

correction using the transmission scan method (with a Tc-99m 
transmission source and a three-head camera) was compared to 

two energy windows positioned below each of the photopeak 
windows were used to estimate the scatter component into the 

attenuation correction + scatter correction) results in the 

Table 2: The recovery coefficients obtained from the 
reconstructed images of the hot spheres

Situation Spheres

S1 S2 S3 S4 S5
TEW-Pk1 91.03 90.74 90.58 90.93
TEW-Pk2 101.78 101.48 101.14
DEW-Pk1 105.48 103.51 103.35
DEW-Pk2 104.53 103.08 103.10
SEW 95.37 94.84 94.97
FEW 104.53 103.08 103.10

Figure 11: The reconstructed images of hot spheres in cold background 
phantom for the first photopeak windows in three situations: (a) the image 
result of the primary counts, (b) the image corrected by triple-energy 
window method, and (c) the image corrected by dual-energy window 
method together with (d) the line profiles obtained from a given row 
through the image of spheres 1 and 4

d

cba

Figure 12: The reconstructed images of cold spheres in hot background phantom in four situations: (a) before correction, (b) corrected by six-energy 
window method, and (c) corrected by four-energy window method together with (d) the image obtained from the primary photons, by considering 
both the photopeak windows

dcba
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where the combined projection data of two photopeak windows 

et al.[23] used the dual-photopeak window (DPW) technique[9] 
for the scatter correction of the projection data of each of 

window between two photopeak windows (W5 = 
to estimate the scatter spill down from the second photopeak 

et al.[24]

correction on the projection data acquired from the second 

two photopeaks at an energy of 205 keV using two ways: (1) the 
standard DEW correction method[3]

method for accounting the contribution of the scattering into 

et al [25] the 
optimal energy window settings for a camera with ability of 

[7]

SPECT imaging.

that the use of TEW and DEW correction methods results in 

correction method compared to the TEW correction method. 

by the DEW method from two photopeak windows show a 

the results obtained from the second stage indicate that the 

instead of the single photopeak windows led to decrease in the 

Table 3: The image contrasts and the relative noise of 
background obtained from the reconstructed images of 
cold spheres in hot background phantom by considering 
both the photopeak windows

Situation (RNB) Spheres

S1 S2 S3 S4 S5
NC (0.033) 45.59 31.88 12.53 7.052
Primary (0.050) 83.90 48.11 20.95
SEW (0.053) 90.55 72.21 50.48 14.33
FEW (0.049) 48.71 18.83 12.31

Figure 13: The reconstructed images of hot spheres in cold background 
phantom by considering both photopeak windows in three situations: 
(a) the image result of the primary counts, (b) the image corrected by 
six-energy window method, and (c) the image corrected by four-energy 
window method together with (d) the line profiles obtained from a given 
row through the image of spheres 1 and 4

d

cba
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of the need of up to three energy windows for each photopeak 

clinical imaging systems.

Financial support and sponsorship
Nil.

Conflicts of interest

REFERENCES

Med 1984;25:893-900.

photons in single-photon emission computerized tomography. J Nucl 
Med 1984;25:490-4.

windowed subtraction techniques for scatter compensation in SPECT. 

method for position-dependent Compton-scatter correction in single 

based on spectral analysis using Monte Carlo simulations. J Nucl Med 

heart SPECT images using TEW Method. J Appli Clinical Med Phy 

thickness on 99mTc source response in single photon emission computed 

2013;38:189.

three scatter correction methods based on estimation of photopeak 
scatter spectrum in SPECT imaging: A simulation study. Phys Med 
2014;30:947-53.

2015;2. pii: 015502.

et al

Ahangari HT. Assessment of the scatter correction procedures in single 
photon emission computed tomography imaging using simulation and 

History Generator. 4th

Wiley and Sons; 1999.

111



© 2020 Journal of Medical Physics | Published by Wolters Kluwer - Medknow116

Abstract

Original Article

INTRODUCTION

Radiation therapy is one of the most used treatment modalities 
of cancer. Its objective is to maximize the dose delivered to 
cancer while minimizing the delivery in healthy tissues. The 
choice of the type of radiation (electrons, photons, protons, or 
heavy ions) and the availability of advanced tools for treatment 
are crucial to the success of radiotherapy.[1,2] Electron 
beams[3,4]

tumors because of the fast energy loss of the electrons in the 
[5-7]

both in order to achieve better planning and dosimetry in the 

this procedure.[1,8,9] Computational simulations are one of the 

possible to the conditions and characteristics of the clinical 
setting. Monte Carlo method (MMC) is a powerful tool to 
simulate the interaction of ionizing radiation with matter. It 

Background: The limited bibliographic existence of research works on the use of Monte Carlo simulation to determine the energy spectra of 
Aims: In this work, 

Monte Carlo simulation was performed through the PENELOPE code of the Sinergy Elekta accelerator head to obtain the spectrum of a 6 MeV 
electron beam and its characteristic dosimetric parameters. Materials and Methods: The central-axis energy spectrum and the percentage 
depth dose curve of a 6 MeV electron beam of an Elekta Synergy linear accelerator were obtained by using Monte Carlo PENELOPE code 

process between the electron beam and head components was simulated in a time of 86.4x104 s. Results: From this simulation, the energy 
spectrum at the linear accelerator exit window and the surface of the phantom was obtained, as well as the associated percentage depth dose 
curves. The validation of the Monte Carlo simulation was performed by comparing the simulated and the measured percentage depth dose 
curves via the gamma index criterion. Measured percentage depth- dose was determined by using a Markus electron ionization chamber, type 
T23343. Characteristic parameters of the beam related with the PDD curves such as the maximum dose depth (R100), 90% dose depth (R90), 
90% dose depth or therapeutic range (R85), half dose depth (R50), practical range (Rp), maximum range (Rmax), surface dose (Ds), normalized 
dose gradient (G0) and photon contamination dose (Dx) were determined. Parameters related with the energy spectrum, namely, the most 
probable energy of electrons at the surface (Ep,0) and electron average energy (E–0) were also determined. Conclusion: It was demonstrated that 
PENELOPE is an attractive and accurate tool for the obtaining of dosimetric parameters of a medical linear accelerator since it can reliably 
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also allows to model radiation beams (electrons, photons, 
positrons, neutrons, and protons) produced in clinical linear 
accelerators.[10-14] With this, Monte Carlo simulation (MCS) 

such as energy spectrum, angular distribution, percentage 
depth dose (PDD), and other clinical parameters.[15]

The MCS validation is done by comparing the dose 
distribution obtained from the simulation with the experimental 
measurements. To perform this validation, the gamma-index 
can be used. Gamma-index is a mathematical parameter 
that evaluates the degree of agreement between two 
dose distributions considering spatial and dose distances 
under predefined tolerance limits.[16-19] The report 42 of 
the International Commission on Radiation Units and 
Measurements (ICRU)[20] states that, in order to have a high 
level of precision in the MCS of a beam, there should be no 
discrepancy between dose distributions >±2% or ± 2 mm.[21] 
In addition to the considerations given in the report 42, the 
accuracy of the simulation depends directly on the choice 
and how well the parameters or input information, the 
characteristics of the materials immersed in the constructed 
geometries, and the nominal energies can be represented.[15,21]

The choice of the Monte Carlo code for the simulation marks 
a differential in obtaining satisfactory results. Currently, 
there are several radiation transport simulation codes based 
on the MMC, some free and others sold. For example, 
there is the EGSnrc system which is a Monte Carlo code to 
simulate the transport of electrons and photons in various 
geometries,[12,22,23] and whose valid energy range is between 
1 keV and 100 GeV. Geometry ANd Tracking (GEANT4) is 
a code that simulates the transport of all kinds of particles 
in the energy range between 250 eV and about 10 TeV.[24] It 
is mainly used in high-energy physics as well as in medical 
physics. FLUktuierendeKAskade is used in high-energy 
physics and medical physics. It is a general-purpose code 
that reproduces the interaction of ionizing radiation with 

electrons and photons (from 1 keV to 1000 TeV), hadrons 
(up to 20 TeV), neutrons (including thermal), and heavy ions. 
Like GEANT4, it presents various applications in high-energy 
physics and medical physics.[25] Monte Carlo N-Particle is 
another general-purpose code for the transport of neutrons, 
photons, and electrons.[26-28] In this work, the PENetration and 
Energy LOss of Positrons and Electrons (PENELOPE) code is 
used. It has extensive information on various applications for 
radiotherapy and radiodiagnosis.[4,29-34]

launched in 1996, the MCS PENELOPE code has become 

of photons and electrons in complex material structures,[35,36] 
presenting simplicity and versatility to be used in the two most 
used programming platforms such as Windows and Linux 
without the necessity of the usage of an intermediary interface. 
Moreover, the results obtained are presented in.dat extension 
which is easy to read in any code for statistical analysis such 
as Origin, Matlab, and Gnuplot.

The main motivation of this work is related to there are few 
research papers about the use of MCS to determine energy 
spectra of electron beams[21,31,37,38] and its characteristic 
dosimetric parameters in comparison to those existent for 
photon beam,[11,31,33,39-46] especially for linear accelerators still 
used in developing countries. Thus, in this work, an Elekta 
Synergy Platform linear accelerator was used as a reference, 
since the Synergy is still one of the most used accelerators in 
the Latin-American market and other developing regions of the 
world. The novelty of the present work consists of a complete 
description of how to simulate the Synergy Elekta linear 
accelerator head using PENELOPE. It was also demonstrated 
that PENELOPE is a cheap and powerful computational tool 
for the radiation external source modeling in radiotherapy 
since it reliably reproduced the relevant dosimetric data of the 
electron beam studied.

MATERIALS AND METHODS

Monte Carlo simulation codes
MMC is any probabilistic method that is based on random 
sampling and provides numerical results. This method is 
widely applied for simulations in physics, biology, chemistry, 
and mathematics[12,22,36,47] since it can give numerical solutions 
of very complex functions. One of the many Monte Carlo 
versions utilized for studying the radiation transport in a 
material is the PENetration and Energy LOss of Positrons and 
Electrons code. Thus, PENELOPE is a general-purpose open 
code for the transport of electrons, photons, and positrons 
with a range of energies between 50 eV and 1 GeV. Because 

physics, namely external radiotherapy, radiodiagnostic, nuclear 
medicine, and brachytherapy.

to have better adaptability and greater precision.[30,33,36,47,48] 
PENELOPE allows creating materials with a single component, 
alloys, or mixed materials that are present in the constitution 
of a clinical linear accelerator. All these help to make better 
reproductions and representations of experimental conditions. 
PENELOPE’s stop simulation criteria depend on the real time 
of the simulation or the events/simulated shower number. In 
this work, the PENELOPE version 2014 was used.

Modeling of the electron radiation source using 
PENetration and Energy LOss of Positrons and Electrons
PENELOPE code was used to reproduce the physical, 
geometrical, and material characteristics that make up the head 
of an Elekta Synergy Platform linear accelerator. The technical 
detail of each of the mentioned characteristics is described in 
the phase spaces extracted from the manual provided by the 
manufacturer, and for commercial reasons, this information is 
omitted. Based on the geometric information and composition 
of the elements and components of the linear accelerator head 
provided in the manufacturer’s manual, the virtual simulation 
was performed in PENELOPE. Both materials of the primary 
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and secondary collimators and those of the scattering foils 
used in the virtual geometry are composed of the same alloys 
and densities as the actual accelerator materials. The precision 
in the replication of these details allowed determining the 
characteristics of the energy spectrum of the electron beam both 
in the exit window after interacting with the head components 
as well as the spectrum on the surface of the phantom.

Figure 1 shows the virtual geometry of the Elekta linear 

gview software was used since it is the graphic display 
extension of PENELOPE. Figure 1a details the locations of 
the radiation source, the scattering foils, and the collimators 
inside the accelerator head. The geometry con uration shown 
in Figure 1b was used to simulate the interaction of the electron 
beam with the surface of the water phantom: gantry angle of 0°, 

4 s, number of simulated showers 
9

the simulations, the Educational Cluster of the University 
of São Paulo-Ribeirão Preto was used. All simulations were 
performed with respect to the central axis of the electron beam. 
For the experimental dosimetric measurements, the accelerator 
position was con ured as follows: 0° gantry angle, 6 MeV 

3.05 mm detector radius. Throughout all the work, we will call 
the PENELOPE simulation as MCS.

Relationships between beam characteristics and 
depth-dose distribution
There are several dosimetric parameters to fully characterize 
an electron beam from the PDD curve recommended by ICRU. 
These parameters are: maximum dose depth (R100), 90% dose 
depth (R90), 85% dose depth (R85), 50% dose depth (R50), 
practical range (Rp), maximum range (Rmax), the most probable 
energy of electrons on the surface (Ep, 0), average energy of 
electrons (E–

0) on the surface, the dose gradient (G0), percentage 
of doses of contaminating photons (Dx), and percentage of 
surface dose (Ds). In the Technical Report Series No. 381 
reports of IAEA[49] and the report 32 of the AAPM,[6] empirical 
relationships between the parameters and the PDD curve are 
shown. The two best known relationships between E0 and R50 are:

E0 50 50
20 656 2 059 0 022= + +. . .R R  (1)

E0 502 33. R  (2)

IAEA (1997)[49]

of the AAPM.[6] Both allow calculating the average energy of 
the electrons from R50.

A very useful relationship is Ep, 0 and Rp, which has the same 

Rp.[6,49]

E R Rp p p, . . .0
20 22 1 98 0 0025= + +  (3)

Another characteristic parameter that can be calculated is the 
standardized dose gradient (G0), which describes the slope of 

Figure 1: Representation of the virtual geometry simulated of the linear accelerator used to simulate the electron beam. Simulation of the accelerator 
head geometry (a) and the complete geometry of the linear accelerator (b)

ba
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the fall region of the PDD curve. This gradient is related to 
R  and Rp,

G0 = −
R

R R
p

p q

 (4)

All parameters R100, R90, R85, R50, R , Rp, Rmax, Ep, 0, E
–

0 and G0 
were obtained for the measured depth-dose distribution curve 
and also for the one generated by simulation with PENELOPE 
code, in order to validate the simulation and have a comparison 
between both curves.

In order to validate the PDD curve obtained from the 
simulation, it is compared to the measured PDD which was 
previously determined by employing an ionization chamber. 
The comparing method utilized was the gamma-index since 
it is widely known and used criterion in radiotherapy. The 
gamma-index ( ) is determined by:

Γ r r
r r
DTA

D D
DDc m

s m r rs m,
| | | |

( ) = −
+

−2

2

2

2  (5)

where | |r rs m

�� ���
 is the distance between the analyzed 

points, being rs
��

 the obtained from simulation and rm
���

 the 
experimentally measured, and | |D Dr rs m

��� ���  represents the dose 

curves at rs
��

 and rm
���

 respectively. The distance-to-agreement 
and DD values are scale values that adjust the gamma-index 

tolerance values.[16,18]

RESULTS AND DISCUSSIONS

Electron energy spectrum derived from Monte Carlo 
simulation
The simulated energy spectra at the linear accelerator exit 

window and at the water phantom surface are shown in 
Figure 2. The spectrum at the exit window was measured after 
the second scattering foil. The spectra were normalized to its 
most probable maximum energy value.

Figure 2a is observed the energy spectrum at the exit window 
with a narrow central peak and the presence of an additional 
small peak to its left. The narrowness of the central peak is 
because the electron beam has not interacted with most of 
the accelerator head structures and the entire air column. 
The small peak is generated as the beam passing through the 

scattering foils) and interacting with them for producing this 
secondary radiation. Figure 2b shows the energy spectrum at 
phantom surface whose shape resembles a slightly asymmetric 
Gaussian distribution and with a width central peak. There is 
also observed a small peak to the left of the central peak in 
the energy range of 0–0.250 MeV which may be due to the 
contaminating photons that reach the water phantom surface. 
From Figure 2, two important spectral parameters can be 
obtained: the most probable energy, E0, and the full width 
at half maximum (FWHM) of the central peak, 0. Not to be 
confused E0 with Ep, 0, since while both mean the same, E0 is 
the most probable energy obtained from the analysis of the 
spectrum, while Ep, 0 represents the most probable energy from 
R50 in the PDD curve.

Table 1 shows the values of E0 and 0 for the spectra at the exit 
window and at the phantom surface. The value of 0, as well as 
its value respect to E0, is shown as well. From Table 1 data, it 
is noted that as the beam approaches, the surface of the water 
phantom decreases the most probable energy and increases 
the FWHM of the spectrum. This is because of the low-energy 
electrons, generated by the interaction among the beam and 
the accelerator structures and air, reduce the hardness of the 
beam and they are more easily scattered.[21]

Figure 2: Energy spectra of the electron beam of 6 MeV at the exit window (a) and the phantom surface (b) obtained by PENetration and Energy LOss 
of Positrons and Electrons

ba
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Comparison of depth-dose distribution curves and dose 
profiles
Figure 3 shows the simulated and measured PDD curves for 
the electron beam of 6 MeV nominal energy. Vertical open 
circle lines are the values of the gamma-index in each depth.

At the build-up region (0–1 cm depth), a noticeable 
discrepancy in terms of DD is observed. The contribution 

secondary electrons passing through accelerator structures.[50] 
It was found that the contribution of contamination photon 
dose in the measured PDD curve is greater than the 

to calculate the contamination photons amount. It is 

in the constitution of the alloys of the accelerator materials 
simulated in PENELOPE and those of the real accelerator. 

treatment (measured) and planning (simulated) PDD curves 
were within ± 2%/±2 mm.[21] Keeping this in mind, the DDs 
between the measured and simulated PDD curves were 

found at the shallow region of the water phantom. In fact, the 
DD between the PDD curves reached up to 3% in that region, 
while for the rest, it was not >1%. The acceptance percentage 
of the simulated PDD curve was 100% and 98% according 
to the gamma-index criterion of >95% of simulated curve 
within 2%/2 mm and 1%/1 mm, respectively.

Figure 4a displays the measured and simulated PDD curves 
in the build-up region. In this region, DDs are ranged from 

surface dose. This indicates that the simulated spectrum could 
not reproduce the dose data in this region with high accuracy. 
However, this is a really hard task since the experimental 
measurements of the dose at the build-up region are highly 

electrons with the water surface.

In Figure

depth was stated in 1.3 cm. Moreover, from Figure 4b, A good 

angular spread.

Beam characteristics derived from the percentage 
depth-dose curves
An additional way to evaluate the accuracy of the simulated 
electron energy spectrum is comparing the values of dosimetric 
parameters obtained from the measured and simulated PDD 
curves. The values of dosimetric parameters found are shown 
in Table 2.

From Table 2, a good approximation between the values of the 
measured and simulated characteristic parameter is observed. 
The highest deviations were found for G0 and DX.

Table 1: Relevant dosimetric parameters of the spectrum 
according to its registration location

Spectrum registration 
location

E0 (MeV) 0 (MeV)  0/E0 (%)

Exit window 6.46 0.04 0.62
Phantom surface 6.26 0.40 6.39
FWHM: Full width at half maximum, E0 0: 
FWHM of the spectrum central peak

Table 2: Values of the dosimetric parameters found from the measured and simulated percentage depth-dose curves

PDD curve R100 R90 R85 R50 Rp Rmax G0 Ep,0 E–0 Ds Dx

Measured 1.30 1.84 1.94 2.48 3.20 3.78 0.45 6.58 5.78 84.10 0.58
Simulated 1.31 1.82 1.93 2.48 3.17 3.75 0.43 6.52 5.79 82.29 0.51
Deviation 0.76  1.1 0.52 0 0.95 0.79 4.4 0.91 0.17 2.2 12
Deviation is the percentage relative error between the measured and calculated data. R100: Maximum dose depth, R90: 90% dose depth, R85: 85% dose 
depth or therapeutic range, R50: Half-dose depth, Rp: Practical range, Rmax: Maximum range, Ds: surface dose, G0: Normalized dose gradient, Dx: Photon 
contamination dose, PDD: Percentage depth dose

Figure 3: Comparison between the measured and simulated percentage 
depth-dose curves. Vertical lines (open circles) are the values of the 
gamma-index in each depth of percentage depth-dose curves. It can be 
observed that all gamma-index values are lower than 1, which indicates 
that the simulated percentage depth-dose curve meets with the imposed 
criterion of >95% of its points being within a 2%/2 mm radius with respect 
to the measured percentage depth-dose curve
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CONCLUSIONS

Monte Carlo PENELOPE code represents a powerful tool 

beam. A good agreement between the measured and simulated 
depth-dose distributions was observed according to the gamma 
passing rate criterion. It was also seen a good agreement 

related to the limited representation of the geometrical and 
the composition of accelerator head structures as well as the 
behavior of the simulated energy beam as it traverses such 
structures and the air. Most of the characteristic parameters 
of the simulated PDD relative are in accordance with those 
of the measured PDD. The dose gradient and the photon 
contamination dose were the characteristic parameters of PDD 
curves with the highest discrepancies. Therefore, it can be 
concluded that PENELOPE v2014 is an accurate tool to obtain 
the electron energy spectrum and other important dosimetric 
characteristics of an electron beam.
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Abstract

Technical Note

INTRODUCTION

In vivo dosimetry in external-beam radiotherapy plays a vital 
role in ensuring the delivery of prescribed dose to the patient 
at the treatment site. In the individual departments, regular 
quality assurance (QA) checks such as beam output and 

treatment executions are performed in the treatment machines 
on a routine basis. Apart from these, however, errors are 
known to occur during the course of treatment (both inter- and 
intra-treatments) (e.g., setup positions, source to the skin 
distance, and morphological changes resulting in variations in 
patient contour), necessitating the implementation of in vivo 
dosimetry.[1]

An effective way of checking the status of the entire 
dosimetric procedures, starting from the performance of the 
treatment machine to accurate positioning of the patient, is to 
make absorbed dose measurements in the patient and when 
possible, in body cavities. Several studies have demonstrated 

Purpose: The aim of this study is to estimate delivered radiation doses inside planning tumor volume (PTV) using the in vivo (mid-plane 
dose) measurement and transit measurement methods in gynecological malignancy patients undergoing three-dimensional conformal 
radiotherapy (3DCRT) using calibrated ionization chambers. Materials and Methods: Six patients with histopathologically proven carcinoma of 

prescription of 50 Gy in 25 fractions. Clinical mid-plane dose (Diso, Transit) estimates were done in one method (transit) using the FC-65 positioned 
at electronic portal imaging device level. In another method, a repeat computerized tomography scan was performed (at the 11th fraction) 
using CC-13 having a protective cap in the vaginal cavity for in vivo measurements (Din vivo). Simultaneous measurements were performed 
with the two chambers from the 11th fraction onward at least 3–4 times during the remaining course of treatment. Results: The agreement of 

in vivo and Diso, Transit, respectively, which are an acceptable range of 
daily radiation dose delivery. Conclusion: The fundamental importance of this study lies in simultaneous validation of delivered dose in real 

on a routine basis as an accepted clinical dosimetry for the selected patients.
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deliveries (e.g., entrance, exit and transit dose measurements) 

ionization chambers, chemical dosimetry, and/or electronic 
portal imaging device [EPID]).[2-5] Ionization chambers have 
always been the gold standard for reference dosimetry in 
radiation therapy; several documents, textbook chapters, and 
clinical studies have demonstrated their important role in in vivo 
dosimetry in patients treated by megavoltage radiotherapy 
with different techniques, for example, parallel-opposed 
three-dimensional conformal radiotherapy (3DCRT) and 
intensity-modulated radiotherapy (IMRT).[6-12]

Typically, these chambers are placed in a central region of a 
phantom or in a region corresponding to the uniform high-dose 
area, which is then irradiated by all of the treatment beams. 
Ionization chambers are limited by the fact that they can 
only report dose to a point or averaged over a small area. 
In some of the studies, the in vivo dose was measured by 
inserting an ionization chamber directly into the natural body 
cavity (e.g., esophagus, rectum, or vagina) with a protective 
cap which comes in the region of the treatment portals.[13-16] 
The temperature of the cavity (which is the surrogate of the 
body temperature) where the chamber is placed is taken into 
account for temperature correction factor that needs to be 
applied to the charge collected by the chamber. The dose is 
then calculated by application of all chamber-related correction 
factors (e.g., calibration factor, temperature, pressure, and 
beam quality) to the collected charge. The estimated dose is 
compared to the planned dose by the computerized treatment 
planning system (TPS). Few studies described methods to 
assess in vivo mid-plane dose in patients through transit signal 
measured by an ionization chamber positioned at the EPID 
level while actual treatment is going on.

Angelo Piermattei et al.[18] reported the results of the 
application of a practical method to determine the in vivo dose 
at the isocenter point of the brain, thorax, and pelvic treatments 
using a transit signal “St” (X-ray beam transmitted through 
the patient) measured with an ionization chamber which is 
positioned at the EPID level. By this method, the disadvantages 
associated with the use of solid-state detectors positioned 
on the patient and their positioning time are minimized. 
Simultaneous measurements of in vivo and mid-plane dose 
through transit method were performed using two ionization 
chambers, one placed intraluminally in patients who are 
undergoing esophagus treatment and the other one kept at a 
transit level, which was reported in the literature.[13] A method 
was described to estimate mid-plane dose by measuring transit 
signal (Diso-transit) in pelvic and thorax patients which was 
correlated with TPS-calculated values.[3,20] In these studies, 
simultaneous measurements of in vivo and mid-plane dose 
were also carried out on pelvic and thorax phantoms using 
two ionization chambers, one kept at the mid-plane level and 
the another one at EPID level which were compared with the 
TPS-calculated values. In such new treatment plans in the 

department, there is a need for documentation of daily dose 

delivered doses in a protocol group of pelvic radiotherapy, we 
need to standardize a method and we investigated simultaneous 
measurement with in vivo and transit dosimetry.

MATERIALS AND METHODS

Subjects of study
A medical linear accelerator (Model: Compact, Elekta Ltd, 
Crawley, UK) with 6 MV photons, equipped with motorized 
wedge, 40 pairs multileaf collimator (MLCi2) having leaf 
thickness of 1 cm at 100 cm isocenter, and camera-based 
portal imaging was used for 3DCRT treatments. The machine 
was calibrated to deliver 1cGy/MU with a dose rate of 
350MU/min under the calibration conditions stated in the 
International Atomic Energy Agency (IAEA) dosimetry code 

[21] In this study, online in vivo mid-plane 
dose estimates are made using two calibrated ionization 
chambers (Models: CC13 and FC65, IBA Dosimetry, 
Germany) simultaneously in patients with gynecological 
malignancy (endometrium and cervix), who have received the 
3DCRT course schedule. Both the chambers are connected to 
dual-channel electrometer (Dose2, IBA Dosimetry, Germany) 
for charge collection, and the absolute dose measurements 

 in vivo 
mid-plane doses were correlated with the TPS-calculated 
values at reference point inside the PTV. We got approval 
from a small number of gynecological malignant patients 
from institutional ethics committee (approval letter number: 
IEC KMC MLR 11-14/224) to conduct this in vivo dosimetric 
study. Six patients had participated in this study. After the 
explanation of the nature of procedure, informed consent was 
obtained from all patients before the treatment process began.

Treatment planning (immobilization, simulation, and 
contouring)
All patients were immobilized in the supine treatment position 
using “Vacloc” device keeping their hands above the head; 

during simulation and treatment. Transverse images of 5 mm 
slice thickness acquired from computerized tomography (CT) 
scanner (Wipro GE, Model: High Speed) were exported to 
a contouring station (Focal Sim, M/s Elekta Ltd., Crawley, 
UK) for the generation of the clinical target volume (CTV) 
and marking organs at risk (OAR). A 5 mm margin was 
created around the CTV which forms PTV, to account for 
inter-fractional and geometric positional uncertainties. The 
contoured image data set was exported to the TPS (CMS XiO®, 
version 5.0, Elekta Ltd, Crawley, UK) for dose calculations 
using a superposition algorithm.

intersecting point of anterior–posterior and lateral portals, 
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along with the central axis corresponding to the center of 
PTV. The generated 3DCRT treatment plan with MLC covers 
PTV along with an additional margin of 5 mm. Depending 

wedge technique was used, for better homogeneity of the 
dose around the target region. A dose prescription of 50 Gy in 

isodose line covered to PTV. It was ensured that the dose at 
the isocenter (i.e., Diso, TPS) is identical to the homogeneous 
prescribed dose in 3DCRT plan. This “template” treatment 
plan was saved to locate the detector location in vivo, in future 
fractions. Plan evaluation, approval, scheduling, and patient 

were carried out in a similar way as followed by Putha et al.[3]

Dosimetric measurements
Transit dose estimates
At the EPID level, a 0.65 cc ionization chamber (Model 
FC65-G from IBA Dosimetry, Germany) with vendor provided 
acrylic buildup cap (for 6 MV photon beam) of thickness 
3.0 cm diameter was placed on the mounting assembly 
along the central axis. Source to chamber center distance 
was maintained approximately 1.463 m. The chamber was 
connected to the channel 1 of Dose2 electrometer for the 

“real-time” treatment for all patients. The mid-plane dose at 
isocenter by transit signal (i.e., Diso, Transit) was calculated using 
the method described by Putha et al.[3] and was compared 
with the values of “Diso, TPS” of all the respective patients’ 

Transit and in vivo dose estimates
After 10 fractions were done, a repeat CT scan was performed 
in all patients by placing a CC13 ionization chamber (which is 
covered with a custom made acrylic cylindrical cap, extending 
to the stem level) in the vaginal cavity without changing 
immobilization device and patient orientation. In addition, a 
removable latex rubber sleeve is used to overcome the risk 

CC13 ion chamber, the outer electrode is at earth potential 
along with the cable. Therefore, along with a rubber sleeve, 

the collection of signals in nano Coulombs (nC). In this way, 
in vivo detector positioning was performed in all patients after 

the anterior entry beam and the other two at left and right 
lateral sides indicating lateral beam entry) were placed along 
the patient’s ongoing transverse iso-center plane. Repeat 
serial CT images were imported to the contouring station 
for chamber localization and exported them to TPS for dose 

collection of CT images in the repeat CT images. The point 
of calculation corresponds to the point of intersection of all 

CT slice). Chamber location was ensured in all conformal 

treatment portals. The mean dose of the chamber (i.e., Din vivo, 
TPS) to the location of the sensitive volume is noted from the 
dose–volume histogram of TPS.

At the 11th fraction of the treatment, in vivo detector was 
positioned into the vaginal cavity of the patient for real-time 
in vivo dose measurements. The temperature of the patient’s 

under Linac was checked with camera-based EPID (iViewC). 
A 3 mm margin of translational (x, y, and z) errors was 
permitted and appropriate couch changes were applied as 

FC65 ionization chamber in transit position) at the level of 
EPID of the Linac is well explained in our earlier work by 
Putha et al.[3]

Both the chambers (i.e., FC65 [transit] and CC13 [in vivo]) 
were connected to the Dose2 electrometer in channel 1 and 2, 
respectively. The scheduled treatment plan was executed on 
the patient. With this measurement setup, chamber readings in 
nano Coulombs were recorded simultaneously during real-time 
treatment delivery. The readings of the detector (CC13) 
are converted to absorbed dose by incorporating necessary 
correction factors (calibration factor, body temperature, 
pressure, polarity, beam quality, and saturation) at chamber 
location, designated as in vivo dose (i.e., “Din vivo

”). The chamber 
reading obtained from FC65 (transit signal) is used to estimate 
the mid-plane dose at isocenter (i.e., Diso, Transit) using the method 
described by Putha et al.[3] This procedure was repeated at least 
3–4 times with a gap of 3–4 fractions during the remaining 
course of treatment. The measured value of in vivo dose, 
i.e., Din vivo, is correlated with the value obtained from TPS 
i.e., Din-vivo, TPS. Figure 1 shows the position of CC13 ionization 
chamber with contour inside the patient’s body in transverse, 
coronal, and sagittal sections of CMS XiO TPS. The Figure 2a 

supine position) with Coronal and Transverse planes where the 
estimates of mid-plane dose through transit signal with FC65 

Figure 1: Position of CC13 ionization chamber with contour inside the 
patient’s body in transverse, coronal, and sagittal sections of CMS XiO TPS
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(i.e., Diso, Transit) and in vivo dose measurement with CC13 
(i.e., Din vivo), respectively, by dual-channel electrometer is 
obtained.

RESULTS

Table 1 outlines the TPS reference doses correlated to the 
measured doses by the both (in vivo [Din vivo] and transit [Diso, 
Transit]) methods. Last four columns compare the agreement of 

Figure 3a-d, 
the percentage deviations of measured in vivo and estimated 
mid-plane dose through transit signal as against TPS planned 
dose for 6 patients can be seen. The variations in in vivo 

for Din vivo and Diso, Transit, respectively. Transit dose estimates 
appear to give more nearer estimates than in situ doses, as not 
much variation due to tissue involuntary motion encountered 
with dosimeter placed outside.

DISCUSSION

It is easier to implement the in vivo dosimetry in sites with 
regular body contours such as the pelvis and for simple 
techniques not involving high-dose gradients. In a coordinated 
research project initiated by IAEA, the importance of exit/
transit dosimetry is was highlighted, though the entrance dose 
measurements detect most of the human errors in treatment 

setup and error in the treatment equipment, but they could not 
account for inaccuracies taking place owing to morphological 
changes in the patients.[1]

Srinivas et al.[4,16] studied the in vivo dose measurements in 

chamber (0.6 cc Farmer type with protective cap) in 12 cervical 
carcinoma patients undergoing 3DCRT[16] treatment to the 
pelvic site demonstrated good agreement between planned vs 

Wertz et al.[14] showed the feasibility to verify the actual dose 
measured with a small ionization chamber directly inserted in 
the rectum of eight patients, during the treatment for prostate 
with IMRT technique, and compared with TPS calculated 
values. In one patient, undergoing full pelvic treatment, the 
dose measurements in a homogeneous high-dose area resulted 
in a very small dose deviation between the measured and 

Goldenberg et al.[13] has compared the in vivo dose 
(in the esophageal region) measured with an ionization chamber 
(the signal was corrected with the temperature of the body) with 

In a clinical application of in vivo dosimetry system used for 
transmission dosimetry, applied on 11 patients who were treated 
for the pelvic site, with and without bone correction done in 
TPS,[22]

for anteroposterior–posteranterior without bone correction and 

bone correction. It was brought out that the transmission method 
is a useful form of in vivo dosimetry because of non-invasiveness  

emphasized that if bone corrections are not applied, the variation 

without any patient involved, their dosimetry variation of output 

in our study takes care of the in-homogeneity corrections in TPS.

In two recent publications, dealing with 24 pelvic[16] and 
13 thorax[20] patients undergoing 3DCRT, the role of transit 
dosimetry was highlighted in estimating the mid-plane 
doses using ionization chamber kept at EPID level. The 
percentage deviation in estimated doses against TPS values 

conducted simultaneous measurements with two ionization 
chambers (one kept at the mid-plane level and other one kept at 
EPID level) on locally fabricated pelvic and thorax phantoms: 
Measured/estimated values correlated well with TPS values. 
The mean percentage deviation of Diso, Transit with Diso, TPS and 
Diso, mid

In this study, we have reported only six patients’ data. Our 
earlier work[16]

a

Figure 2: (a and b) Represents the perspective views of anterior field 
of three-dimensional conformal radiotherapy treatment to the pelvic 
site of a patient under linac, showing the transverse and coronal planes 
containing (a) the treatment isocenter for estimation of transit mid-plane 
dose (Diso, transit) through transit signal obtained from FC65 chamber with 
buildup cap, which was kept at EPID level, and (b) the location of CC13 
chamber (with protective cap) in vaginal cavity for measurement of 
“Din vivo”. Both the measurements were done simultaneously with chambers 
during real-time treatment delivery, for all four conformal fields (0°, 90°, 
180°, and 270°) on at least 3–5 occasions (after having taken the repeat 
computerized tomography) during the course of treatment. Chambers’ 
signals were measured with “Dose2” dual channel electrometer. The lower 
right side of the figure represents the patient orientation icon for treatment

ba
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signal during the actual treatment delivery. In our department, 
we treat more number of cancer cervix patients with radical 
treatment plans. As we knew the accuracy of our method, 
we wanted to correlate to in vivo dose estimates in the PTV 
region. Therefore, our physician co-authors felt that six 

this method. A beam therapy dosimeter based on “ion chamber 

measurement of in vivo dose and estimation of mid-plane dose 
simultaneously by means of two ionization chambers may 
be possible in busy departments as a QA measure at least in 
protocol patients.

CONCLUSION

The efficacy of this transit dose estimation method is 
simultaneous validation of the delivered dose in real time. This 
will enable any corrective actions (if any) that may be applied 
during subsequent fraction of radiotherapy. Our presentation 

simultaneous estimate of true dose “in situ” of the tumor. The 

transit dosimetry method can be routinely applied in clinical 
dosimetry because the present work has validated the estimated 
patient dose “in situ” simultaneously with “transit method with 
dosimeter outside.” As the patient does not have any detector, 
there is no inconvenience to the patients.
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Letter to the Editor

Sir,

world is not new and the list of epidemics and pandemics 
are reported as early as 429 BC.[1]

[2] 

[3] Countries across the world responded to this 
unprecedented pandemic by harsh containment measures. The 

which was termed as lockdown.

the Chinese experience,

to hospital infection control policy for droplet precautions 
as recommended by the WHO.[6]

 The 

USA and Europe.[8,9]

philosophy of radiotherapy practice will remain the same, but 

patients are already immunocompromised, the radiation 

Brachytherapy treatments are performed with 18 channel 

considerations.[4-11]

Revision in Standard Operating Procedures of Radiation 
Oncology Department and Quality Assurance Schedule under 

COVID-19 Pandemic
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additional components included in the SOP of the radiation 

[12] it 

may or may not be symptomatic. National and international 

 As the 

policy, treatment by hypofractionation in case of new patients, 

duration fractionated treatments. Unless otherwise necessary, 

masks are used for the treatment site of brain and head and 

the masks before use with alcohol-based disinfectant, wipe the 

Head support, base plate, armrest, breast board, and any other 

disinfectant. Vacuum cushions were used for the treatment site 

cushion contains small polystyrene spheres surrounded by a 
durable polyurethane coated nylon fabric. Since these cushions 

solution.

[16] 

study of the past performance of the accelerator was carried 
out and performance results of last 600 measurements were 

Table 1 presents the list of test parameters and their 

measurements.

Table 2

Table 1: Test parameters of medical electron linear 
accelerator and their maximum deviation in last 600 
measurements

Test parameters Maximum deviation 
from baseline

3.0
2.8
0.1
0.14
0.1

0.16
0.30
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few months. The reference dose measurement and patient 

MPC[18]

accelerator.

Since our hospital is a multi-specialty healthcare unit with 

in stand-alone centers, and hence, the operational procedures 

droplet precautions policy which has been discussed in 
[4-11]
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Table 2: Revised quality assurance/quality control schedule for medical electron linear accelerator along with 
recommended tolerance, test frequency, and personnel required

Test parameters Method/instrument Prescribed 
tolerance

Recommended 
tolerance

Test 
frequency

Personnel 
required

MPC[18] 1
Electron output constancy MPC 1
Reference dosimetry Weekly 2

MPC Monthly 1
MPC Monthly 1

Mechanical
1

2 mm 1
2 mm 4 mm 1

Safety
1
1
1

Beam on indicator 1
MPC Phantom Weekly 1
- Patient based 1

1

Collision test Software restriction 1
1
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Book Review

The Sixth Edition of this classic book entitled, “Khan’s The 
Physics of Radiation Therapy” was recently published in India 

time since its First Edition in 1984, Dr. Faiz M. Khan, the 
Principal Author of the Book till the Fifth Edition, is not an 
active author for the Sixth Edition. Dr. John P. Gibbons, Chief 
of Physics, Ochsner Health System, New Orleans, Lousiana, 
USA, who was a coauthor with Dr. Khan for the Fifth Edition 
of the book published in 2014, is the sole author for the present 
updated edition.

The book, over three decades of its existence, has established 
itself as one of the most sought after books among students, 
as well as seasoned practitioners, of Clinical Medical Physics 
and Radiation Oncology. In the own words of Dr. Khan, the 

needs for a dedicated book on Radiation Therapy Physics with 
emphasis on practical details. The popularity of the book is 
evidence enough that it has succeeded in keeping the promise. 
In the present edition, Dr. Gibbons has updated the content 
of the book by incorporating newer aspects in dosimetry, 
Image Guided Radiotherapy (IGRT), Quality Assurance 
(QA), calculation algorithms, treatment planning, and delivery 
technology, in addition to minor revision of almost all the 
chapters. However, the structure of the book has remained 
similar to the preceding editions.

There are a total of 28 chapters (598 pages) in the book divided 

with basic physics; the second part (10 chapters) deals with 
classical radiation therapy; and the third part (10 chapters) 
deals with modern radiation therapy techniques. Similar to 

of this book read as (1) structure of matter, (2) nuclear 
transformations, (3) production of X-rays, (4) clinical 
radiation generators, (5) interactions of ionizing radiation, 

(6) measurement of ionizing radiation, (7) quality of X-ray 
beams, and (8) measurement of absorbed dose. All these 
chapters, understandably, are retained with their original 
content, except some additions in the eighth chapter dealing 
with the measurement of absorbed dose. In this Chapter, 

photon beam dosimetry involving new-quality conversion 
factors has been discussed. Surprisingly, like the earlier 
editions of the book, the description of Optically Stimulated 
Luminescence (OSL) and Metal Oxide Semiconductor Field 
Effect Transistor (MOSFET) dosimetry continues to be 
missing in the eighth chapter, despite the fact that most of the 
other dosimeters, namely calorimeter, chemical dosimeter, 
Thermoluminescence dosimetry (TLD), silicon diodes, and 

in which additional details have been incorporated are as 
follows: in Chapter 10, the recommendations of TG-71 on 

Maximum Ratio (TMR), and other dosimetric quantities 

(Section C of the Chapter); in Chapter 17, some additional 

described in TG-100 report has been included in the section 
describing risk assessment; in Chapter 19, a section (B.3) has 
been added on discrete ordinates method in the model-based 
algorithms; in Chapter 26, sections (G and H) dealing 

surface imaging technologies that are increasingly coming into 
clinics have been added. Further, a new chapter, Chapter 28, 
addressing the issue of knowledge-based planning has been 

As a result of the additions, the number of pages in the present 
edition has gone up slightly from 572 to 598.

The remaining chapters are retained with their original structure 
and content with minor revisions at some places. These chapters 

Khan’s The Physics of Radiation Therapy
Title:    Khan’s The Physics of Radiation Therapy
Edition:    Sixth
Editor(s):
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Publisher:   Wolters Kluwer Health
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ISBN No (Indian Reprint): 978-93-89335-92-7
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are as follows: (11) treatment planning I (isodose distributions), 
(12) treatment planning II (patient data acquisition, 

separation), (14) electron beam therapy, (15)  Low Dose 
Rate (LDR) brachytherapy (rules of implantation and 

assurance, (18) total body irradiation, (19) three-dimensional 
conformal radiotherapy, 20) intensity-modulated radiation 
therapy, 21) stereotactic radiotherapy and radiosurgery, 
(22) stereotactic body radiotherapy, (23) High Dose Rate 
(HDR) brachytherapy, (24) prostate implants: technique, 
dosimetry, and treatment planning, (25) intravascular 
brachytherapy, (26) image-guided radiation therapy, and 
(27) proton beam therapy. In addition, the book continues to 
provide useful data for ready reference in the Appendix Section 
for medical physics practitioners and researchers in the form of 
tables. The Index Section at the end has a list of topics/subtopics 
in the alphabetical order for ready referencing of the reader.

Overall, the Sixth Edition of this remarkable book is updated 

is technologically evolving at a rapid pace. At the same time, 
the book retains its old charm for students and practitioners 
of Medical Physics and Radiation Oncology. It is printed 
on a glossy high-quality paper with colorful diagrams and 

all students and practicing medical physicists and other 

have a ready access to this seminal book. The online price of 
the book is Rs 11,000/-.
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Book Review

Medical physics is one of the most challenging and rewarding 
applications of physics to human health care program and 
is mainly concerned with the use of ionizing radiation 
in the diagnosis, therapy, and research in healthcare. 
Medical physicists working in the clinical environment 
are health professions as per the International Labor 

The environment surrounding healthcare is rapidly evolving, 
and the technological innovation in the application of radiation 
in medicine is in fast progress. Medical physicists working in 
the clinical environment are expected to keep track with the 
exploding technological development and should have required 
competency, and therefore, undergo a structured education 
program and residency. Our exceptional education and training 
in physics, mathematics, medical devices, radiation, and other 
physical agents, and information technology has made us 
what we are today – a highly successful profession that has 
changed the face of healthcare. As a group, medical physicists 
are excellent scientists and health-care professionals. On the 
other hand, our education and training programs provide a little 
experience in how to deal with the real-world issues facing 
us when we move from the relative security of our academic 
physics departments to the realities of modern, large, complex 
health-care organizations. Therefore, in today’s world, being 
a good medical physicists as health professional is simply not 
enough to survive and thrive in a multi-professional health-care 
system where in doctors, nurses, paramedics, administrators, 
and managers are part of the system; interprofessional 
teamwork has been reduced from a richly stimulating, 
intellectually satisfying multiprofessional environment to a 
battleground where a relatively hostile environment exists, 
and hence, the strategic and robust leaders are important for 
all professions, which is true for medical physics profession 
as well. Conventionally, as a profession we have, and rightly 
so, given major importance to science and science leadership. 
Leadership in medical physics is important because without 
good leadership, clinical or research teams fail to deliver, and 

the profession as a group would not develop locally, nationally, 
regionally, or internationally. On account of the unique 
services provided by medical physicists, such failures would 

for more than three decades, I have realized how important 
professional leadership is.

In the past years, we have given greater attention to education 

education and training of medical physics. The result of low 
importance given to the professional issues is that we did not 
have a single book which addresses the issues of leadership 
or the challenges we face in the profession due to lack of 
leadership grooming.

leadership and challenges in medical physics, and I share the 
author’s desire that “the book will stimulate much needed 
discussion regarding current professional issues and help 
develop strong strategic leaders for our profession.” There 
is much wisdom in this book, and I am sure many of us who 
have been involved in the leadership of the profession will 
recognize many of it as forming part of our own thinking and 

positions in professional organizations, I confess that if such a 
book would have been available earlier, it would have helped 
me much more to deliver as a professional leader; nonetheless, 
it will help in future tasks.

This comprehensive book on leadership in medical physics 
is compiled by Prof. Carmel J. Caruana and published by the 
Institute of Physics (IOP) Publishing as a part of “Institute 
of Physics and Engineering in Medicine–Institute of Physics 
(IPEM-IOP) Series” in Physics and Engineering in Medicine 

authors, the leadership is the process of influencing and 
motivating others to agree on and work toward an exciting 
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shared future vision, there is a focus on inspiring others 
and creating shared organizational culture and values. 
Managers are employed to get things done by making sure 
administrative tasks such as planning, organizing, budgeting, 

The two roles of leadership and management are essential, 
but they are not the same. According to the author, it is very 
important to keep in mind that leadership is not administration, 
and certainly, leadership is not about being a boss. To do this, 
we need strategic and robust leaders who are well prepared 
to take on these tasks, which do not only aim to preserve the 
gains of the past but can push the profession to new heights. 
However, such leaders need to be educated and trained, and 
the resources for this simply do not exist. I am hoping that this 

our education and training as a health professional.

relevant to medical physics leadership, such as analytical, 
creative, practical, and emotional intelligences.

The book has been divided into ten chapters to deal with 
various aspects of leadership and strategic planning:
1. Chapter 1: What is strategic and robust leadership, 

and why is it critical for medical physics in the present 
environment?

and its importance for medical physics in a world 
dominated by austerity economics and interprofessional 
issues has been discussed. The chapter includes advice 
on how one can prepare oneself for leadership roles while 
highlighting that leadership is ultimately a personal 
journey.

2. Chapter 2: A strategic planning primer for medical 
physics leaders

 In this chapter, strategic planning is described in detail 
and applied to medical physics. The steps involved in 
developing, implementing, and evaluating a strategic 
plan are described. Furthermore, the various types of 
medical physics groups and teams that one could lead 

3. Chapter 3: Internal STRENGTHS of medical physics
 In this chapter, one finds an inventory of the main 

strengths of medical physics and their importance for 
strategic planning. The chapter deals advantages to be a 
clinical medical physicist, the environment he/she works 
in, and how he/she can use the situation to strengthen 
and portray the contribution and importance of medical 
physics to health-care delivery system.

4. Chapter 4: Internal WEAKNESSES of medical physics
 This chapter presents a detailed discussion of the main 

weaknesses of medical physics and emphasizes on 
identifying, understanding, and rectifying. The author 
discusses the medical physics profession and compares 
the number of medical physicists with the number of 

nurses and doctors in the hospital/institute. Medical 
physicist’s number is very small as compared to others.

5. Chapter 5: External environmental OPPORTUNITIES 
for medical physics

 In this chapter, there is a detailed discussion of the main 
opportunities available for the further development of 
medical physics, and it explains that the key opportunities 

6. Chapter 6: External environmental THREATS for 
medical physics

 This chapter presents the main threats and challenges 
to the development of medical physics. The author 
emphasizes that such threats should be countered in the 
same manner that physicists counter all other problems: 
they should be acknowledged, researched, analyzed, 
addressed, and eliminated. In a hospital environment, 
there are attempts of dominance by other professionals 

the management, which can be detrimental to medical 
physics professionals.

7. Chapter 7: Healthy leadership and leadership styles
 This chapter presents the current view of what in the long 

run makes a leader successful. The various leadership 
styles are presented, and the application of their use in 

is discussed in this chapter.
8. Chapter 8: Organizational psychology (also known as 

occupational psychology)
 This chapter discusses organizational psychology and its 

usefulness for the organization’s success by improved 
performance, job satisfaction, motivation, and well-
being and emphasizes that in the health-care system, 
the medical physics leader needs the knowledge of 
organizational psychology.

9. Chapter 9: Organizational politics – Learning to play the 
political game

 This chapter discusses organizational politics, and 
according to the author, organizational politics is 
inevitable and trying to avoid, it is bad for the group but 
learn how to survive, it is the best strategy.

10. Chapter 10: Negotiating skills for the medical physics leader
 This chapter distinguishes between distributive and 

integrative negotiation and reminds the reader that 
negotiation is the part of the problem-solving, part of 
controlling the egoistic tendencies of others, part of game, 
and part of luck.

The book narrates the importance of leadership in a 

on growth and recognition of the profession. The book guides a 
professional medical physicist to prepare oneself for leadership 
with a quote “leadership is a personal journey.” This book is 
not a textbook, but a useful and unique reference book designed 
to guide to develop leadership skills. However, the book lacks 

language is bit tricky to understand.
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I recommend this book a must read for postgraduate students, 
medical physicists, and educators in this profession.

About the author: Prof. Carmel Caruana.

The author is well known both in Europe and internationally 
and well placed to write about the topic. At present, Prof. 
Carmel J. Caruana is heading the Medical Physics Department 
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on the Medical Physics Expert and policy documents. 
As EFOMP representative, he contributed to EU projects 
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which has now been running for over 6 years, a module which 

His vast experience and expertise in medical physics education 

Arun Chougule

Senior Professor and Head, Department of Radiological Physics,   
SMS Medical College, Rajasthan, India

Address for correspondence: Prof. Arun Chougule,  
A-1405 SKY Terrace, Shipra Path, Mansarovar, Jaipur - 302 020, Rajasthan, India. 

E-mail: arunchougule11@gmail.com

Access this article online
Quick Response Code:

Website:  
www.jmp.org.in

DOI:  
10.4103/jmp.JMP_34_20

How to cite this article: Chougule A. Leadership and challenges in medical 
physics: A strategic and robust approach. J Med Phys 2020;45:136-8.



© 2020 Journal of Medical Physics | Published by Wolters Kluwer - Medknow 139

Book Review

This book addresses the needs of radiation workers irrespective 
of different groups of health professionals working with 
medical applications of radiation such as in radiodiagnosis, 
nuclear medicine, and radiation therapy practices. These 
practices involve exposure to the individual working in the 

personal doses. Although radiation professionals are well 
aware of the personal monitoring, they should know how to 
manage the personal monitoring devices and maintain relevant 
documents. This book discusses in detail the practice of 
personal monitoring and the generalized method for predicting 
dose levels from the workload the facility is handling.

CHAPTER 1: REQUIREMENTS FOR MONITORING 
RADIATION DOSE

In this chapter, the authors have presented a detailed literature 
review of various international protocols and guidelines related 

about the risk assessment and management, the authors have 
brought out a detailed procedure for the radiation monitoring 
of personnel and environment and have explained its relevancy. 
In addition, the authors have also emphasized on key reasons 
for carrying out individual personal monitoring.

CHAPTER 2: DOSEMETERS AVAILABLE

This chapter discusses the external and internal dose monitoring 
in detail. Monitoring of both charged and uncharged particles 
has been discussed in depth with appropriate detectors of choice. 
The uses of electronic monitors have been well explained by 
the authors, and they have also presented few important 

for personal monitoring in this chapter.

CHAPTER 3: NUCLEAR MEDICINE

Although the topic of the chapter is a generalized one, it is 

dose-monitoring aspects of nuclear medicine applications. Dose 
monitoring of extremities, eye, and whole body is explained well 
along with the details of appropriate dosimeters of choice. The 
authors re-insist that small sources of radiation such as syringe 
and vial containing radioactive liquid are potential contributors 

some principles to draw the radiopharmaceuticals in order to 

points for adopting such protocol. It is important to note the 
authors’ observation that the ring dosimeter underestimates 
the dose due to high-dose gradient, and hence requires dose 
correction. The authors explained the dose correction methods, 
substantiating their observations based on the literature.

CHAPTER 4: DOSIMETRY FOR PERSONNEL WORKING 
WITH X-RAY EQUIPMENT

This chapter discusses the problems involved in dose 

authors had explicitly explained the double dosimeter for body 

the authors have advised to wear two dosimeters ideally, one 
either adjacent to the eye or at the collar above the lead aprons, 
and another underneath the apron, which will be the best option 

A number of algorithms have been developed to combine 
reading from collar and under-apron dosimeter over the years to 

with expression (E = aHub + bHon Hub and Hon are the 
personal dose equivalents Hp
the apron and at the neck outside the apron, respectively. This 
chapter attracts more interest of the readers as it deals with the 
monitoring of the radiation dose to body and eye.

CHAPTER 5: USE OF X-RAYS IN DIAGNOSTIC AND 
INTERVENTIONAL RADIOLOGY

In this chapter, the authors describe dose-monitoring techniques 

Guidance on the Personal Monitoring Requirements 
for Personnel Working in Healthcare

Authors:  
Edition:
Publisher:
ISBN:

Number of Pages:
Year of Publication:
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radiology, cardiology, and computed tomography. In addition, 
the authors have also explained the recommendation for dose 
monitoring in orthopedic medicine, endoscopy, and urology 
applications. This chapter also highlights the importance of 
training and education regarding personal monitoring to all 

CHAPTER 6: RADIOTHERAPY

This chapter deals with the requirements of personal 
monitoring in a variety of radiotherapy units such as 
external beam radiotherapy, brachytherapy (manual and 

intraoperative radiotherapy. The authors’ simple way of 

authors stress many such situations explaining the seriousness 
of the requirements of personal monitoring for all individuals.

CHAPTER 7: RISK ASSESSMENTS TO PREDICT LIKELY 
PERSONAL DOSES

In general dose monitoring, the requirements are based on the 
risk assessment. This chapter provides detailed information 
on good practice that needs to be followed to fulfill the 
requirements of the regulations for ionizing radiation. The 

levels by quoting the references available in the literature. In 
this chapter, the authors have referred quite a large number 
of publications relevant to risk assessment, which deserves 
wider appreciation. This chapter explains a generalized 
method for predicting dose levels from workload in detail 
with a mathematical expression. For all the risk assessment 
procedures, the authors have described several mathematical 
expressions in a simple manner.

CHAPTER 8: MANAGING PERSONAL MONITORING

hospital. Most of the problems arise due to poor cooperation 

devices, which results in uncertainty in dose evaluation. In 

this chapter, the authors have dealt with the management of 
the missing dosimeter, incidences of unusual dose reading, 

is handling the personal monitoring-related issues.

CONCLUDING REMARKS

In general, the book showers in-depth knowledge and is very 
appropriate for the professionals involved in radiation safety in 
medical institutions. The importance and safe use of personal 
monitoring and available choices for health professionals have 
been explained in detail. This book gives overall information 
on the available international protocols in a nutshell along 
with a brief description of personal monitoring procedures in 
detail. This book will widely attract the attention of radiation 
professionals for its simplicity and easy-to-understand way 
of presentation. Overall, the book is well structured with the 
presentation of chapters in an organized manner. The entire 

bringing out this excellent document.
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Erratum

The article titled “Superparamagnetic iron oxide-C595: Potential MR imaging contrast agents for ovarian cancer detection”, 
published in Journal of Medical Physics on pages 198-204, Issue 4, Volume 38, 2013 (https://doi.org/10.4103/0971-6203.121198.[1] 
This article was received on May 21, 2013, accepted for publication on August 20, 2013 and published on Nov 11, 2013. 

It was noted that another publication titled ‘Detection of MUC1-Expressing Ovarian Cancer by C595 Monoclonal Antibody-

609151, https://doi.org/10.1155/2013/609151)[2] wherein the article is shown to have been received on Aug 5, 2013, accepted 

under CC-BY license.

Thus, this erratum notice is being published to notify the readers about the above.
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