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APPLICATIONS
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Absolute dosimetry in radiation therapy

Photons and High Energy Electrons.

Traditional chamber construction for absolute dosimetry in x-rays
Standard reference detector for reference dosimetry and
scientific applications

FEATURES
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Air ionisation chamber

Chamber with graphite wall, for all applicable radiation conditions
Non waterproof

Vented through waterproof sleeve

Guarded upto 15 mm from base

Supplied with individual factory calibration certificate and
user’s guide (Provisional)

MATERIAL

*

*

*

(1.82 g/lem’)
(2.70 g/cm’)
(1.42 glcm’)

Outer electrode Graphite
Inner electrode Aluminium
Build-up cap for “Co Delrin

ACTIVE DIMENSIONS

. o o o

-

Volume (nominal) 0.65 cm’

Total active length  23.1 mm

Inner diameter of cylinder 6.2 mm

Wall thickness 0.4 mm

Diameter of inner electrode 1.0 mm

Wall thickness of build-up cap for “Co 3.9 mm

CABLE AND CONNECTOR

*

*

Connector type TNC triaxial
Cable length 1.40 m

OPERATIONAL DATA

Leakage current <¢ 10 x 10™ A

Sensitivity 21 x 10° C/Gy

Radiation quality (e) 1.3 Mev - 50 MV

Polarising voltage + 300V

Reference point w/o build-up cap 13 mm from the distal
end of the chamber

Reference point with build-up cap 17 mm from the distal
for “Co end of the build-up cap

MADE IN INDIA
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Bias voltage + 300 volts, typical

Leakage Less than 25 fA

Stability 0.2% (Reproducibility over 2 years)
Response + 0.5% over 25 mm at center of axis
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Exradin W1 Scintillator FFF - Small Field Dosimetry

The Exradin W1 Scintillator is a near-water equivalent detector that achieves
paramount precision by signiccantly decreasing beam disturbance.

Minimize Beam Perturbation and Corrections

The unprecedented characteristics of the W1 Scintillator closely mimic water,
easing data collection by negating many measurement corrections required
with other detectors.

+ Near water equivalence (within 5% of physical density)
¢ Linear dose response

* Dose rate independence

 Energy independence within the MV range
* Minimal temperature dependence

Ideal for Measurement and
Characterization of Small Fields

Tmm spatial resolution makes the W1 a

perfect tool for stereotactic radiosurgery

(SRS) and stereotactic body radiation

therapy (SBRT) QA. This includes compatibility
with the Lucy 3D QA Phantom and use in the
following systems:

* Gamma Knife® < Varian®
* CyberKnife® * Elekta®
* BrainLab® * TomoTherapy®

Automatically Correct for Cherenkov Effect

Pair the W1 Scintillator with the SuperMAX
Electrometer to effectively eliminate Cherenkov
effect without the need for extraneous hand
calculations. \

Consistent, Convenient Setup

Integration with the Exradin Scintillator Calibration
Slab and solid water phantoms allows for easy,
repeatable measurements.
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Monte Carlo Investigation of Photon Beam Characteristics
and its Variation with Incident Electron Beam Parameters for
Indigenous Medical Linear Accelerator

Subhalaxmi Mishra's, P. K. Dixit?5, T. Palani Selvam'S, Sanket S. Yavalkar?, D. D. Deshpande*

"Radiological Physics and Advisory Division, Bhabha Atomic Research Centre, ?Radiological Safety Division, Atomic Energy Regulatory Board, *Technology Innovation
Department, Society for Applied Microwave Electronics Engineering and Research, Mumbai, ‘Department of Medical Physics, Tata Memorial Hospital, *Homi Bhabha
National Institute, Training School Complex, Anushaktinagar, Mumbai, India

Purpose: A Monte Carlo model of a 6 MV medical linear accelerator (linac) unit built indigenously was developed using the BEAMnrc user
code of the EGSnrc code system. The model was benchmarked against the measurements. Monte Carlo simulations were carried out for different
incident electron beam parameters in the study. Materials and Methods: Simulation of indigenously developed linac unit has been carried out
using the Monte Carlo based BEAMnrc user-code of the EGSnrc code system. Using the model, percentage depth dose (PDD), and lateral dose
profiles were studied using the DOSXY Znrc user code. To identify appropriate electron parameters, three different distributions of electron beam
intensity were investigated. For each case, the kinetic energy of the incident electron was varied from 6 to 6.5 MeV (0.1 MeV increment). The
calculated dose data were compared against the measurements using the PTW, Germany make RFA dosimetric system (water tank MP3-M and
0.125 cm?® ion chamber). Results: The best fit of incident electron beam parameter was found for the combination of beam energy of 6.2 MeV
and circular Gaussian distributed source in X and Y with FWHM of 1.0 mm. PDD and beam profiles (along both X and Y directions) were
calculated for the field sizes from 5 cm x 5 cm to 25 cm x 25 cm. The dose difference between the calculated and measured PDD and profile
values were under 1%, except for the penumbra region where the maximum deviation was found to be around 2%. Conclusions: A Monte
Carlo model of indigenous linac (6 MV) has been developed and benchmarked against the measured data.

Keywords: Beamnrc, dosxyznrc, egsnrc code system, linear accelerator, measurement, monte Carlo
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INTRODUCTION Carlo radiation transport simulations.l*'3! The first step of
dose calculation using Monte Carlo code is to develop the
Monte Carlo beam model for the linac. Tuning of the incident
electron beam parameters is an important task to benchmark
the calculated dose data against the measured data.['*!”]
Detailed studies by Sheikh—Bagheri and Rogers!'* showed
that optimum tuning of the beam energy and its width can be
performed by using PDD and in-air off-axis factors. A study by

Linear accelerator (linac) has several advantages in comparison
to telecobalt units.[>) Department of Science and Technology,
Government of India, has entrusted the responsibility of
development of indigenous linac to one of its constituent units,
Society for Applied Microwave Electronics Engineering and
Research (SAMEER) under Jai Vigyan National Science and
Technology Mission. Due to its development under indigenous
technology, the machine has the potential of delivering

cost-effective radiotherapy treatments in India. The linac unit o _Address for correspondence: Subhalaxmi Mishra,
is named as Siddharth and is capable of producing photon beam Radiological Physics and Advisory Division, Bhabha Atomic Research

. P P gp Centre, Safety and Environment Group, Mumbai - 400 09,
energy of 6 MV. Details can be found at https://www.sameer. Maharashtra, India.
gov.in/linearaccelerators. E-mail: b.subwu@gmail.com
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Lin et al."® found that it is possible to tune the beam width by
the 10 cm x 10 cm beam profile measured in a water phantom.
Verhaegen and Seuntjens!™ identified suitable electron beam
width based on larger fields and shallower depths. Recently,
Sangeetha and Surekha®” used EGSnrc code system!®! to
simulate Varian 600 C/D linac of photon energy 6 MV (for both
with flattening filter and without flattening filter). Several
studies on determination of incident beam parameters are
reported in the literature.['>222)

The purpose of the present study is to develop Monte Carlo
model of 6 MV Siddharth linac unit using the Monte Carlo-based
BEAMnrc user-codel®® of the EGSnrc?!! Monte Carlo code
system and benchmark this model against the measured data.
The calculated dose data are based on the DOSXYZnrc user
codel! of the EGSnrc code system.?!! In the study, simulations
were carried out for different incident electron beam parameters.

MareriaLs AND METHODS

Simulation of medical linear accelerator (Siddharth)
The geometry of the linac unit was simulated based on the
manufacturer’s detailed information using the BEAMnrc user
codel” of the Monte Carlo-based EGSnrc code system.?!! In this
study, different components of the treatment head such as target,
primary collimator, flattening filter, monitor chamber, mirror, and
secondary collimator were modeled. Figure 1 shows the display
of linac modeled in the present study using the BEAMnrc user
code.? In this simulation, the z-axis is taken along the beam axis,
and the origin is taken at the front face of the target.

Incident electron beam parameters

Incident electron parameters play an important role in the dose
distributions. To identify appropriate electron parameters,
following three cases were studied. For each case, the kinetic
energy of the incident electron was varied from 6 to 6.5 MeV
(0.1 MeV increment).

Case 1

As per the manufacturer’s specification, the electron beam is
a point and divergent with a half-angle of 14°. The source is
positioned on Z-axis and 4 mm above the target [Figure 2].
The radius of the beam at the target is 1 mm.

Case 2

In this case, the incident electron beam is a circular parallel
beam with a diameter of 2 mm [Figure 3]. The electron beam
is incident in the XY plane.

Case 3

In this case, the beam is circular, and the spatial distribution of
electrons is defined by a Gaussian intensity distribution [Figure 4].
The Full Width Half Maximum (FWHM) of the incident beam is
considered to be 1 mm in both X and Y directions.

BEAMnrc and DOSXYZnrc simulations

The Monte Carlo simulations were done in two steps.
To identify the incident electron beam parameters, initial
simulations were carried out for 10 cm x 10 cm field size and

-30.000

-18.000 -6.000 6.000 18.000 30.000
0.000 + + + + +

'\' == Target

Primary
Collimator

x
3.846

7.692

Flattening
filter
11538 —+

15.385

19.231 /"

23.077

——— Mirror

Secondary Collimator

26.923

30.769

Figure 1: Detailed head structure of Siddharth medical linear accelerator.
The dashed line is the Z-axis, with the positive X direction to the right and
the Y direction coming out of the page. The origin is on the target surface
at position 0. The linac head consists of six main component modules
including the target, primary collimator, flattening filter, ion chamber,
mirror, and secondary collimator

depth of 10 cm. In the first step, phase space file for each of
the above cases was scored at 100 cm from the target using
the BEAMnrc user-code.

In the BEAMnrc simulations, the electron transport cutoff (ECUT)
and photon transport cutoff (PCUT) energies were set to 0.7
and 0.01 MeV, respectively. Secondary electron production
cutoff (AE) and bremstrahlung production cutoff (AP) values
were set to 0.521 and 0.01 MeV, respectively. Range rejection
was turned on with ESAVE value of 0.7 MeV in the target and 2
MeV in other components of the linac.!'¥ The number of histories
for Monte Carlo calculation was set 6 x 10° particles.

In the second step, the phase space data from aforementioned
simulations served as the source for the simulations using
the DOSXYZnrc user code. This user code is capable of
performing 3D absorbed dose calculations in Cartesian
coordinates in the water phantom. In DOSXY Znrc, the water
phantom size was 50 cm x 50 cm x 50 cm and the phase
space source was positioned on the water surface, i.e. at
Z =100 cm. Figure 5 represents the voxel phantom set up in
the DOSXY Znrc simulations. The water phantom was divided
into a number of voxels. For high-dose gradients regions, small
voxel sizes were adapted.?! For central axis PDD simulation,
up to a depth of 2 cm, absorbed dose was scored in voxel
dimension of 1.0 cm x 1.0 cm x 0.05 cm and for depths from
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Figure 2: Point divergent source on Z-axis (Case 1) showing the electron
beam divergence angle which is the half angle of the circular field at the
point of incidence (14°) and the directions of X, Y and Z axes. The beam
is centered on the Z axis

Beam
AXxis

[ ]/

FWHM =/1 mm

Figure 4: Circular Beam with Gaussian distributions in X and Y (Case 3).
The shape of the circle is defined by FWHM (1 mm) of the Gaussian
intensity distributions in the X-and Y-directions respectively

2 to 25 c¢m, voxel dimension of 1.0 cm x 1.0 cm X 0.1 cm
were considered. The beam profiles (both X and Y directions)
were calculated at three different depths suchasd (1.5 cm),
5 cmand 10 cm. For beam profile simulations, different voxel
dimensions were chosen for the shoulder, penumbra, and
flattened regions. For example, for dose profile simulation in
X-direction for a field size of 10 cm x 10 cm voxel dimensions
of 0.1 cm x 1.0 cm x 0.1 cm (from —4.0 to +4.0) for flattened
region and 0.05 cm X 1.0 cm x 0.1 cm for shoulder and
penumbra regions (from —7.5 to —4.0 and +7.5 to +4.0) were
used. The EGSnrc parameters set for DOSXY Znrc simulation
were ECUT = AE = 0.521 MeV, PCUT = AP =0.01 MeV.

All the simulations utilized PRESTA-II electron step length
algorithm. Up to 6 x 10° particle histories were followed in
the simulation. The statistical uncertainties associated with the
absorbed dose values were <0.5%.

Measurement of photon beam dosimetric parameters
Dose measurements were carried out by a PTW MP3 Water
Scanning System and ionization chamber (Semiflex 0.125 cm?).

Beam
AXis

Figure 3: Parallel Circular Beam (Case 2) showing the beam
diameter (2 mm) measured perpendicular to the beam central axis and
the directions of X, Y and Z axes. The beam is along the Z-axis

4 1l

Phase Space

It IT =t 1

3.5 cm n
3
g
5 cm R
I\

10 cm / Y Z

50¢m

50cm

Figure 5: The voxel water phantom of dimension 50 cm x 50 cm x 50 cm
used for DOSXYZnrc simulation. The size of voxels set for PDD and beam
profile calculations (for 10 cm x 10 cm field size) are also shown

The measurements were performed with 1 mm resolution for
both PDD and beam profiles. Field sizes considered were from
5cmx 5 cmto 25 cm x 25 cm at a SSD of 100 cm. Beam
profiles were measured at three different depths, i.e. depth
of maximum dose (d,_, ), 5 cm and 10 cm for both X and Y
directions. The overall uncertainty in the dose measurement
using the water phantom scanning system is estimated up
to a maximum value of 2%. This uncertainty is attributed
to positioning inaccuracy of the chamber up to 1 mm and
fluctuations of chamber and electrometer, air pressure, and
temperature during the time frame of one scan.

ResuLts anp Discussion

Incident electron beam characteristics

Analysis of central axis percentage depth dose (PDD) data
for 10 cm x 10 cm suggests that for a given incident electron
beam energy, PDD is almost insensitive to the incident electron
beam parameters. PDD values also do not differ significantly
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with the investigated incident electron beam energies of 6—6.5
MeV. The relative difference between the calculated depth-dose
distributions (10 cm x 10 cm field size) for beam energies 6
and 6.5 MeV was <1.5%. The PDD values at a depth of 10 cm,
%dd (10), for a field size of 10 cm X 10 cm, corresponds to
the beam quality.™¥ Figure 6 presents the %dd (10) values for
the investigated electron beam energies which have Gaussian
distribution (FWHM = 1 mm). As the energy increases, there
is amarginal increase in the value of %dd (10). The same trend
was observed for the cases 1 and 2. For the incident electron
beam energy of 6.2 MeV (Gaussian with FWHM = 1 mm), the
calculated value %dd (10) is 66.3% which is in close agreement
with the measured value of 67% carried out in the present
study. The overall conclusion is that for the incident electron
beam energy of 6.2 MeV, irrespective of the cases investigated
(cases 1-3), the agreement between the calculated PDD values
and the measurements is <1%.

However, the beam profiles are sensitive to the incident
electron beam parameters. Figure 7a presents the comparison
of Monte Carlo-calculated profile in X-direction for incident
electron beam energies 6.0, 6.2, 6.5 MeV and measured data for
afield size of 10 cm x 10 cm and at a depth of 10 cm for point
divergent source (case 1). Figure 7b and c present the above
comparison for the parallel circular beam (case 2) and Gaussian
distribution (case 3), respectively. It was observed that beam
profile horns were reduced as the incident electron beam energy
increases. Lower energy beams produce horns at the edge of the
radiation field while higher ones correspond to flat profiles. An
energy difference of 0.1 MeV causes a dose difference at the
edge of the field by about 1%. Above discussion demonstrates
that the dose profile resulting from 6.2 MeV of electrons with
Gaussian distribution (case 3) provides optimum agreement
with the measurements. Figure 7d compares the investigated
cases with incident electron beam energy of 6.2 MeV with
measured data.

L L L

L 1 1 1 1 L 1
68 —¢ 6.1 6.2 6.3 6.4 6.5

Incident electron beam energy (MeV)

Figure 6: Comparison of percent depth dose value at a depth of
10 cm, %dd (10), in water, Monte Carlo-calculated values for various
incident electron beam energies and measurement for a field size of
10cm x 10 cm

For all the investigated cases, beam parameters such as left
penumbra (LP), right penumbra (RP), beam flatness and
beam symmetry were investigated. Table 1 presents these
parameters analyzed from the calculated beam profiles of
all the investigated electron beam parameters for the field
size of 10 cm x 10 cm. Measured data are also included for
comparison. For case 1, both RP and LP were <6 mm which
is less than the measured values of 6.9 mm. Beam symmetry
and flatness were observed to be higher than the measured as
well as the tolerance values (103% and 106%) as quoted by
the IEC protocol .4 For case 2, both RP and LP were <5.5 mm
which is less than the measured values of 6.9 mm. Beam
flatness was observed to be higher than the measured as well
as the tolerance values. However, beam symmetry was within
the acceptable range for all the beam energies. For case 3, all
the parameters such as RP, LP, symmetry, and flatness were
in good agreement with the measured values at beam energy
6.2 MeV with the Gaussian distribution.

Figures 6 and 7 and Table 1 demonstrate that Monte Carlo
calculations using the incident electron beam energy of
6.2 MeV with Gaussian distribution (FWHM = 1 mm) produce
dose distributions which agree with the measurements. Table 2
presents the incident electron beam parameters concluded
by the other investigators which result in dose distribution
comparable to the measurements.

Measured and calculated photon beam dosimetric
characteristics

Further Monte Carlo simulations were carried out for
other field sizes such as 5 cm X 5 ¢cm, 15 ¢cm X 15 cm,
20 cm x 20 cm and 25 ecm x 25 cm for a mono-energetic
electron beam of kinetic energy 6.2 MeV with the Gaussian
distribution of FWHM = 1 mm. PDDs were calculated for
depths from 0 to 25 cm, and beam profiles (both X and
Y directions) were calculated at three different depths of
d_ (1.5cm), 5 cm and 10 cm for the above field sizes. The
calculated PDD and beam profiles for all the above field
sizes were compared with the measured data and a good
agreement was found.

The dose difference between the calculated and measured
PDD values were under 1% for all the investigated field sizes.
Both Monte Carlo-calculated and measured depth of d__
was found to be at 1.52 cm for a field size of 10 cm X 10 cm.
The differences between calculated and measured values
were <1% in the tail region and <0.5% in the superficial
depth region for all the investigated field sizes. Calculated
and measured PDD values are shown in Figures 8-10 for field
sizes of 5 cm x 5 ¢cm, 10 cm x 10 cm and 25 cm X 25 cm,
respectively.

For beam profiles, the difference between calculated and
measured dose values was <1%, except for the border
points where the maximum deviation between calculated
and measured dose values were found to be around 1.8%.
Table 3 presents the comparison of Monte Carlo-calculated
and measured beam profile parameters such as LP, RP,
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Figure 7: Comparison of Monte Carlo-calculated beam profiles and measured values for incident electron beam energies 6.0, 6.2, 6.5 MeV and measured
data for a field size of 10 cm x 10 cm and at a depth of 10 cm (a) Point divergent source placed on the Z-axis (b) parallel circular beam (c) circular
beam with Gaussian distributions. (d) Comparison of Monte Carlo-calculated beam profiles of all the investigated radial intensity distributions for

incident electron beam energy 6.2 MeV and measured data
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Figure 8: Comparison of Monte Carlo-calculated and measured
percentage depth dose values for a field size of 5 cm x 5 ¢cm

flatness, and symmetry for all the investigated field sizes.
Monte Carlo-calculated values were found to be in excellent
agreement with the measured values for the field sizes.
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Figure 9: Comparison of Monte Carlo-calculated and measured
percentage depth dose values for a field size of 10 cm x 10 cm

Calculated and measured X-profiles and Y-profiles for all the
investigated field sizes at a depth of 10 cm are presented in
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Table 1: The parameters analyzed from the beam profiles for all the combinations of incident electron beam parameters along with the measured parameters for

a field size of 10 x 10 cm? and at a depth of 10 cm
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Measured data

RP
(mm)

Parallel beam source

Point source

Gaussian source

RP

Electron
energy
(MeV)

Symmetry
(%)

Flatness
(%)

LP
(mm)

RP
(mm)

Symmetry
(%)

Flatness

(mm)

LP
(mm)
5.6
5.7
5.9
5.7
5.6
5.6

RP

Symmetry

Flatness
(mm)

(mm)

(mm)
54
5.5
5.6
5.5
5.4

LP
(mm)
53
54
5.5
54
5.5
53

Symmetry
(%)

Flatness
(%)

(mm)
6.4
6.7
6.7
6.7
6.4
6.6

LP
(mm)
6.5

103.3
103.1

109.2
109.4
109.5
109.4
109.8
109.9

5.7
5.8
5.8
5.8
5.7
5.7

102.2
102.1

108.1

101.2
101.6

106.4
105.6
104.6
105.7
106.8
106.9

108.2
108.4
108.6
108.5
108.3

6.6
6.8

6.1

101.2

6.8 104.9

6.9

102.9
103.2
103.5
103.7

102

101.5

6.2

102.7
102.5
102.8

101.7

6.6
6.5

6.3

100.9
101.4

6.4
6.5

5.4

6.5

Left penumbra and right penumbra stand for left penumbra and right penumbra, respectively. LP: Left penumbra, RP: Right penumbra

Table 2: Comparison of incident electron beam parameters
which resulted in good agreement with the measured dose
profiles (published and this study)

Model of 6 MV Electron beam parameter Reference

Linac unit

Varian 600 C/D  Electron energy - 5.7 MeV [20]
Gaussian distribution with FWHM 1.3 mm

Elekta SL 25 Electron energy - 6.3 MeV [14]
Gaussian distribution with FWHM 1.1 mm

Siemens KD Electron energy - 6.8 MeV [14]
Gaussian distribution with FWHM 3.2 mm

Elekta synergy  Electron energy - 6.45 MeV [24]
Gaussian distribution with FWHM
0.25 mm in Y and 1.0 mm in X plane

Varian 2100 EX Electron energy - 6.2 MeV [22]
Gaussian distribution with FWHM 1.3 mm

Clinac 2100 Electron energy - 6.05 MeV [29]

C/D Pencil beam with a diameter of 2 mm

Present study Electron energy - 6.2 MeV -
Gaussian distribution with FWHM 1 mm

FWHM: Full Width Half Maximum
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Figure 10: Comparison of Monte Carlo-calculated and measured
percentage depth dose values for a field size of 25 cm x 25 cm

Figures 11 and 12, respectively. Statistical uncertainties on
the calculated dose values for each voxel were mostly below
0.2% and about 0.7% for regions near field edge.

CONCLUSIONS

The indigenous linac unit Siddharth of photon energy 6 MV
was simulated using the Monte Carlo-based BEAMnrc code.
The dosimetric parameters such as PDD and beam profile were
calculated using the DOSXYZnrc user-code of the EGSnrc
code system, and the results were compared with the measured
data. In the study of the influence of electron beam parameters
on photon beam characteristics, five different incident electron
beam energies (6-6.5 MeV) and three different type of radial
intensity distribution of electron beam (case 1, 2 and 3) were
chosen. It was found that the central axis relative depth dose
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Table 3: Comparison of Monte Carlo-calculated and measured beam profile parameters such as left penumbra, right
penumbra, flatness, and symmetry for the investigated field sizes for incident electron beam energy of 6.2 MeV with a
Gaussian distribution of Full Width Half Maximum 1 mm

Field size Monte Carlo calculated Measured
2
(cm?) LP (mm) RP (mm) Flatness (%) Symmetry (%) LP (mm) RP (mm) Flatness (%) Symmetry (%)
5%5 6.3 6.2 103.2 101.5 6.2 6.4 104.2 101.4
10x10 6.8 6.7 104.6 101.5 6.9 6.8 104.9 101.2
15%15 7.6 7.7 104.2 100.7 7.8 7.7 103.6 102.3
20%20 8.3 8.4 103.5 101.3 8.4 8.5 103.2 101.6
25x25 9.1 9.3 104 103.2 9.2 9.2 103.5 103
Left penumbra and right penumbra stand for the left penumbra and right penumbra, respectively. LP: Left penumbra, RP: Right penumbra
e e e e nor————r——r——7r—r—
100t o L
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Figure 11: Comparison of Monte Carlo-calculated and measured
X-profiles for all the investigated field sizes at a depth of 10 cm

values, i.e. PDDs are quite insensitive to variations in the
electron beam radial intensity distribution. However, the
beam profiles are sensitive to the incident electron energy as
well as the radial intensity distribution of the incident electron
beam. The calculated PDD and lateral beam profiles for
Semx5c¢m, 10cm x 10 cm, 15 ¢cm % 15 ¢cm, 20 cm x 20 cm and
25 c¢cm % 25 cm field sizes were compared with the measured
data and a good agreement was found when the calculated
dose profiles utilized the combination of incident electron
beam energy of 6.2 MeV and the Gaussian distribution with
FWHM of 1.0 mm.
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A Treatment Planning Method for Better Management of
Radiation-Induced Oral Mucositis in Locally Advanced Head
and Neck Cancer

Hao Howard Zhang, Warren D. D’Souza
Department of Radiation Oncology, University of Maryland School of Medicine, Baltimore, MD, USA

Purpose/Aim: To describe a two-phase intensity-modulated radiation therapy (IMRT) treatment planning approach, that is, promising for
reduction of oral mucositis risk in locally advanced head-and-neck cancer. Materials and Methods: Ten locally advanced head-and-neck
cancer patients who underwent RT were retrospectively collected. Conventional IMRT and volumetric-modulated arc therapy (VMAT)
plans were generated for these patients following clinical protocol. Following the first phase of generating conventional IMRT plans, our
approach utilized data from Monte Carlo-based kernel superposition dose calculations corresponding to beam apertures (generated from the
conventional IMRT plans) and used an exact mathematical programming-based optimization approach applying linear programming (LP) to
dose optimization in the second phase. Results: Compared with conventional IMRT and VMAT treatment plans, our novel method achieved
better preservation of oral cavity (16%-29% lower mean dose, P < 0.01), parotid glands (6%—17% lower mean dose, P < 0.04), and spinal
cord (3-11 Gy lower maximum dose, P < 0.03) and lower doses to nonorgan-at-risk/nontarget normal tissues, with the same or better target
coverage. Conclusions: Our LP-based method can be practically implemented in routine clinical use with a goal of limiting radiation-induced
oral mucositis for head-and-neck cancer patients.
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more likely to have severe pain and loss of >5% of pretreatment
body weight.®! In one study, ~16% of patients receiving RT
were hospitalized because of mucositis."'” Moreover, severe
oral toxicities can also compromise the delivery of optimal
cancer therapy protocols. Trotti et al. reported that 11% of
patients receiving RT for HNC had unplanned breaks in RT
because of severe mucositis.!'” These disruptions in dosing as
aresult of oral complications can directly affect survivorship.
Thus, oral mucositis is a major dose-limiting toxicity of RT to
the head and neck region.®511]

INTRODUCTION

Worldwide, it is estimated that there are approximately 686,000
new head-and-neck cancers (HNCs) diagnosed every year
and 375,000 individuals will die annually as a result of the
disease.l! Locally advanced HNC represents one of the most
challenging treatment planning scenarios in radiation therapy
(RT). Mucositis is among the most common adverse reactions
encountered in RT for HNC. Franzese et al. reported that 54%
of patients treated with volumetric-modulated arc therapy
developed >grade 2 (G2) oral mucositis.” Other studies reported

that 73%-100% of patients treated with intensity-modulated In addition to serious clinical effects, radiation-induced oral

RT (IMRT) experienced grade 3/4 mucositis®* and severe oral
mucositis occurred in 29%—66% of all patients receiving RT.>*!

Oral mucositis is often painful and can significantly affect
nutritional intake, mouth care, and quality of life,/” as well
as increase the risk of local and life-threatening systemic
infections.®” Patients with oral mucositis are significantly
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mucositis contributes to economic concerns because of costs
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gastrostomy tube placement or total parenteral nutrition,
management of secondary infections, and hospitalizations.!'”
In a retrospective study, oral mucositis was associated with an
increase in costs ranging from $1,700 to $6,000 per patient,
depending on the grade of mucositis.*! In summary, mucositis
causes statistically significant increases in direct medical costs,
averaging ~$3,000 + $1,000 per treatment episode.['*!*

Despite the high incidence, associated morbidity, and effects on
patient quality of life and economic consequences, no standard
RT technique is approved for the prevention of mucositis in
HNC.['®! The radiation oncology community has concentrated
on studies designed to determine whether altering fractionation
schedules can improve cancer control, such as hyperfractionation
and concomitant boost fractionation for HNC.[') However,
the incidence of grade 3 or 4 acute mucositis increased by
16%—22% in patients treated with accelerated fractionation or
hyperfractionation compared with the conventional schedule.!'”

It has been shown that oral mucositis is correlated with doses
received by the oral cavity (e.g., 15, 30, 40, 45, and 50 Gy).['8-21]
Cumulative doses to the oral cavity of 32 Gy were associated
with acute mucositis, and a dose >39 Gy was associated with
longer duration of mucositis.?? In an attempt to minimize
radiation-induced mucositis, Sanguineti et al. suggested
delivering the smallest possible dose to the oral cavity.*!

In this research, we provide a treatment plan, that is, promising
for reduction of the risk of oral mucositis in locally advanced
HNC compared to clinical treatment plans generated using
conventional IMRT and VMAT.

MareriaLs AND METHODS
Data

In this retrospective, institutional review board-approved
study, we collected data from 10 patients with locally advanced
HNC who had undergone RT in our clinic. Treatment targets
included the primary tumor and cervical nodes. A simultaneous
integrated boost was employed as the mode of delivery, and the
prescribed doses to the primary tumor and high-and low-risk
(LR) nodes were 70, 59.4, and 54 Gy, respectively, in 35
fractions. Organs-at-risk (OARs) included the parotid glands,
oral mucosa surrounding the oral cavity, brain stem, and spinal
cord. We used previously published dose—volume constraints
in the optimization process [Table 1].24

Treatment plans
Two types of IMRT plans were generated for each patient. The
first was generated using the Pinnacle® planning system (Philips

Healthcare; Fitchburg, WI, USA). The second was generated
using our linear programming (LP)-based approach.l*"
Although IMRT plans were also generated using the Eclipse
planning system (Varian Medical Systems; Palo Alto, CA,
USA), both planning systems resulted in comparable IMRT
plans. We describe the planning specifics and results for only
the Pinnacle® planning system in this report.

Conventional intensity-modulated radiation therapy plans
In this work, nine beams were used in IMRT treatment
planning. Selected angles were input to the commercial IMRT
planning systems. The Pinnacle® planning system used a
gradient-based optimization approach for conventional IMRT.
These plans will be referred to as Pinn IMRT plans.

Linear programming-based intensity-modulated radiation
therapy plans

IMRT plans were also generated using an LP-based
optimization approach (referred to as LP IMRT). The details
of the LP-based approach can be seen from Zhang et al.*
Here, we summarize the approach: The LP-based approach
allows for explicit incorporation of dose and dose—volume
constraints. An advantage of this approach is that if the
problem is feasible and bounded (which is the case for dose
optimization problems), formulating and solving it using a
linear program guarantees the optimal solution. Our approach
employed the principle of segment weight optimization. In
the first phase, the Pinn IMRT plan was used to generate an
initial set of apertures. These physical apertures were used
to initiate a second-phase optimization process that utilized
aperture-specific dose calculations to provide input data to
an LP-based dose optimization solver. The details of the dose
optimization problem are as follows:

s TAR, TAR, OAR
Minimize o 2 X, ta 2 x +a

JjeT JjeT

S +a Yy (1)

Jjeo JEN
subject to 2; wB,  +x,2b™ forjeT ()
Y wB,  <x +b™ forjeT 3)
i€t
ZWI.BW. <x, +b%% forjeO 4)
i€l
ZwiBi’j <x, +b"*  forje N %)

=0

Table 1: Summary of dose/dose-volume constraints

Left and right Oral cavity Maximum Maximum Volume of LR PTV receiving =59.4 Gy
parotid mean dose mean dose cord dose brainstem dose Volume of HR PTV receiving =70 Gy

Volume of primary PTV receiving =75.6 Gy
26 Gy 35-40 Gy 45 Gy 54 Gy 5%

LR: Low-risk, PTV: Planning target volume, HR: High-risk
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where 7 is an index corresponding to beam apertures and j is
an index corresponding to voxels over which constraints are
specified. The LP dose optimization objective involves
minimizing the weighted sum of doses delivered to the voxels
that violate the thresholds for dose—volume histogram (DVH)
constraints. The treatment volume is divided into region O,
including OARs; region 7, including the planning target
volumes; and region N, which corresponds to normal tissue
voxels. In this work, normal tissue is defined as nontarget and
non-OAR tissue. Input data include beam aperture-specific
dose matrices B corresponding to each delivery aperture. DVH
constraints are handled through the introduction of penalty
variables that account for target, OAR, and normal tissue

underdose and overdose as relevant. p™R p™Rv pOAR pNOR
and ¥ specify the desired dose thresholds for the target,
OAR, normal tissue, and any designated region, respectively,
at which constraints are desired. x;, j€T, is a vector of
underdoses/overdoses (doses below the prescription level or
above a certain level [hot spot] for target voxels) delivered to
the target region. The variable x,, j € O and j € N is a vector
of overdoses (doses over a certain critical level) delivered to
the OARs and normal tissue. S is a subset of O, which
corresponds to a special region, such as the spinal cord voxels,
in which hard upper-bound dose constraints instead of DVH
constraints are specified. w;, is the weight (to be optimized)
for aperture i of beam angle set 0. o™ o™ a®*, and
a™™® are the penalty weights assigned for underdosing,
overdosing the target, and overdosing the OARs and normal
tissues, respectively. Each type of constraint can be enforced
on multiple targets and OARs. Multiple constraints can be
enforced on each target and OAR as well.

The dose optimization problem was formulated in the General
Algebraic Modeling System (GAMS Development Corporation;
Washington, DC, USA);? a high-level modeling system for
mathematical programming and optimization. The linear program
was then solved with an integrated high-performance commercial
solver, Parallel CPLEX (IBM; Armonk, NY, USA)®7 on a cluster
of 48 Intel 2.4 GHz CPUs available at our clinic.

Volumetric-modulated arc therapy plans
Single-arc and double-arc VMAT plans were generated
using the Pinnacle® planning system. The Pinnacle® planning

system adopts a multistep optimization algorithm developed
by Bzdusek et al. which includes initial segments generation,
arc sequencing, machine parameter optimization, and segment
weight optimization steps.?® For each arc, 180 apertures
(control points) were used, resulting in 180 apertures for the
single-arc (referred to as 1ARC) plans and 360 apertures for
the double-arc (referred to as 2ARC) plans. This setting per
arc corresponds to the maximum number of apertures available
for VMAT from Pinnacle 3.

A summary of the treatment plans generated and their
differences are shown in Table 2.

Comparison of plans

We retrospectively tested our approach on data from 10
patients with locally advanced HNC who had undergone
conventional RT in our clinic. To compare different treatment
plans, we let each approach improve the OAR and normal
tissue sparing as much as possible by adjusting weights
associated with the individual dose and dose—volume
constraints. The adjustments were guided using the best plan
obtained from a competing technique as an improvement
goal.?’! Each plan was allowed up to 2 h of planning time
for improvement.

All plans were normalized so that 95% of the target received
at least the prescription dose. Final dose distributions for all
plans were compared using a previously validated Monte
Carlo-based convolution-superposition dose calculation
approach.B” The dosimetric quality of the plans was compared
using DVHs and isodose lines. Dose distributions were
compared through the conformity index (CI) and dose gradient
index (DGI), defined as:

CI = (prescription isodose volume)/(target volume) ()
DGI = (50% of prescription isodose volume)/(100% of
prescription isodose volume) 9)

Comparison of delivery efficiency

The delivery efficiency of each technique was compared using
the number of apertures, monitor units (MUs), and treatment
delivery time for each plan [results shown in Table 3]. A
maximum dose rate of 600 MU/min was assumed when
calculating delivery time for both IMRT and VMAT. Treatment
delivery time was approximated by assuming that the beam
off time during transition between successive apertures for
a given beam angle in IMRT averaged 0.5 s. The maximum
gantry rotation speed was 4.8°/s. For IMRT, the delivery time
(in seconds) was calculated as:

Table 2: Summary of treatment plans generated for comparison

Pinnacle IMRT VMAT LP IMRT
Planning system Pinnacle? Pinnacle 3 In-house
Beam arrangement 9 fixed beams Single or double arcs 9 fixed beams

Pencil beam convolution
Gradient-based

Input dose calculation

Optimization method

Pencil beam convolution Monte Carlo kernel superposition

Multistep optimization Linear programming

LP: Linear programming, IMRT: Intensity-modulated radiation therapy, VMAT: Volumetric-modulated arc therapy
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Table 3: Comparison of total monitor units, number of
apertures, calculated delivery time, conformal index, and
dose gradient index

MU  #Aperture Time (min) ClI DGI

1 ARC VMAT  457+73 180 1.3+0.04 3.4+22 4.2+14
2 ARCVMAT = 549+97 360 2.5£0.01  1.9£0.5 3.3+1.2
Pinnacle IMRT 1038+115  269+46 5.1+0.5  2.1£1.2 3.242.6
LP IMRT 1152118 199+44 4.7+0.5 1.4+£0.1 3.0£2.4

MU: Monitor unit, CI: Conformal index, DGI: Dose gradient index, 1
ARC VMAT: Single-arc VMAT, 2 ARC VMAT: Double-arc VMAT,
IMRT: Intensity-modulated radiation therapy, LP: Linear programming,
VMAT: Volumetric-modulated arc therapy

IMRT Time = (Total MUs)/10+ (A % 0.5)+6,,/4.8  (10)

where A is the number of apertures and 6, is the distance (in
degrees) between the first and last beam. The beam mode-up
time for IMRT was ignored for estimating treatment delivery
time. Of interest is the fact that individual beam mode-up times
are eliminated on the new TrueBeam™ (Varian Medical
Systems; Palo Alto, CA, USA) instrumentation. For VMAT
delivery, equation (11) was used to obtain the VMAT delivery
time: s, is the actual rotation speed at control point / (recall

the spacing between the control points is 2°):
VMAT Timezz% (11)
where s, is the actual rotation speed at control point /.

ResuLts

Qualitative dosimetric results are shown as DVH plots
[Figure 1] and isodose curves [Figure 2]. Quantitative results
were collected at OAR dose constraint setting levels as shown
in Figure 3.

Plan dosimetric quality

Figure 1 shows the mean DVHs of the 10 patient records
considered in this research. Four approaches were compared,
with solid lines representing the two IMRT approaches and
dashed lines representing the two VMAT approaches. Primary
planning treatment volume, high-risk PTV, and LR PTV DVHs
in Figure 1 show that all plans achieved essentially the same
target coverage. LP IMRT achieved the best dose uniformity,
and 1ARC VMAT resulted in the worst. Pinn IMRT and 2ARC
VMAT had similar dose uniformity. The maximum difference
between PTV DVHs was <10%.

In comparing OAR sparing across different treatment plans,
Figure 1a shows that all four plans achieved similar brainstem
sparing. Pinn IMRT and both VMAT plans resulted in the same
sparing of the right parotid. LP IMRT spared 15% more of the
right parotid than the other three approaches. From oral cavity
DVHs shown in Figure 1b, the LP IMRT plan was superior
for preserving oral cavity; 20% better than the Pinn IMRT and
2ARC VMAT plans, which were 10% better than the lARC

----- 1ARC IMAT

09 2aRC IMAT |1 09
08 —Pinn IMRT i 08
—LP IMRT 1
g o7 : 1gor
206 Primary PTV |l 120
= i =
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Figure 1: Mean dose-volume histogram comparisons in
10 head-and-neck cases for: (a) Primary planning treatment volume,
brain stem, and right parotid; (b) High-risk planning treatment volume
and oral cavity; (c) Low-risk planning treatment volume and left parotid;
and (d) Spinal cord and normal tissue for intensity-modulated radiation
therapy and volumetric-modulated arc therapy plans

VMAT plan. Left parotid sparing was essentially the same
(difference <10%) for all four plans, as shown in Figure lc.
For spinal sparing, the 2ARC VMAT plan delivered 10% less
maximum dose to spinal cord than the 1ARC VMAT plan
[Figure 1d]. LP IMRT delivered 6% and 12% less maximum
doses to spinal cord than the Pinn IMRT and 2ARC VMAT
plans, respectively.

Looking at more detailed quantitative results (absolute dose in
Gy received by each OAR at constraint setting levels, Figure 3),
the LP IMRT plan resulted in 2-5 Gy (6%—17%) lower mean
doses for both parotids than the other three plans. For oral
cavity mean doses, the LP IMRT plan was 5-11 Gy (16%—-29%)
lower than the other plans. The maximum spinal cord dose of
the LP IMRT plan was 3—11 Gy lower than the other plans.

Figure 2 shows the isodose curves on an axial slice of one of
the cases as an example of dose distribution comparison. Only
the 1ARC VMAT plans showed hot spots in the primary PTV.
The difference in target coverage in isodose curves between the
IMRT plans and 2ARC VMAT plan was negligible. LP IMRT
plans displayed better OAR sparing for parotids, oral cavity,
and spinal cord than the other plans. From the last two columns
of Table 3, we observe that the average CI and DGI achieved
by the Pinn IMRT and 2ARC VMAT plans were similar. The
LP IMRT plan resulted in the lowest average CI and DGI,
whereas the lARC VMAT plan resulted in the highest.

Paired #-tests were conducted to determine whether differences
achieved at OAR dose constraint setting levels between
different plans were statistically significant [Table 4]. We can
see that except for brain stem sparing, the differences between
LP IMRT and the other three plans were significant. The tests
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75.6Gy
70Gy

66.5Gy

59.4Gy
54Gy
45Gy

Figure 2: Isodose curves for: (a) Single-arc volumetric-modulated arc
therapy plans; (b) Double-arc volumetric-modulated arc therapy plans;
(c) Conventional intensity-modulated radiation therapy plans generated
by Pinnacle 3; and (d) Linear programming intensity-modulated radiation
therapy plans

confirmed the superior preservation of oral cavity and parotid
glands achieved by LP IMRT.

Comparison of delivery efficiency

The mean and standard deviation of total MUs, number
of apertures, and treatment delivery time for all plans are
summarized in Table 3. The 2ARC plans resulted in 20%
more MUs than 1ARC plans. LP IMRT plans resulted in 10%
more MUs than Pinn IMRT plans. IMRT plans at least doubled
the MUs used by VMAT plans. The number of apertures in
the IMRT plans was generally between that of the 1ARC
VMAT and 2ARC VMAT plans, which were ~180 and ~360,
respectively. LP IMRT plans reduced the number of apertures
by 25% compared with Pinn IMRT plans. LP IMRT plans
resulted in zero weights for a significant number of the Pinn
IMRT apertures while improving plan quality. This finding
ultimately resulted in 8% shorter calculated LP IMRT delivery
times than Pinn IMRT delivery times. 2ARC VMAT delivery
times were ~2.5 min shorter than the estimated LP IMRT
delivery times.

Discussion

Our results showed that double-arc VMAT plans improved plan
quality over single-arc VMAT plans. IMRT plans and double-
arc VMAT plans generated by Pinnacle 3 were comparable.
However, our LP-based IMRT consistently provided better
overall plan quality than both the IMRT and double-arc VMAT

Gy

281ARC VMAT
B2ARC VMAT
OPinn IMRT
OLPIMRT

RPar Mean OC Mean Cord Max Brain Max

LPar Mean

Figure 3: Comparison of doses (in Gy) at constraint levels for
intensity-modulated radiation therapy and volumetric-modulated arc
therapy plans

plans. The CI and DGI of LP IMRT plans were consistently
better than those with other plans. DVHs for normal tissues
were better for LP IMRT plans than for VMAT plans.

For locally advanced HNC cases, OARs either sit within the
concavity of the targets or are very close to the targets. Mallick
and Waldron®!! showed that the rate of oral mucositis is quite
high in patients being treated with fields involving the oral
cavity. Since VMAT treatment plans deliver radiation through
all possible beams around the patient, it is difficult to avoid
those fields involving the oral cavity. As our results showed,
VMAT plans were not as competitive as IMRT delivery
techniques for preserving the oral cavity. It has been shown
that most patients who receive >50 Gy to the oral mucosa will
develop severe ulcerative oral mucositis.'¥ Clinical severity
is directly proportional to the radiation dose administered.
Shogan et al. showed a correlation between oral cavity dose
and mucositis when using IMRT.!"! A statistically significant
correlation between acute mucositis grade and percentage of
volume of oral cavity receiving 15, 30, 40, and 45 Gy was
identified. In other studies, a correlation between grade 3+
mucositis and oral cavity doses of 9.5 and 10.1 Gy per week
was found.?*?!! Cumulative doses of 32 Gy to the oral cavity
were associated with acute mucositis, and a dose >39 Gy was
associated with longer duration of mucositis.?? Delivery of the
smallest dose possible to the oral cavity has been suggested
to avoid radiation-induced mucositis.?*! As the results show
in this work, using any of these dose levels as an evaluation
criteria, our LP IMRT approach is the most promising to
prevent radiation-induced mucositis.

Clinical comparisons of IMRT and VMAT treatment plans
for HNC have reported either similar or better results with
VMAT than IMRT.B>31 Some of these reports did not include
oral cavity sparing as the main comparative objective.’>3 The
limitation in the respective IMRT plans was that fewer beams
and apertures utilized (e.g., 39 apertures over 5—7 beams by
Bertelsen et al.’¥) may constrain performance in these plans.
Most of the comparisons did not report the number of apertures
used. Moreover, to deliver radiation continuously as the gantry
rotates around the patient, VMAT requires that successive beam
apertures be linked. The link between successive apertures
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Table 4: P values of paired {-test comparing different treatment plans

Left parotid Right parotid Oral cavity Maximum Maximum
mean dose mean dose mean dose cord dose brainstem dose

1 ARC VMAT versus pinnacle IMRT 0.47 0.55 <0.01 0.01 0.04

2 ARC VMAT versus pinnacle IMRT 0.43 0.82 <0.01 <0.01 0.05

2 ARC VMAT versus 1 ARC VMAT 0.01 0.07 0.17 0.06 0.26

LP IMRT versus pinnacle IMRT <0.01 <0.01 <0.01 0.03 0.48

LP IMRT versus | ARC VMAT 0.01 <0.01 <0.01 <0.01 0.01

LP IMRT versus 2 ARC VMAT 0.04 <0.01 <0.01 <0.01 0.05

1 ARC VMAT: Single-arc VMAT, 2 ARC VMAT: Double-arc VMAT, IMRT: Intensity-modulated radiation therapy, LP: Linear programming,

VMAT: Volumetric-modulated arc therapy

is primarily dictated by the physical speed of the multileaf
collimator leaves. As a result, the selection of beam apertures
in VMAT is constrained by the need to link apertures to their
neighbors. This constraint may adversely influence plan
quality, which may be the reason that VMAT could not spare
the oral cavity better than IMRT plans in this study.

On the other hand, the superior results achieved by our LP IMRT
approach were contributed from both accurate dose calculations
and exact optimization algorithm. Most commercial planning
systems tend to employ fast, but somewhat inaccurate dose
calculation algorithms that provide input to the optimization
algorithm. The achieved optimal solution differs from the dose
distribution obtained when one performs a more accurate dose
calculation. Al-Hallaq et al. demonstrated that more accurate
dose calculation algorithms, such as convolution/superposition
or Monte Carlo approaches, are better suited for IMRT in
tailoring doses in HNC cases. " The dose calculation algorithm
utilized in this research is Monte Carlo kernel superposition.”
The other factor that may influence results is the optimization
approach employed, as suggested by Bortfeld and Webb.F”)
Most commercial planning systems employ heuristic or local
search-based optimization approaches. Exact optimization
approaches such as LP guarantee optimal solutions and provide
explicit handling of constraints (soft and hard) over target and
OAR voxels. Other exact optimization approaches, such as
quadratic programming, should also provide similar results.
On another note, IMRT and VMAT explore the degrees of
freedom in generating conformal plans differently (aperture
space vs. angular space, respectively). Our results show that for
reducing the risk of oral mucositis in locally advanced HNC,
LP IMRT becomes a more promising approach than VMAT.
This result is observed despite the decrease in the number of
beam apertures employed in the IMRT plans compared with
2ARC VMAT plans. Our work further suggests that when
one considers comparisons between IMRT and VMAT using
commercial software, on average, it is possible to obtain
comparable plans. However, the LP IMRT approach produces
substantially improved results.

For locally advanced HNC, many structures in addition to the
oral cavity are at risk for complications. We included these as
nontarget/non-OAR normal tissues in this research because
of concerns about reducing the risk of secondary cancer and
complications for those structures. Hall®® and Suit et al.?”!

have pointed out that consideration in any radiation technique
is the potential for increasing the number of radiation-induced
secondary cancers. They noted that the volume of normal tissue
exposed to leakage or low doses is directly related to secondary
cancers. Guckenberger et al. have shown that using multiple
arcs increases the spread of low doses to normal tissue.*” Our
results for normal tissue doses are consistent with this finding.
In this work, normal tissue dose was explicitly considered in
the constraints. This led to the finding that LP-based fixed-field
IMRT plans resulted in lower normal tissue doses compared
with VMAT plans for all 10 test cases considered.

Our approach is analogous to segment weight optimization,
which has been widely used in clinical practice. The limitation
of our approach in the current form is that the starting point
of the second phase is based on apertures generated from
conventional IMRT plans. The quality of our approach could
be further improved if a larger pool of high-quality apertures
could be considered. This is the goal of next steps in our
research. The entire framework as described here can be easily
implemented and adapted to practical clinic use.

CoNCLUSIONS

In addition to clinical evaluations of commercially available
planning software, we applied a different optimization
approach for fixed-field IMRT: LP-based IMRT. Our results
showed that LP-based fixed-field IMRT plans resulted in
superior dosimetric quality compared with conventional IMRT
and VMAT plans. VMAT plans, however, consistently resulted
in the lowest treatment delivery times. LP-based IMRT was
the most promising treatment plan, for patients with locally
advanced HNC, that preserves oral cavity and parotid glands
so that the risk of oral mucositis can be reduced.
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Radiobiological Modeling

Ethan Kendall, Ozer Algan, Salahuddin Ahmad
Department of Radiation Oncology, Peggy and Charles Stephenson Cancer Center, University of Oklahoma HSC, Oklahoma City, OK, USA

Introduction: In this article, we report the results of our investigation on comparison of radiobiological aspects of treatment plans with linear
accelerator-based intensity-modulated radiation therapy and volumetric-modulated arc therapy for patients having hippocampal avoidance
whole-brain radiation therapy. Materials and Methods: In this retrospective study using the dose-volume histogram, we calculated and compared
biophysical indices of equivalent uniform dose, tumor control probability, and normal tissue complication probability (NTCP) for 15 whole-brain
radiotherapy patients. Results and Discussions: Dose-response models for tumors and critical structures were separated into two groups: mechanistic
and empirical. Mechanistic models formulate mathematically with describable relationships while empirical models fit data through empirical
observations to appropriately determine parameters giving results agreeable to those given by mechanistic models. Conclusions: Techniques
applied in this manuscript could be applied to any other organs or types of cancer to evaluate treatment plans based on radiobiological modeling.
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INTRODUCTION

Brain metastases are the most common intracranial tumors
in adults and occur in 10%-30% of cancer patients.l'l One
of the treatment options for patients with multiple brain
metastases is whole-brain radiation therapy (WBRT) which
can be combined with radiosensitizers such as motexafin
gadolinium, efaproxiral, and temozolomide.!"! Neurological
decline may occur in a patient with WBRT treatment causing
cerebral edema in the patient within the first few weeks of
treatment, symptoms of which include headaches, somnolence,
vomiting, nausea, and inability to focus. One to six months
after WBRT, subacute encephalopathy may occur, which
increases patient headaches, somnolence, and fatigue. Six
months after WBRT, patients may experience severe dementia
and memory loss. Irradiating hippocampi is thought to be
a factor in WBRT-associated cognitive decline because the
hippocampi are essential in learning, retrieval of information,
and the formation of new memories. One of the ways to reduce
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cognitive decline is to avoid irradiating the hippocampus when
performing WBRT in a process called hippocampal-avoidance
WBRT (HA-WBRT). It is possible to create WBRT treatment
plans that spare hippocampi with equivalent dose distributions
to conventional WBRT treatment plans. The most common
delivery techniques for HA-WBRT are intensity-modulated
radiation therapy (IMRT) and volumetric-modulated arc
therapy (VMAT). VMAT is a subset of IMRT where radiation
is delivered in an arc instead of at static angles.

The most common biological metrics used to guide clinical
predictions are tumor control probability (TCP) and normal
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tissue complication probability (NTCP). TCP is the probability
of localized tumor control for a given dose distribution,
while NTCP is the probability of an undesirable effect from
an organ due to radiation. A challenge of radiation therapy
is to find a balance of these values to give each patient the
optimal treatment by raising TCP as high as possible, while
lowering NTCPs as low as possible. Dose-response models for
tumors and critical structures are separated into two groups:
mechanistic and empirical. Mechanistic models formulate
mathematically with describable relationships while empirical
models fit data through empirical observations. We may not be
able to accurately formulate some biological processes because
of their complexity to make mechanistic models, but this is
not a challenge for empirical models which simply need to fit
data.’ Dose-volume histogram (DVH) shows how much dose
is being received by a structure. It can be used to view physical
parameters such as minimum, mean, and maximum dose to
calculate TCP and NTCP. Because of limited information
in the setting of HA-WBRT, the purpose of our study was
to calculate and compare target doses, normal tissue doses,
TCP, and NTCP values for treatment plans utilizing IMRT- or
VMAT-based on HA-WBRT.

MaTeriALS AND METHODS

Treatment planning for 15 patients was carried out with Varian
Eclipse treatment planning system using 3-arc VMAT (Rapid
Arc) and 9-field step-and-shoot (S and S) IMRT, both calculated
with Anisotropic Analytical Algorithm. From this point in our
manuscript, whenever we refer to IMRT, we are referring to
S and S IMRT. The planning target volume (PTV) was defined
as the whole-brain excluding a uniform three-dimensional
5-mm expansion around the hippocampus. Prescribed doses
in all plans were 30 Gy delivered over 10 fractions normalized
to a minimum of 95% of the target volume receiving 100%
of the prescribed dose. Simultaneous integrated boost or
stereotactic boost was not utilized for any of the treatment
plans. The radiation therapy oncology group (RTOG) trial 0933
study criteria* were followed for contouring and dose-volume
constraints. Bilateral hippocampal contours were made on
imaging datasets consisting of thin-slice spoiled gradient
echo (SPGR) magnetic resonance imaging sequences fused
to a treatment planning computed tomography (CT) scan. The
PTV was defined as the whole-brain parenchyma excluding
the bilateral hippocampal contours plus a 5-mm margin. The
variation acceptable criteria for the protocol were used. In
brief, these included PTV D2% <40 Gy and D98% >25 Gy.
The hippocampal constraints included a D100% <10 Gy and
a maximum hippocampal dose of <17 Gy. All treatment plans
used identical contour sets and a single radiation oncologist
reviewed and evaluated all treatment plans. Calculations of
statistical significance were performed using Student’s paired
t-test to compare VMAT and IMRT plans. Treatment plans
were evaluated based on tumor dose fall off, amount of dose
received by normal brain tissue, and critical structures as well
as the radiobiological comparison which was the purpose of

this manuscript. This study was reviewed by our institutional
IRB before initiation.

Equivalent uniform dose

While we strive to give tumors a homogenous dose in radiation
therapy, in reality, they are inhomogeneous. To be able to better
compare dose distributions, the concept of the equivalent
uniform dose (EUD) was conceived. The EUD is the dose,
which when homogenously given to a tumor gives, on average,
the same number of surviving clonogens as a real clinical dose
distribution gives. This opens a numerical way to be able to
compare treatment plans from the DVH. Niemierko®! defined
the EUD mechanistically as follows:

EUD = & (_Z+ (gj +4& (Z
Dref B ﬁ N/ ﬁ
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In this formulation, N, is the number of fractions in the
treatment, D, is the reference dose of 2 Gy, the o/p is the
ratio of two radio-sensitivity parameters found in the linear
quadratic model explaining the linear and quadratic parts of
cell killing, SF, is the clonogenic cell survival fraction at a dose
of 2 Gy, D, is the dose being received by each partial volume
segment, and v, and p, are, respectively, the local volumes and
densities of clonogens.

We calculated EUDs for the IMRT and VMAT treatment plans
using the formula shown in equation 1. When calculating the
EUDs, we varied the values of SF,as 0.4, 0.5, and 0.6 while
varying the values of the o/f ratio to 2, 6, and 10 for each value
of SF, to determine appropriate model parameters for the future
studies. Our value for N, was 10 and the value for D _ was 2 Gy.
The DVH was divided into 10 partial volume segments each
covering 10% of the structure volume. D, was taken to be an
average of the doses being received by the highest and lowest
partial volumes. For example, when calculating the dose for
the partial volume segment which spans 80% to 90% of the
structure volume, we took D, to be the average of the dose
covering 80% of the structure volume and the dose covering
90% of the structure volume.

5

A:

Niemierko!®” also came up with the concept of a generalized
EUD (gEUD) with an empirical formula:

1

gEUD = (Z(vin )) 2
i=1

where v, is the fractional volume irradiated to a dose D, and

“a” is a unitless tissue-specific parameter that describes the

dose-volume effect. As the value of “a” becomes a large

negative number, the gEUD leans toward the minimum dose
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received by the tissue. When “a = 1,” the gEUD is equal to
the average dose. As the value of “a” becomes a large positive
number, the value of the gEUD leans toward the maximum
dose. For tissues which experience serial organ complication,
the value of “a” should be a large positive number, for tissues
that experience parallel organ complication, the value of “a”
should be around 1, and for tumors, the value of “a” should
be a large negative number. We also calculated gEUDs using
formula shown in equation 2. D,’s were reused from our
previous EUD calculation. Because the DVH was divided
into 10 equal segments, v. was kept constant at 0.10. While
calculating gEUDs for PTV, we varied our fitting parameter “a”
to integers from —1 to —16. For calculating gEUDs for normal

[P 1)

tissues, we used fitting parameter “a” equals +7.

Tumor control probability

The TCP is a quantitative measurement of local tumor control
which can be calculated from information obtained from a
DVH. While values of TCP calculated from formulas may
not be the reflection of reality, the relative values calculated
for different DVHs are useful. TCPs are calculated® with the
following mechanistic formula:

TCP=¢" ey, T 3)
where N is the number of clonogenic tumor cells (assumed in
this study to be 4000, 40000, 400000, and 800000), D is EUD,
N, D_, SF,, and o/} are terms explained before. Radiation
therapy is traditionally given in many fractions. This is because
delivering the dose over time allows killing of maximum
clonogenic tumor cells while having the least toxic effect on
normal tissues. We calculated TCPs for each combination of
N, SF,, and o/f ratio using the formula shown in equation 3.

Another common way to calculate TCP is with the following
empirical formula” shown in equation 4.

1
4750
L[ 7Dy 4)
gEUD

where TCD, is the dose to control the tumor 50% of the
time when the tumor is irradiated homogenously, gEUD is
the gEUD calculated with formula shown in equation 2, and
is a unitless fitting parameter that determines the slope of
the dose-response curve. We also calculated values of TCP
using the formula shown in equation 4. We varied the value
of parameter “a” in equation 2 from -1 to -16 to get values
of gEUD. We used a TCD, value® of 22.17 Gy and varied
Y, to determine value of TCP that agreed the best with our
mechanistic model prediction.

TCP =

Normal tissue complication probability

The NTCP is a quantitative measurement of the probability a
dose of radiation will have an undesirable effect on an organ.
The following mechanistic formulal'” is used to calculate the
NTCP as shown in equation 5.

tl

-
NTCP = 2 dt 5
%Le 5)
where
D-TD., (¥
(2 P=TDa () v TD(®)=TD(1) &
m * TDSO (19) Vref

¥ is the fraction of the organ irradiated, V ; is the reference
volume for TD,;, TD,, is the tolerance dose to the reference
volume which would lead to a 50% complication probability,
n is a parameter which determines the volume dependence
of the complication probability, and m is a parameter which
determines the slope of the complication probability versus
the dose curve. Dose-response models are commonly based on
linear-quadratic model of cell killing which has two adjustable
parameters: o (linear component of cell killing) and P (the
quadratic component of cell killing). The o/f ratio is the dose
at which the linear and quadratic components of cell killing
have equal contributions.'! The isoeffective dose is a method
to account for the effect of fractionations in radiation therapy
treatment that takes into account the behavior of early and
late-responding tissues. This is calculated with the following
formula'?! shown in equation 6 relative to a standard 2 Gy per
fractionation scheme usually used in conventional fractionated
radiation therapy.

1+
EQD, = L; (©)
I+——
alp
where D, (=3 Gy) has been the fractionated dose used in the
present treatment.

We compared the tissue-sparing capabilities of IMRT and
VMAT by calculating the NTCPs for various tissues that
included among others hippocampus, optical structures, etc.,
from each of the corresponding treatment plans. We calculated
NTCPs using the formula shown in equation 5. Microsoft
Excel’s normal distribution function was used to calculate
NTCPs once t-values were calculated with the formula shown
in equation 5. Conventional fractionated radiation therapy
usually uses doses of approximately 2 Gy/fraction and so
typical value of the parameters TD, used to calculate #-values
are available in the literature!"® for 2 Gy/fraction schemes.
However, we used 3 Gy/fraction for treatment in the present
study. Using the isoeffective dose value of 1.25 as shown in
equation 6, TD, values!" of brain (since the TD, value of
hippocampus is not known) and optical structures of 60 and
65 are modified and values of the parameters TD_, m, and n
used to calculate 7-values are given in Table 1.

50°

Another common method of calculating the NTCP for various
tissues is through the following empirical formula® shown in
equation 7.

1
NICP=————— Rl

4750
N 1D,
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Table 1: TD,;, m, and n values used to calculate normal
tissue complication probability for each critical structure
Hippocampus Optic Right optic Left optic
chiasm nerve nerve
TD,, 48 52 52 52
m 0.15 0.14 0.14 0.14
n 0.25 0.25 0.25 0.25

where TD is the tolerance dose that gives a 50% complication
rate, gEUD, and y,, are parameters previously explained. We
also calculated NTCPs using the above formula. Modified
TD,, values shown in Table 1 were used along with a constant
Y,, value of 3.I'Y Secondary to limitations on the availability
of hippocampus-specific parameter estimates, the same
calculation end point of necrosis that was used for the brain
and optic structures were also used for the hippocampus.

ResuLts

All VMAT and IMRT treatment plans met the RTOG trial
0933 criteria. The average EUDs calculated using equation 1
with SF, 0f 0.4, 0.5, and 0.6 and ov/f3 ratios of 2, 6, and 10 for
IMRT and VMAT treatment plans ranged from 25.74-29.11 Gy
for IMRT to 25.27-28.58 Gy for VMAT treatment plans. In
all cases, the average EUD for IMRT was greater than that
of VMAT by about 2% (P < 0.02) as shown in Figure 1. In
general, the average EUD increased with the o/f ratio and
the SF, for both IMRT and VMAT. Examples of typical EUD
(with SF,=0.5 and o/} = 2) and gEUD (with a = —11) for
the PTV for each patient are shown in Figure 2. The average
EUD and gEUD for IMRT was again greater by 2% compared
to that for VMAT. Furthermore, we found that the calculated
gEUDs of the PTV using equation 2 decreased when the fitting
parameter, “a,” decreased and the average gEUD was 2%
higher in IMRT treatment plans than that of VMAT treatment
plans when —16<a <-2, and 3% when “a” = —1. In all cases,
the difference between average IMRT and VMAT gEUDs were
statistically significant (P < 0.02).

The TCPs for both IMRT and VMAT treatment plans were
calculated using equation 3 with various SF,, o/f, and
estimated clonogenic cell counts. Figure 3 shows results
of a typical TCP calculation with SF, of 0.5, o/ ratio of
2, and clonogenic cell counts estimated with CCD of 500
using formula 4. The ratio of average IMRT TCPs to average
VMAT TCPs were also found to increase with the increase
of SF,, o/ ratio, and CCD values. We varied the value of
Y, in equation 4 and found that the TCP values were most
agreeable with results obtained using the formula in equation
3 when v,,=3.6. Using equation 4, it was also found that the
ratio of average IMRT TCPs over average VMAT TCPs varied
from 1.00 to 1.03, as we varied the parameter “a” from —1
to —16. Figure 3 also shows a typical TCP calculation with
“a” equals-11, y,,=3.6 and TCD, =22.17. Our results show
that on the basis of TCP calculations, IMRT performed 2%
better than VMAT using equation 3, and 1% better using

SF,= 0.4
®IMRT &VMAT

=28

a/Bratio

SF,=05

. zIMRT ®VMAT
>29

6 10
a/Bratio

SF,=0.6
- DIMRT &VMAT

6
a/Bratio

Figure 1: Average equivalent uniform dose for various SF, and a/B values
for intensity-modulated radiation therapy and volumetric-modulated arc
therapy treatment plans. Standard deviation is shown by error bars. All
P <0.02

equation 4; which again indicated better tumor control in
favor of IMRT.

With the mechanistic formula shown in equation 5, NTCPs
were calculated for hippocampus, optic chiasm, right optic
nerves, and left optic nerves. Specifically, IMRT lowered
the NTCP of optic chiasm by a factor of two, right and left
optic nerves by a factor of twenty-five but raised the NTCP
of hippocampus by a factor of thirty. Figure 4 contains the
average gEUDs of critical structures for IMRT and VMAT
treatment plans calculated with the formula shown in
equation 2. The hippocampus in IMRT treatment plans had a
higher gEUD than that of VMAT treatment plans (P =0.19);
however, the opposite was true for all the three optical
structures (P < 0.01) which supports the previous trend
obtained using the mechanistic formula. The average NTCPs
calculated from gEUDs using equation 7 were greater for
IMRT compared to VMAT for the hippocampus by about
27% (P = 0.13). The opposite was true for the optical
structures, where the NTCPs calculated were lower for IMRT
compared to VMAT by about 27% for optic chiasm, 62% for
right optic nerve and 56% for left optic nerve (P <0.01). The
NTCP values per patient are shown in Figure 5. Figure 6
gives representative examples of dose shown in color-wash
superimposed on an axial slice from the treatment planning
CT set for both IMRT and VMAT.
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Figure 2: Comparison of intensity-modulated radiation therapy and
volumetric-modulated arc therapy treatment plans using formulas
for equivalent uniform dose and generalized equivalent uniform
dose (generalized equivalent uniform dose). The average equivalent
uniform dose for intensity-modulated radiation therapy versus
volumetric-modulated arc therapy were 26.61 versus 26.16 and the
average generalized equivalent uniform dose was 27.73 versus 27.12,
respectively, with P < 0.02. For both the equivalent uniform dose and
the generalized equivalent uniform dose, the ratio of intensity-modulated
radiation therapy/volumetric-modulated arc therapy was 1.02

Discussion

In this manuscript, we estimate TCP, NTCP, and EUD
values for IMRT- and VMAT-based treatment planning for
hippocampal sparring WBRT. Our analysis suggests that both
of these treatment approaches have their advantages. On the
basis of TCP calculations, IMRT performed 2% better than
VMAT using equation 3 and 1% better using equation 4. Both
of these results indicate improved TCP in favor of IMRT-based
treatments. Similarly, IMRT-based treatment plans resulted in
lower NTCP values for the optic chiasm and optic nerves while
higher NTCP parameters were obtained for the hippocampus.
These results are consistent with reports suggesting VMAT
may be better at sparing the hippocampus while meeting the
treatment goals for the PTV.I''®) Even though the relative
difference in NTCP was large, the values for the NTCP’s were
so small that any rational statement based on this comparison
is difficult to make.

In this manuscript, the parameters for empirical TCP and NTCP
models were derived by fitting our data to mechanistic models.
Values for our mechanistic models were taken from values in
literature derived from clinical outcomes and tuned to derive
optimal results. While these fitting parameters are not the most
optimal, we feel they are appropriate for use. TCP calculations
have been utilized for the treatment of brain tumors, both in
the setting of stereotactic radiation therapy as well as with
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Figure 3: Comparison of tumor control probability values of
intensity-modulated radiation therapy and volumetric-modulated arc
therapy treatment plans. The average mechanistic tumor control
probability was 0.92 for intensity-modulated radiation therapy and
0.90 for volumetric-modulated arc therapy, with an average ratio of
intensity-modulated radiation therapy/volumetric-modulated arc therapy of
1.02. For the empirical tumor control probability, these values were 0.95 for
intensity-modulated radiation therapy and 0.94 for volumetric-modulated
arc therapy, respectively, with an average intensity-modulated radiation
therapy/volumetric-modulated arc therapy ratio of 1.01

standard fractionation radiation therapy.''’!”! The parameters
used in our model are consistent with what has been used in
these reports. However, there is little information specific to
the setting of HA-WBRT with IMRT or VMAT, where the
overall dose distribution is more heterogeneous, and our results
represent best estimates for this setting. In particular, little
information specific to the hippocampus is available. For our
NTCP calculations, we used similar parameters for the brain
and the hippocampus, while the potential toxicity, as well as
the dose at which the toxicity occurs, is very different, both
clinically and mechanistically. The toxicity of interest for the
hippocampus is the development of neurocognitive function
decline which is likely to occur at lower doses than what would
be expected for brain necrosis and further studies are necessary
to establish TD, . and TD,, estimates that are specific for the
hippocampus.

CoNCLUSIONS

HA-WBRT is an effective treatment to the brain with its goal
being to provide adequate coverage of the brain parenchyma
while reducing the radiation doses to the hippocampus. The
linac-based IMRT or VMAT are potential techniques to
reduce doses to the hippocampus while treating the brain
parenchyma. We found that IMRT treatment plans had a
higher TCP than VMAT treatment plans and also had a lower
NTCP for the optical structures. For the hippocampus, when
the end point for the calculation was necrosis, IMRT plans
had higher NTCP values when compared to VMAT treatment
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Figure 4: Generalized equivalent uniform doses of critical structures using parameter “a” = +7, for intensity-modulated radiation therapy and
volumetric-modulated arc therapy treatment plans. The average generalized equivalent uniform dose in Gy for intensity-modulated radiation
therapy versus volumetric-modulated arc therapy for the hippocampus, optic chiasm, right optic nerve, and left optic nerve were, respectively,
(12.83 vs. 12.51), (27.64 vs. 28.38), (22.89 vs. 24.98), and (22.52 vs. 24.59)
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Figure 5: Comparison of normal tissue complication probability values for intensity-modulated radiation therapy and volumetric-modulated arc therapy
treatment plans for the hippocampus, optic chiasm, right optic nerve, and left optic nerve
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Figure 6: Comparison of typical dose distribution for a patient
planned with hippocampal avoidance whole-brain radiation
therapy-volumetric-modulated arc therapy (left) and intensity-modulated
radiation therapy (right) superimposed on axial slice of planning computed
tomography. The volumetric-modulated arc therapy plan has a lower
maximum dose than that of the intensity-modulated radiation therapy
treatment plan

plans. In this study, we have also found appropriate fitting
parameters that can be used in empirical models for EUD,
TCP, and NTCP. The concept of isoeffective dose to estimate
TDS50 for hippocampus and optical structures with 3 Gy per
fraction used in this study could be applied to any radiation
therapy study for other organs and cancers utilizing different
fractionation scheme.

Financial support and sponsorship
Nil.

Conflicts of interest
There are no conflicts of interest.

REFERENCES

1. Khuntia D, Brown P, Li J, Mehta MP. Whole-brain radiotherapy in the
management of brain metastasis. J Clin Oncol 2006;24:1295-304.

2. Marsh JC, Gielda BT, Herskovic AM, Abrams RA. Cognitive sparing
during the administration of whole brain radiotherapy and prophylactic
cranial irradiation: Current concepts and approaches. J Oncol
2010;2010:198208.

3. Allen Li X, Alber M, Deasy JO, Jackson A, Ken Jee KW, Marks LB,
et al. The use and QA of biologically related models for treatment
planning: Short report of the TG-166 of the therapy physics committee
of the AAPM. Med Phys 2012;39:1386-409.

. Clemente-Gutiérrez  F,

Gondi V, Pugh SL, Tome WA, Caine C, Corn B, Kanner A, et al.
Preservation of memory with conformal avoidance of the hippocampal
neural stem-cell compartment during whole-brain radiotherapy for brain
metastases (RTOG 0933): A phase II multi-institutional trial. J Clin
Oncol 2014;32:3810-6.

Niemierko A. Reporting and analyzing dose distributions: A concept of
equivalent uniform dose. Med Phys 1997;24:103-10.

Niemierko A. A generalized concept of equivalent uniform dose (EUD).
Med Phys 1999;26:1101.

Gay HA, Niemierko A. A free program for calculating EUD-based NTCP
and TCP in external beam radiotherapy. Phys Med 2007;23:115-25.
Ahmad S, Vogds BJ, McKenna F, Vlachaki MT. Tumor control
probability (TCP) in prostate cancer: Role of radiobiological parameters
and radiation dose escalation. J Xray Sci Technol 2009;17:347-54.
Okunieff P, Morgan D, Niemierko A, Suit HD. Radiation dose-response
of human tumors. Int J Radiat Oncol Biol Phys 1995;32:1227-37.

. Lyman JT. Complication probability as assessed from dose-volume

histograms. Radiat Res Suppl 1985;8:S13-9.

. Hall EJ, Giaccia AJ. Radiobiology for the Radiologist. Hagerstone,

MD: Lippincott Williams & Wilkins; 2012.

. Metcalfe P, Kron T, Hoban P. The Physics of Radiotherapy X-rays and

Electrons. Madison, WI: Medical Physics Publishing Corporation;
2007. p. 450.

. MacDonald SM, Ahmad S, Kachris S, Vogds BJ, DeRouen M,

Gittleman AE, et al. Intensity modulated radiation therapy versus
three-dimensional conformal radiation therapy for the treatment of
high grade glioma: A dosimetric comparison. J Appl Clin Med Phys
2007;8:47-60.

Pérez-Vara C, Clavo-Herranz MH,
Lopez-Carrizosa C, Pérez-Regadera J, Ibafez-Villoslada C, et al.
Assessment of radiobiological metrics applied to patient-specific
QA process of VMAT prostate treatments. J Appl Clin Med Phys
2016;17:341-67.

. Wang BH, Hua W, Gu X, Wang XL, Li J, Liu LQ, et al. Dosimetric

study of different radiotherapy planning approaches for hippocampal
avoidance whole-brain radiation therapy (HA-WBRT) based on fused
CT and MRI imaging. Australas Phys Eng Sci Med 2015;38:767-75.

. RongY, EvansJ, Xu-Welliver M, Pickett C,JiaG,ChenQ, etal. Dosimetric

evaluation of intensity-modulated radiotherapy, volumetric modulated
arc therapy, and helical tomotherapy for hippocampal-avoidance whole
brain radiotherapy. PLoS One 2015;10:¢0126222.

. Pedicini P, Fiorentino A, Simeon V, Tini P, Chiumento C, Pirtoli L, et al.

Clinical radiobiology of glioblastoma multiforme: Estimation of tumor
control probability from various radiotherapy fractionation schemes.
Strahlenther Onkol 2014;190:925-32.

. Toma-Dasu I, Sandstrom H, Barsoum P, Dasu A. To fractionate or not to

fractionate? That is the question for the radiosurgery of hypoxic tumors.
J Neurosurg 2014;121 Suppl:110-5.

. Shuryak I, Carlson DJ, Brown JM, Brenner DJ. High-dose and

fractionation effects in stereotactic radiation therapy: Analysis of tumor
control data from 2965 patients. Radiother Oncol 2015;115:327-34.

Journal of Medical Physics | Volume 43 | Issue 1 | January-March 2018 -




Original Article

Interfraction Variations in Organ Filling and Their Impact on
Dosimetry in CT Image Based HDR Intracavitary Brachytherapy

Ramya Rangarajan
Department of Radiation Oncology, Government Royapettah Hospital, Chennai, Tamil Nadu, India

Aim: Since anatomical and geometric variations occur with every fraction, planning, and dose optimization is necessary for every
fraction of high-dose rate intracavitary brachytherapy of carcinoma cervix. In this study, we have tried to quantify the differences
in doses to organs at risk (OAR) for each fraction of brachytherapy. Methods and Materials: One hundred and seventy computed
tomography datasets of cervical cancer patients receiving intracavitary brachytherapy at our institution between January and April 2015
were analyzed. The volumes of the high-risk clinical target volume and OAR contoured were recorded for every insertion. Dose-volume
histograms were generated and D90 and D100CTV and DO0.1, D1, and D2cc were recorded for bladder, rectum, and sigmoid for each
insertion. Results: Sixty-one percent had a decrease in bladder volume in the second fraction, 35% had an increase in bladder volume
and 4% had no change in bladder volume. There was a strong positive correlation between increase in volume and dose (D2cc), which
was statistically significant, 7 = 0.441, P = 0.013. Nearly 49.4% of patients had an increase in rectal volume during the second fraction.
45.9% had decrease in rectal volume during the second fraction. There was a positive correlation between the increase in volume and
dose (D2cc), which was statistically significant, . = 0.393, P = 0.010. About 63.5% of the patients had a decrease in sigmoid volume
during the second fraction, whereas 30.6% had an increase in volume and 5.9% had no change in volume. Conclusion: First, this study
emphasizes the importance of imaging and planning for every fraction of brachytherapy to quantify the exact doses to the target and
OAR s. Second, it is important to follow a uniform bladder protocol for every fraction, and adequate bowel preparation is needed for
every fraction to minimize the interfraction variations. Finally, it also opens the realm of an adaptive planning strategy in cervical cancers
which are known for rapid tumor regression during radiotherapy.
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between two applications were reported by Hoskin et al.”¥
They found an anterior rectal wall movement between 0 and
22 mm in relation to the surface of the ovoid between the first
and second fractions. Since the organ dose variations can have
important clinical implications, it is imperative to determine

INTRODUCTION

Concurrent chemoradiation is the standard of care for locally
advanced cervical cancers. External beam radiotherapy
is combined with intracavitary brachytherapy to achieve
optimal results. High-dose rate intracavitary brachytherapy

is commonly practiced worldwide and is usually given in
fractionations. The number of fractions varies between different
institutions. An EQD2 of 85-90 Gy to D90 to high-risk clinical
target volume is recommended for tumors larger than 4 cm at
the time of brachytherapy."?) The total dose limit including
external beam radiotherapy and brachytherapy for the bladder
is 90 Gy EQD2 and 70-75 Gy EQD2 for rectum and sigmoid.

Since anatomical and geometric variations occur with every
fraction, planning, and dose optimization is necessary for
every fraction.’! Changes in anterior rectal wall dose
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the dose to the target and OAR with every insertion.

In this study, we have tried to quantify the differences in doses
to organs at risk (OAR) for each fraction of high-dose rate
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intracavitary brachytherapy which arises due to anatomical
variations.

MareriaLs AND METHODS

Case selection

One hundred and seventy computed tomography (CT)
datasets of 85 consecutive locally advanced cervical
cancer patients receiving intracavitary brachytherapy at our
institution between January and April 2015 were analyzed.
All patients received external beam radiotherapy dose of
50 Gy to the whole pelvis in 25 fractions along with weekly
doses of cisplatin.

Technique

The applicator insertion was performed under general
anesthesia in the operating room. A CT-magnetic resonance
imaging (CT-MRI) compatible tandem ovoid applicator or a
metallic tandem ring applicator was used for the patients. The
tandem angle was 30° for the tandem ovoid applicator and 45°
for the tandem ring applicator. Different ovoid dimensions
ranging from 1.5 to 3 cm were used.

The bladder was catheterized in all patients using a Foley’s
catheter. Three milliliter of contrast and 4 ml of normal saline
was instilled into the Foley’s bulb, and the bladder was left to
drain. After inserting the applicator and securing its position,
vaginal packing with gauze was done with a tandem ovoid
applicator. A rectal retractor was used instead of posterior
vaginal packing with tandem ring applicator.

Contouring and planning

After the procedure, patients were shifted to CT simulator
room (Somatom, Siemens, Erlangen, Germany) and computed
tomography scans of the pelvis with 3 mm slices were
taken. All CT images were exported to Oncentra planning
system (Nucletron, an Elekta company, Stockholm, Sweden).
GEC ESTRO GYN working group recommendations'® were
used to contour clinical target volume, bladder, rectum, and
sigmoid for all patients. The volumes of the high-risk clinical
target volume and OAR contoured were recorded for every
insertion. High-dose rate brachytherapy was delivered with
92]r sources to a dose of 8 Gy to point A given 1 week apart for
atotal of two fractions. Dose-volume histograms (DVHs) were
generated, volume of OARs, D0.1, D1, and D2cc (minimum
doses to highest irradiated 0.1cc, lcc, and 2cc area of OAR)
were recorded for bladder, rectum, and sigmoid for each
insertion.

Statistical analysis

The statistical analysis was performed using SPSS statistical
package version 20 (IBM Corporation, New York, USA).
Descriptive statistics such as median, interquartile range,
minimum and maximum doses, and volumes were calculated.
Spearman’s correlation was used to find the correlation
between changes in volume and dose. Patients were divided
into two cohorts, namely those with an increase in volume in
second fraction and those with a decrease in volume in the

second fraction and significance of the changes in dosimetry
were calculated using the Wilcoxon matched pair test.

ResuLts

Variations in bladder volume and dose

Sixty-one percent had a decrease in bladder volume in second
fraction, 35% had an increase in bladder volume, and 4% had
no change in bladder volume. For patients with an increase in
volume in the second fraction, the median increase in volume
was 11 cc. The minimum increase in volume was 1cc and the
maximum increase in volume was 127 cc (Range: 126). The
median increase in D2cc bladder for the cohort of patients
with an increase in volume in the second fraction was 0.90 Gy.
For patients with decrease in bladder volume during the
second fraction, the median decrease in volume was 9. The
maximum decrease in volume during the second fraction was
15 cc (Range- 15). The median decrease in D2cc of the bladder
for the cohort of patients with decrease in volume in the second
fraction was 0.70 Gy [Table 1].

A Spearman’s correlation was done to assess the relationship
between increase in bladder volume and the increase in D2cc of
the bladder in the second fraction. There was a strong positive
correlation between increase in volume and dose (D2cc), which
was statistically significant, » = 0.441, P=0.013. There was a
median increase in D2cc of 0.90 Gy in the cohort of patients
with increase in bladder volume in the second fraction and
this was found to be statistically significant by the Wilcoxon
signed rank test (Z =-4.801, P=0.000). There was a median
decrease in D2cc of 0.70 Gy in the cohort of patients with a
decrease in bladder volume in the second fraction and this was
found to be statistically significant by the Wilcoxon signed
rank test (Z =—-6.333, P=0.000).

Variations in rectal volume and dose

Nearly 49.4% of patients had an increase in rectal volume
during the second fraction. 45.9% had decrease in rectal
volume during the second fraction. The median increase
in volume for patients with increase in volume in the
second fraction was 8.5 cc. The minimum increase in
volume was 1 cc and the maximum increase in volume was
54 cc (Range: 53). The median increase in D2c¢c rectum for
the cohort of patients with increase in volume was 0.60 Gy.
For patients with decrease in volume in the second fraction,
the median decrease in volume was 7 cc. The maximum
decrease in volume was 28 cc. The median decrease in
dose for patients with decrease in volume during the second
fraction was 0.70 Gy [Table 2].

A Spearman’s correlation was performed to assess the
relationship between increase in rectal volume and the
increase in D2cc of the rectum in the second fraction. There
was a positive correlation between increase in volume and
dose (D2cc), which was statistically significant, » = 0.393,
P =0.010. There was a median increase in D2cc of 0.60 Gy
in the cohort of patients with increase in rectal volume in the
second fraction and this was found to be statistically significant
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by the Wilcoxon signed rank test (Z=-5.621, P=0.000) and
there was a median decrease in D2cc of 0.70 Gy in the cohort of
patients with decrease in rectal volume in the second fraction,
which was found to be statistically significant by the Wilcoxon
signed rank test (Z =—5.621, P =0.000).

Variations in sigmoid dose and volume

Nearly 63.5% of patients had a decrease in sigmoid volume
during second fraction, whereas 30.6% had an increase in
volume and 5.9% had no change in volume. The median
increase in volume for patients with increase in volume
in second fraction was 4 cc. The minimum increase in
volume was 2 cc and the maximum increase in volume was
13 cc (Range: 11). The median increase in D2cc sigmoid for
the cohort of patients with increase in volume was 0.50 Gy.
For patients with decrease in volume in second fraction, the
median decrease in volume was 2 cc. The maximum decrease
in volume was 21 cc. The median decrease in dose for patients
with decrease in volume during second fraction was 0.30 Gy
[Table 3].

A Spearman’s correlation was done to assess the relationship
between increase in sigmoid volume and the increase in
D2cc sigmoid in second fraction. There was a strong positive
correlation between increase in volume and dose (D2cc), which
was statistically significant, = 0.485, P=0.000. There was a
median increase in D2cc of 0.50 Gy in the cohort of patients
with increase in sigmoid volume in second fraction and this
was found to be statistically significant by the Wilcoxon signed
rank test (Z = —6.318, P = 0.000) and there was a median
decrease in D2cc of 0.30 Gy in the cohort of patients with
decrease in sigmoid volume in second fraction, which was
found to be statistically significant by the Wilcoxon signed
rank test (Z =—4, P =0.000).

Influence of bladder volume on rectal and sigmoid
dosimetry

For the cohort of patients with increase in bladder volume
during second fraction, variations in rectal and sigmoid
dosimetry were analyzed. For patients with increase in bladder
volume in second fraction, there was an increase in mean
DO0.1cc, Dlce, and D2cc of rectum. The average increase in
DO0.1cc, Dlcc, and D2cc was 0.43 Gy, 0.44 Gy, and 0.40 Gy,
respectively. A Spearman’s correlation was used to assess
the relationship between increase in bladder volume and the
increase in D2cc of rectum. There was a positive correlation
between increase in bladder volume and increase in D2cc
of rectum, which was statistically significant, r, = 0.407,
P=0.023.

For the cohort of patients with decrease in bladder volume
during second fraction, there was a decrease in mean D1cc and
D2cc of rectum. There was an average increase of 0.035 Gy
to DO0.1cc of rectum. The average decrease in D1cc and D2cc
of rectum was 0.002 and 0.11 Gy, respectively. A positive
spearman’s correlation was found between decrease in bladder
volume and decrease in D2cc of rectum, which was statistically
significant, r = 0.351, P = 0.009.

Table 1: The median and interquartile range values of
volume and dose for the two cohorts of patients with
increase in volume in second fraction and decrease in

volume in second fraction

Increase in volume Median Interquartile
in 2" fraction range
Bladder volume 11 cc 17

DO.1 cc 0.80 Gy 1

DI cc 0.70 1

D2 cc 0.90 1
Decrease in volume Median Interquartile
in 2" fraction range
Bladder volume -9 cc 7

DO0.1 cc -1.1 Gy 4

DI cc —0.90 Gy 2

D2 cc —0.70 Gy 3

—: Decrease in volume/dose in second fraction

Table 2: The median and interquartile range values of
volume and dose for the two cohorts of patients with
increase in volume in second fraction and decrease in

volume in second fraction

Increase in volume Median Interquartile
in 2" fraction range
Rectal volume 8.5 12.3
DO.1 cc 0.45 Gy 1.7

Dl cc 0.40 1.6

D2 cc 0.60 1.4
Decrease in volume Median Interquartile
in 2" fraction range
Rectal volume —7 cc 8.5
DO.1 cc -0.5 Gy 0.9

Dl cc -0.50 Gy 0.7

D2 cc -0.70 Gy 0.8

—: Decrease in volume/dose in second fraction

Table 3: The median and interquartile range values of
volume and dose for the two cohorts of patients with
increase in volume in second fraction and decrease in

volume in second fraction

Increase in volume Median Interquartile
in 2" fraction range
Sigmoid volume 4cc 4

DO.1 cc 0.70 Gy 1

DIl cc 0.60 Gy 1

D2 cc 0.50 Gy 0.8
Decreasein volume Median Interquartile
in 2" fraction range
Sigmoid volume -2 cc 2

DO0.1 cc —0.10 Gy 1.1

Dl cc —0.30 Gy 1.2

D2 cc —0.30 Gy 1

—: Decrease in volume/dose in second fraction
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For the cohort of patients with increase in bladder volume
during the second fraction, the average increase in DO0.1cc,
Dlcc, and D2cc of sigmoid was 0.30 Gy, 0.21 Gy, and
0.09 Gy, respectively. For the cohort of patients with decrease
in bladder volume during the second fraction, there was an
average increase in DO0.lcc, Dlce, and D2cc of sigmoid.
The average increase was 0.41 Gy, 0.16 Gy and 0.18 Gy,
respectively, to D0.1cc, D1cc, and D2cc of sigmoid. A positive
spearman’s correlation was found between increase in
bladder volume and D2cc of sigmoid but was not statistically
significant, = 0.048, P = 0.798. A negative spearman’s
correlation was found between decrease in bladder volume
and D2cc of sigmoid, which was not statistically significant,
r,==0.006, P = 0.965.

Discussion

In the recent years, three-dimensional image-guided
brachytherapy!'% is slowly replacing the conventional X
ray-based, point A-based dose reporting in gynecological
brachytherapy. Groupe Européen de Curiethérapie— European
Society for Radiotherapy and Oncology has published guidelines
on target volume definitions and DVH parameters.!®!"? Organs
at risk located in the pelvis are highly distensible organs.
The changes in filling of these organs can have a significant
impact on the dose delivered to these organs. There are some
institutions which follow a fixed bladder protocol and several
studies have reported the dosimetric changes arising out of
differences in the organ volumes.['>!13]

Interfraction variations in dosimetry can arise as a result
of organ deformation, tumor response during treatment
and variations in applicator placement. Variations arising
due to applicator placement can be minimized by using the
same applicator for every insertion and by using rigid/fixed
applicators like tandem ring. Imaging modalities with better
soft tissue delineation like MRI can be used to assess tumor
response during treatment. By following a uniform bladder
filling or emptying routine, it is possible to minimize the
variations arising due to organ deformation.!' In the present
study, the same type of applicators was used during subsequent
fractions for each patient and a standard loading pattern was
followed with each insertion.

In a study by Kirsitis et al., using TR applicators and MRI
imaging, the mean variation in rectal 2cc dose was found to be
3.5 Gy and the mean variation in bladder 2cc dose was found
to be 4.2 Gy.['"> They reported that 21% of their patients would
have received more doses to the OAR in the second fraction
if subsequent imaging was not done for the second fraction.
A mean variation of 61% to D2cc bladder was reported by
Davidson et al." They found a mean variation of 1.7 Gy to
D2cc of rectum. In the present series, 35% of the patients had
an increase in dose to 2 cc of the bladder in second fraction.
A median increase in dose of 0.60 Gy to D2cc rectum was
found during the second fraction. Nearly 30.6% of the patients
in the present series had an increase in volume of sigmoid

during the second fraction and the median increase in dose to
sigmoid was 0.50 Gy.

In the present study, more number of patients had decrease
in bladder volume during the second fraction; although, all
patients were catheterized during the procedure and the bladder
was left to drain. Larger filling volumes of OARs expose more
of the organs to a higher dose. Here, we found a significant
correlation between the organ filling volumes and the
corresponding DO0.1cc, Dlce, and D2cc doses to OAR. Does
that mean that organ volumes should be kept to a minimum
to decrease the dose received by these organs?

The present study shows an impact on rectal dosimetry with
changes in bladder filling, but there is no significant impact
on sigmoid dosimetry. There are some studies which have
shown decrease in the small intestine and sigmoid doses when
the bladder is distended during brachytherapy.*®! Although a
decrease in volumes of OARs led to a decrease in dose during
the second fraction, when there is a major organ deformation
in successive fractions, there is a high chance of different
subvolumes of OAR receiving a high dose.

The limitations of the present study include the retrospective
nature and the contouring uncertainties of the organs on
CT images. Changes in clinical target volume with every
fractionation and the consequent changes in dosimetry were
not analyzed in the present study. Since bladder filling seems
to have an impact on the OAR dosimetry, future studies
should aim to determine the optimal bladder filling protocol
to minimize dose to OARs.

Considering the interfraction variations which can occur during
intracavitary brachytherapy, it is necessary to repeat imaging
before each fraction to accurately quantify doses to the target
and OAR. Individualized planning with each insertion helps in
accurate estimation of doses to OAR, failing which detrimental
effects will be seen in the clinical scenario.

CoNcLusION

The present study highlights the magnitude of variations in the
volumes of organs and the target and the corresponding doses
received by them in successive fractions of brachytherapy.
First, this study emphasizes the importance of imaging and
planning for every fraction of brachytherapy to quantify the
exact doses to the target and OARs. Second, it is important
to follow a uniform bladder protocol for every fraction, and
adequate bowel preparation is needed for every fraction
to minimize the interfraction variations. Finally, it also
opens the realm of an adaptive planning strategy in cervical
cancers which are known for rapid tumor regression during
radiotherapy.
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Dosimetric and Radiobiological Evaluation of Patient Setup
Accuracy in Head-and-neck Radiotherapy Using Daily
Computed Tomography-on-rails-based Corrections
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Introduction: This study evaluates treatment plans aiming at determining the expected impact of daily patient setup corrections on the delivered dose
distribution and plan parameters in head-and-neck radiotherapy. Materials and Methods: In this study, 10 head-and-neck cancer patients are evaluated.
For the evaluation of daily changes of the patient internal anatomy, image-guided radiation therapy based on computed tomography (CT)-on-rails was
used. The daily-acquired CT-on-rails images were deformedly registered to the CT scan that was used during treatment planning. Two approaches
were used during data analysis (“cascade” and “one-to-all”). The dosimetric and radiobiological differences of the dose distributions with and
without patient setup correction were calculated. The evaluation is performed using dose—volume histograms; the biologically effective uniform
dose ( D) and the complication-free tumor control probability (P.,) were also calculated. The dose—response curves of each target and organ at
risk (OAR), as well as the corresponding P, curves, were calculated. Results: The average difference for the “one-to-all” case is 0.6 + 1.8 Gy and
for the “cascade” case is 0.5 + 1.8 Gy. The value of P, was lowest for the cascade case (in 80% of the patients). Discussion: Overall, the lowest
P, is observed in the one-to-all cases. Dosimetrically, CT-on-rails data are not worse or better than the planned data. Conclusions: The differences
between the evaluated “one-to-all” and “cascade” dose distributions were small. Although the differences of those doses against the “planned” dose
distributions were small for the majority of the patients, they were large for given patients at risk and OAR.

Keywords: Biologically effective uniform dose, computed tomography-on-rails, dose—volume histogram, radiobiological measures,
treatment planning, tumor control
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delineation and patient setup corrections. Variations in dose
delivery stem from setup errors, internal organ motion, and
deformation, which can contribute to underdosage of the
tumor or overdosage of normal tissue. Those variations may
potentially be related to a reduction of local tumor control
and an increase of side effects.

INTRODUCTION

Computed tomography (CT) is the primary imaging mode
for planning in radiotherapy (RT). The accuracy of RT
depends on many factors, including accurate patient setup
during the treatment.!'3] Positioning uncertainties are the
potential source of errors in the radiation therapy that may

lead to a dose delivery that is different from the one that was o o
Address for correspondence: Dr. Panayiotis Mavroidis,

intended to be given originally. For the last few years, the
use of image-guided RT (IGRT) tries to reduce the magnitude
of uncertainty in patient setup.[! There are several imaging
modalities used for IGRT, one of which is CT-on-rails.57!
CT-on-rails gives a complete three-dimensional representation
of patient anatomy and enables accurate internal organ
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Dose—volume histograms (DVHs), minimum, maximum, and
mean doses, as well as isodose distribution review on the axial
slices are the tools that are mainly used in RT plan evaluation.
These tools do not take into account the radiobiological
characteristics of the organs at risk (OAR) and tumors.
Radiobiological measures that have been proposed in the
treatment plan evaluation are the biologically effective uniform
dose (BEUD) ( D) and the complication-free tumor control
probability (P,).*) D is a concept that assumes equivalency of
the different dose distributions when they are causing the same
probability of tumor control or normal tissue complication.!”’

The goal of the study is to evaluate the expected clinical impact
of dose delivery when setup corrections are taken into account.

MaTeriALS AND METHODS

Ten head-and-neck cancer patients with different tumor
locations and sizes were selected for this study. Optimal
plans were calculated for the patients’ treatment based on
their planning CT, and CT-on-rail images were taken in each
fraction before the treatment. Three sets of dose distributions
were calculated for each patient and compared based on several
dosimetric and radiobiological parameters.!'%-!*

Treatment planning and computed tomography-on-rails
acquisition

Patients’ baseline planning was performed on the ADAC
Pinnacle Treatment Planning System. An in-room image-guided
system with CT-on-rails was used for the daily setup imaging
and corrections CT-on-rails system (EXaCT, Varian Oncology
Systems, Palo Alto, CA, USA). The online correction was
performed before each treatment, to align target volumes.
For each fraction, CT-on-rails image sets were taken and the
original IMRT contours were overlaid on each daily CT set to
acquire and verify the couch corrections needed for the setup
adjustments. CT sets taken for each fraction were then used
for further analysis. For the “cascade” case, the planning CT
was applied to the 1* day of treatment CT-on-rails image set
and that way we got the 1*-day results. Then, the 1*-day results
were applied to the 2"-day CT-on-rails image set, the 2"-day
results to the 3 day, etc. final deformation was then used for
the comparison with the planned data. In the “one-to-all” case,
the planning CT was applied to all of the CT-on-rail image sets
of each patient and the final set was used for further analysis
and comparison.

This study evaluates treatment plans based on the expected
effect of the patient setup correction (done on the basis of
the everyday CT-on-rails) on the dose distribution and plan
parameters.

Different sensitive OAR was evaluated for each patient case
depending on the area of the treatment [Table 1].

Data registration
In this study, each patient had a reference kilovoltage CT
taken that was then used for the development of the treatment

plan; this CT is referred to as planning CT. The planning CT
images that were exported from the treatment planning system
with the corresponding plan dose and structures, for the ten
chosen head-and-neck cancer patients, were imported into the
Velocity Al (Velocity Al, Velocity Medical Solutions, Atlanta,
GA, USA)!' through the DICOM RT protocol.l'”'¥1 DICOM
registration was used to register dose data to the plan CT. For
the selected previously delineated and imported structures,
DVH data were exported. Next final transformation of the
CT-on-rails data set for each of the two studied approaches
was imported and registered to the planning CT. CT-on-rails
resampled dose data were then registered to the planning
CT. For the same previously selected structures, DVHs were
calculated and exported. DVH files were then multiplied by
the correct number of fractions to get the total dose for each
patient [Table 2].

Dosimetric and radiobiological treatment plan evaluation
For the dosimetric evaluation of the treatment plan, DVHs
are routinely used together with the mean dose of the dose
distribution to the tumor planning target volume (PTV)
and tolerance doses of the various tissues. Tolerance doses
are usually given as the length of the irradiated portion of
structure or fraction (volume) of the organ treated. These
data are derived from patient observations and follow the
conventional fraction schedule.l'”?”! The dose constraints
that were used for plan optimization in our study are given
in Table 3.

Table 1: Sensitive organs at risks evaluated per patient
Patient# 0ARs

Mandible, larynx, spinal cord, brainstem, parotids

Mandible, larynx, spinal cord, brainstem, parotids
Mandible, larynx, spinal cord, brainstem, parotids
Mandible, larynx, spinal cord, parotids

Mandible, spinal cord, brainstem, parotids

Optic chiasm, brainstem, eyes, optic nerves
Larynx, brainstem, parotids, right orbit

Spinal cord, brainstem, parotids, orbits

Nl S =) T B S VR R S

Brainstem, optic chiasm, parotids
10 Brainstem, optic chiasm, orbits, optic nerves
OAR: Organs at risk

Table 2: Prescription values per patient

Patient# Number of fractions Total dose (Gy)
1 33 69.96
2 35 70
3 35 70
4 33 69.96
5 30 60
6 32 64
7 33 70
8 30 60
9 35 70
10 35 70
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In this study, linear-quadratic-Poisson model is used to
describe the dose—response relations of the tumors and
normal tissues:

e;/—(D/DSO)'(ey—lnan)

P(D)=exp| —e (1)

where P(D) is the probability to control the tumor or induce
a certain injury to a normal tissue that is irradiated uniformly
with a dose D. D, is the dose which gives a 50% response,
and y is the maximum normalized dose—response gradient.
Parameters D, and y are organ and type of clinical endpoint
specific and can be derived directly from clinical data.[>4
The response of a normal tissue to a nonuniform dose
distribution is given by the relative seriality model which
accounts for the volume effect. The dose—response parameters
that were used in this study are based on the published data
and presented in Table 4.2 This study is assuming that the
10 patients are of average radiosensitivity, thus characterized
by the mean estimates of the radiobiological parameters
presented.

Theory for applied methodology
Dosimetric evaluation does not take into account the
biological characteristics of the tumor. Different solutions

Table 3: Dose constraints for plan optimization for the
various head-and-neck structures used for plan comparison

Organ Data

Spinal cord Mean <45 Gy, 50 Gy max (0.3 cc)

Brainstem Mean <54 Gy, 60 Gy max (0.3 cc)

Chiasm Mean <50 Gy, 54 Gy max (up to 55-60 Gy) (0.3 cc)

Optic nerves Mean <54 Gy, 60 Gy max (0.3 cc)

Oral cavity Mean <45 Gy

Larynx Mean <40 Gy (up to<50 Gy)

Parotids One parotid mean <15-20 Gy, both mean <25-26 Gy
Mandible Max 70 Gy or V75 <1 cc, max 66 Gy

Table 4: Summary of the model parameter values used.
The o/p was assumed to be 3 Gy for normal tissues and
10 Gy for the targets

Structure D, (Gy) v s
PTV 51.0 75 -
Spinal cord 57.0 6.7 1.00 Cervical myelopathy
Parotid gland ~ 46.0 1.8 0.01 Xerostomia

Endpoint

Control

Mandible 70.3 3.8 1.00 Marked limitation of joint function
Brainstem 65.1 2.4 1.00 Necrosis infarction

Brain 60.0 2.6 0.64 Necrosis infarction

Larynx 78.8 4.8 0.66 Cartilage necrosis

Esophagus 62.3 2.0 0.11 Clinical stricture/perforation

Oral cavity 70.0 3.0 0.50 Mucositis

Thyroid 90.0 2.0 0.1 Radiation-induced hypothyroidism

Unspecified 65.0 2.3 1.00 Necrosis
normal tissue

PTV: Planning target volume

to this problem have been recommended.l?>?¥ The article by
Mavroidis et al.l'7 generalized the mathematical expressions
of D_»I'and EUD™ to deal with multiple target or normal
tissue cases and introduced the BEUD concept. This is the
dose that causes the same tumor control or normal tissue
complication probability as the real dose distribution. This
allows for the comparison of treatment plans based on the
radiobiological endpoints by normalizing dose distributions to
a common prescription point and plotting the tissue response
probability versus D, which is given from the following
analytical formula:

ey —In(-In(P(D)))

p(D) = P(D) =D= ey — ln(ln(z))

2)

The scalar quantity P_, which expresses the probability of
achieving tumor control without causing severe damage
to normal tissue, can be estimated from the following
mathematical expression:®

P =F-F,~F~-HK 3)

BNl

where P, is the probability of getting benefit from
treatment (tumor control) and P, is the probability of causing
severe injury to normal tissues (complications).

Statistical analysis

The different dose distributions of the study were
radiobiologically evaluated using the radiation sensitivities
of the tumors and OARs involved to calculate the probabilities
of benefit and injury, as well as the values of complication-free

tumor control probability P, and D.

Statistical analysis is done for P, clinical delivered values
for the three cases — one-to-all, cascade, and planed values.
Nonparametric statistical tests were used since they have no
assumptions regarding distribution of underlying populations
or variance. In view of the fact that our sample size is rather
small (n = 10), several nonparametric tests for small samples
were performed on the calculated data:

*  The Mann—Whitney U-test

*  The sign test

*  The Wilcoxon signed-rank test

»  The Kendall tau rank correlation coefficient.

The Mann—Whitney U-test is used to decide whether or not
there is a difference between the two groups. The groups
compared were one-to-all versus planned values, cascade
versus planned values, and one-to-all versus cascade values.
The sign test was used to determine whether planned
and CT-on-rails calculated data are different. The most
accurate nonparametric test for paired data is the Wilcoxon
signed-rank test. With this test, we test our null hypothesis
that when it comes to calculated P, values, CT-on-rails
data will produce worse results than the planned data.
The Kendall tau rank correlation coefficient is used for
nonparametric data and is used to measure the degree
of correspondence between sets of rankings where the
measures are not equidistant.
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ResuLts

Graphical evaluation of the different plans
In Figure 1 (patient 9 example) and in Appendix Figures 1 and 2,
the treatment plans are compared in terms of the DVH and

BEUD of benefit ( D, ). The dose-response curves of each
target and OAR, together with the corresponding P, curves,
are presented for the individual patients and plans. The
dose-response curves are normalized to the Dy, which is
forcing the response curves of the PTV (P,) of the evaluated
cases to coincide.

In Appendix Figures 1 and 2, more qualitative description
of the comparison is presented. For most of the cases, it is
shown that the treatment plan is satisfying plan objectives.
In most cases, OAR is spared very well apart from a few that
are located close to the PTV, left parotid for patient 1, larynx
for patient 2, right parotid for patient 3, mandible for patients
4 and 5, left optic nerve for patient 6, right parotid for patient
7, optic chiasm for patient 9, and optic nerves for patient 10.

Overall, the cascade case, when it comes to the PTV coverage,
followed the plan values more closely than the one-to-all
case, which is also visible from the plots in Appendix
Figures 1 and 2. Plotting the curves of P,, P, and P, of the
three cases (plan, one-to-all, and cascade) on the same diagram
shows that the corresponding curves of the PTVs (P,) for the
three cases coincide. In this situation, the response curves of
the OAR (P)) determine the difference in the plans that are
compared, i.e., which case is superior from the radiobiological
point of view. In these plots, P, is also used as an objective that
depicts the quality of the cases being compared.

Quantitative summary of the dosimetric and radiobiological
metrics

The values obtained for structures based on their tolerance
doses [Table 3] are listed in Appendix Table 1. Based on those
values, the differences between the planned and case values
were calculated. In Appendix Tables 1-3, the quantitative
summary of the physical and biological comparisons is

1 -
0.9 -
0s planP+
ez4d 2 M@ 000000 ESma= all to one P+
g 0.6 - cascade P+
'_g 0.5 - planPb
il [ A | N —— all to one Pb
0.3 A 5
--------- P
02 4 cascade
01 planPi
g all to one Pi
30 50 70 90 110 cascade Pi
D(Gy)

Figure 1: The curves derived from the radiobiolggical evaluation of the

dose distributions are plotted, with the on the D, dose axis. The solid
line indicates the planned dose distribution, while the dashed line refers
to the one-to-all case and the dotted line to the cascade case. These
results correspond to patient 9

presented. The values (per patient and case) that represent the
highest P, and the lowest P, are highlighted in bold.

Table 5 lists the differences in P, P, and P, between each case
and the planned values. The higher the value of the P, difference,
the higher is the P, for the particular case (same goes for the P, and
P_ comparison). The cascade case shows higher P, values in 70%
of the cases compared to the one-to-all case. The P, plan values
are lower than either of the cases in three patients out of ten.

The dose variations in the PTV are listed in Table 6. The
average percentage differences in minimum values were 3.23%
and 3.11% for the one-to-all versus plan and cascade versus
plan cases, respectively, and 0.49% and 0.57% in the maximum
values, respectively.

For both analyzed cases, PTV coverage at the prescription
dose and mean/maximum doses to the OAR are the same or
slightly worse than it was in the plan [Appendix Table 1].
Average difference for the dosimetric values comparison of the
“one-to-all” case to the planned values is 0.6 + 1.8 Gy and for
the “cascade” case to plan is 0.5 = 1.8 Gy. When the patients
are grouped in three groups based on the tumor location, the
variation is 0.2 = 0.4 Gy for both the “one-to-all” and “cascade”
cases for the first group, 1.3 £ 3.3 Gy and 1.2 + 3.4 Gy for
the second group, respectively, and 0.2 = 0.3 Gy for the
third group, respectively. Table 6 shows that plans are not
very homogeneous with some of the homogeneity actually
improving with the one-to-all or cascade cases.

In Appendix Table 2, the clinical column indicates the biological
effect calculated based on the prescribed dose delivered in the
cases compared. The optimal column shows the corresponding
highest achievable P, after dose escalation. Since the probability
of achieving tumor control without causing severe damage to
normal tissues is the pure benefit from the treatment (tumor control
probability —normal tissue complication probability), in the case
where the values of P are comparable, P, is going to be lower
mainly due to the higher P,. For the 10 patients, P, is lowest for
the cascade case in the clinical column (in the 80% of cases total).
Clinical standard for the overall P, is usually set at 5%. Only for
one patient, patient 4, P, is at this acceptable level. Overall, the
lowest P, is present in the one-to-all cases. Higher overall P, for
the rest of cases stems from the significantly higher P(D) of the
OAR for those cases, i.¢e., left parotid at 27.24% for cascade case
versus 16.91% for the one-to-all case (patient 2), right parotid
at 60.40% for the plan versus 55.61% for the one-to-all-case
(patient 5), left eye at 37.28% for cascade case versus 33.57 for
the one-to-all case (patient 6), brainstem at 5.79% for the plan
versus 4.81% for the one-to-all case (patient 7), and left orbit at
7.40% for the plan versus 6.96% for the one-to-all case (patient 8).
The P(D) of the other OARs is also higher in either cascade or
plan cases versus the one-to-all case, contributing to the higher
P, in those cases.

Statistical analysis
The Mann—Whitney U-test was performed with a 95% degree
of uncertainty (ot = 0.05). The result is significant if
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Table 5: P values comparison (difference) of the “clinical” values between the two cases and the planned values

Patient# P, difference (case-plan) P difference (case-plan) P, difference (case-plan)
One-to-all Cascade One-to-all Cascade One-to-all Cascade

1 248 2.60 -2.52 -2.62 -0.03 -0.02

2 -0.43 791 0.43 -7.9 0.00 0.00

3 -4.32 -10.35 432 10.35 0.00 0.00

4 -0.51 -0.55 0.51 0.55 0.00 0.00

5 -4.80 -2.51 4.52 1.85 -0.28 —0.66

6 -1.26 1.31 121 -1.43 -0.05 -0.12

7 -0.15 -0.14 0.16 0.15 0.01 0.01

8 -1.58 -1.56 1.62 1.58 0.03 0.02

9 13.23 14.64 -13.52 -14.99 -0.29 -0.36

10 9.55 3.95 -10.02 —4.22 -0.47 -0.28

Average+SD 1.22+5.81 1.536.61 ~1.33+5.92 —1.67+6.66 —0.11£0.17 —0.144£0.23

SD: Standard deviation

Table 6: Planning target volume dose variations per patient (Gy) with the deviations of the two cases from the plan

Patient# Plan Plan-one-to-all Plan-cascade

Dmean SD D95 I:)min Dmax Dmean SD D95 I)min Dmax Dmean SD DQS I:)min Dmax
1 64.61 6.17 68.22 5392 75128 0.17 0.09 0.09 0.00 0.33 0.18 0.02 0.08 0.12 0.22
2 72.2 3.48 73.69 66.17 7822 —0.05 0.22 0.14 —0.44 0.34 —0.19 0.26 0.17 —0.64 0.27
3 69.03 5.78 72.68  59.03  79.01 0.29 0.12 0.05 0.1 0.48 0.43 0.18 0.07 0.12 0.74
4 69.44 2.72 68.79  64.74  74.03 0.31 —-0.05 0.12 0.39 0.12 0.29 —0.03 0.14 0.35 0.13
5 52.93 6.34 57.81 4196  63.88 0.17 0.01 0.13 0.17 0.18 0.53 —0.20 0.15 0.88 0.19
6 61.7 3.97 5734 5248 64.76 0.28 0.14 0.14 —0.04 0.39 0.35 0.17 0.15 —0.04 0.48
7 7335 16.63  58.08 34.71  86.18 0.14 0.32 -0.06 —0.62 0.39 0.29 0.42 0.00 —0.69 0.61
8 52.32 2.45 5412 48.07  56.55 0.04 0.00 —-0.19 0.03 0.03 0.17 -0.08 —-0.19 0.31 0.03
9 58 1223 6946 36.82 79.14 —4.59 2.96 0.19 -9.72 0.53 —3.89 2.77 0.24 -8.70 0.91
10 58.06 12.73  70.88 36.02 80.05 —0.48 0.85 0.37 -1.95 0.98 —-0.19 0.57 0.21 -1.17 0.79

SD: Standard deviation

calculated | Z score| > |Z critical|. For all three examined
group pairs, |Z score| = 0.076. Since for the two-tailed test,
|Z critical| = 1.960, and for one-tailed test, |Z critical| = 1.645,
it is obvious that, in our case, the result is not statistically
significant, and we cannot state with 95% certainty that there
is a difference between the two groups for either a one-tailed
test or a two-tailed test.

For the sign test, the result is significant if P < o. The
95% certainty required oo = 0.05. For the comparison between
the one-to-all and planned data, the calculated P is 0.344, and
between the cascade and planned data, P = 1.246. This test
showed that the result is not significant, and we can state that
there is no difference between the planned and the CT-on-rails
P_values.

In the Wilcoxon signed-rank test, the critical value of W for
n =10 and for a one-tailed test in which alpha=0.05 equals 11.
The null hypothesis can be rejected if test statistics W is greater
than or equal to W critical. In our case, when the one-to-all data
were compared with the planned data statistics, W was 25, and
for the cascade versus planned data comparison, W was 31.
Given that the test statistics W is greater than the critical W
for both cases, null hypothesis is rejected, i.e., dosimetrically

(at least when comparing P, values), CT-on-rails data are not
worse or better than the planned data.

The calculated Kendall tau rank correlation coefficient value
for the one-to-all versus planned data was 0.911, for the cascade
versus planned data was 0.867, and for the one-to-all versus
cascade data was 0.956. High tau values indicate high degree
of correspondence between the each group’s rankings.

Discussion

In the physical analysis of the different dose distributions,
criteria such as the mean and minimum target doses, mean
and maximum normal tissue doses, isodose levels, and DVHs
are mostly used.?’?* The plans tried to achieve adequate PTV
coverage while respecting the tolerance doses of the involved
OAR. However, when comparing different dose distributions,
the differences that are observed on the DVHs and isodose
lines are not always reflected in the radiobiological evaluation.
This is due to the fact that radiobiological evaluation is more
sensitive to small changes in dose distribution that may often
not be observed in the DVH-based evaluations.

The expected complication-free tumor control for the
“planned,” “one-to-all,” and “cascade” dose distributions

Journal of Medical Physics | Volume 43 | Issue 1 | January-March 2018 -




Jurkovic, et al.: Evaluation of patient setup accuracy based on daily CTs

varies from case to case. For most of the studied cases, the
planned dose distribution is better than the delivered dose
distributions against either the one-to-all or cascade cases.
The reason for this is the more effective irradiation of the PTV
in the treatment plan, while normal tissue sparing is similar
between the three compared distributions. However, even
though in some cases the planned dose distribution may deliver
lower mean doses to a given OAR, it may also show higher
complication probability because of the greater maximum
doses and higher seriality value of that OAR (e.g., spinal cord).
Furthermore, the expected complication-free tumor control for
the planned dose distributions is not always better than the
delivered dose distributions for either cascade or one-to-all
cases. The reason is that the different plans were not optimized
using radiobiological objectives, which means that the planned
dose distributions do not correspond to the maximum expected
complication-free tumor control. It is observed that for normal
tissues, the classification of the different dose distributions
over the different cases seems to be more sensitive. In all
the cases, the PTV is irradiated almost iso-effectively by the
delivered dose distributions in one-to-all and the cascade
cases. This is supported by the tumor control probabilities,
Py. On the other hand, the setup uncertainties produce higher
normal tissue complications when the OARs move into the
high-dose region (patients 3, 5, 6, and 8) or lower expected
responses when the OARs move away from the high-dose
region (patients 1, 2,4, 7,9, and 10).

The findings of this study indicate that for a fraction of the
patients, the difference in expected outcome between the
delivered against the planned doses can vary from 5% to
10%. For individual OARs, those values are even larger
(up to 21%) [Appendix Table 3]. These results are in line with a
recent study, which utilized head-and-neck cancer patients with
daily CT-on-rails, where they report that, without altering patient
setup, DVH analysis showed an increase in dose of 3%, 12%,
and 16% to the tumor, cord, and parotids, respectively. With
patient shifts to correct for setup errors, accurate dose delivery
to the tumor was achieved. However, even with shifts, the cord
and parotids were still overdosed by 10%.2% Another study,
using the IGRT results of five head-and-neck patients, reported
that the impact of residual setup error, tumor shrinkage, organ
deformation, or patient weight loss would result in a considerable
change (up to 20%) in the dose received by the OARs.B”

The statistical analysis of the P, values was done by means
of various statistical tests, which showed that there is no
statistically significant difference between the planned and
the CT-on-rails P_ values. This confirms the belief that if
appropriate setup corrections are done on the patient, before
each treatment, the delivered dose distribution is comparable to
the planned dose distribution, regardless of how the CT-on-rail
data from every fraction are grouped and analyzed.

It has to be stated that the determination of the model
parameters expressing the effective radiosensitivity of the
tissues is subject to uncertainties imposed by the inaccuracies

in the patient setup during RT, lack of knowledge of
the inter-patient and intra-patient radiosensitivity, and
inconsistencies in treatment methodology. Consequently, the
determined model parameters (such as the D, v, and s) and
the corresponding dose—response curves are characterized by
confidence intervals. In the present study, most of the tissue
response parameters have been taken from recently published
clinical studies.!'>!413!

CoNcLusION

In this study, the clinical effectiveness of planned and delivered
dose distributions of IMRT treatments for head-and-neck
cancer was evaluated using both physical and biological
criteria. The difference between the “one-to-all” and “cascade”
dose distributions was small, statistically insignificant, and
very close to the values of the corresponding treatment plans.
However, for a fraction of the patients and given OAR, the
differences between the delivered and planned doses were
particularly large. These findings support the necessity of the
accurate patient setup before the treatment using IGRT, thus
minimizing dose delivery errors.
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Appendix Figure 1: The dose-volume histograms of the planning target volume and the organs at risk are illustrated. The solid lines indicate the planned
dose distributions, while the dashed lines correspond to the one-to-all case and the dotted lines to the cascade case
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Appendix Figure 2: The curves derived from the radiobiological evaluation of the dose distributions are plotted using the D asthe unit on the dose axis.
The solid lines indicate the planned dose distributions, while the dashed lines correspond to the one-to-all case and the dotted lines to the cascade case
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Appendix Table 1: Dosimetric value differences per patient per case (each case compared to planed values)

Patient Organ Dose Difference (Gy) Difference percentage PTV coverage
A B A B
Patient 1 Mandible Maximum -0.2 —0.1 -1.0 -1.0
Larynx Mean 0.0 0.0
Spinal cord Maximum 0.0 0.1
Brainstem Maximum —-0.1 —0.1
Left parotid Mean —-0.1 0.0
Patient 2 Mandible Maximum —0.1 —0.1 0.0 0.0
Larynx Mean -0.4 -0.4
Spinal cord Maximum —-0.1 0.0
Brainstem Maximum -0.4 -0.8
Left parotid Mean 0.0 0.0
Patient 3 Mandible Maximum -0.3 -0.2 0.0 0.0
Larynx Mean -0.1 0.0
Spinal cord Maximum -0.2 -0.2
Brainstem Maximum 0.1 —0.2
Right parotid Mean -1.7 -1.6
Patient 4 Mandible Maximum -0.9 -0.7 -1.2 -1.4
Larynx Mean -0.1 —0.1
Spinal cord Maximum 0.1 0.0
Right parotid Mean 0.2 0.2
Patient 5 Mandible Maximum -0.2 -0.3 -0.9 -1.2
Brainstem Maximum 0.0 0.0
Spinal cord Maximum 0.0 0.0
Left parotid Mean -0.3 —0.1
Patient 6 Optic chiasm Maximum -0.2 -0.2 -1.1 -1.2
Brainstem Maximum -0.2 -0.3
Right eye Maximum 0.0 0.0
Right optic nerve Maximum 0.0 0.0
Patient 7 Brainstem Maximum -0.3 —0.1 0.0 —0.1
Larynx Mean -0.5 -0.2
Right orbit Maximum -0.1 -0.3
Left parotid Mean 0.0 0.0
Patient 8 Brainstem Maximum 0.1 0.0 0.0 0.0
Spinal cord Maximum 0.0 0.1
Left orbit Maximum -0.8 -0.8
Right parotid Mean 0.1 0.1
Patient 9 Optic chiasm Maximum 1.1 1.3 —0.6 -0.7
Brainstem Maximum -0.2 —0.1
Right parotid Mean 0.0 0.0
Left parotid Mean 0.1 0.1
Patient 10 Optic chiasm Maximum 11.7 11.8 —0.6 -0.4
Brainstem Maximum —0.1 -0.1
Left orbit Maximum —-0.5 -0.5
Left optic nerve Maximum 2.0 0.1

A: One-to-all, B: Cascade. PTV: Planning target volume
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Appendix Table 2: Summary of the radiobiological comparison for the ten patients

Dose One-to-all Cascade Plan Patient #
prescription

Clinical Optimal Clinical Optimal Clinical Optimal
delivered delivered delivered delivered planned planned

P (%) 78.8 96.0 78.7 96.2 81.3 97.0 1
P, (%) 99.9 97.7 100.0 97.9 100.0 98.4

P (%) 21.2 1.8 21.3 1.8 18.7 1.4

BEUD-b (Gy) 68.2 60.3 68.5 60.5 69.6 61.1

BEUD-i (Gy) 42.1 35.8 42.1 35.8 41.6 355

P, (%) 59.7 97.2 51.4 95.9 59.3 97.6 2
P (%) 100.0 98.7 100.0 98.7 100.0 99.2

P, (%) 40.3 1.5 48.6 2.7 40.7 1.6

BEUD-b (Gy) 75.1 61.9 75.1 61.9 75.1 62.9

BEUD-i (Gy) 45.7 36.0 47.0 37.1 45.8 36.0

P_(%) 9.9 67.3 15.9 69.3 5.6 437 3
P, (%) 100.0 91.4 100.0 91.4 100.0 91.4

P, (%) 90.1 24.1 84.1 22.1 94.4 477

BEUD-b (Gy) 74.3 57.8 74.3 57.8 74.4 57.8

BEUD-i (Gy) 55.6 432 53.7 42.8 57.5 46.9

P, (%) 94.5 99.4 94.5 99.4 94.0 99.4 4
P, (%) 100.0 99.7 100.0 99.7 100.0 99.7

P, (%) 5.5 0.3 5.4 0.3 6.0 0.3

BEUD-b (Gy) 70.8 64.7 70.8 64.7 70.9 64.7

BEUD-i (Gy) 38.1 33.0 38.1 33.0 38.3 33.1

P, (%) 41.2 46.9 38.5 435 36.7 42.8 5
P, (%) 97.0 87.4 96.7 90.7 97.3 88.0

P, (%) 55.9 40.5 58.2 472 60.7 453

BEUD-b (Gy) 58.9 55.7 58.7 56.4 59.1 55.9

BEUD-i (Gy) 46.3 44.1 46.7 45.1 47.0 44.8

P_(%) 44.6 53.0 42.0 49.8 43.4 51.7 6
P, (%) 97.7 91.0 97.7 91.2 97.8 91.1

P, (%) 53.1 38.1 55.7 41.4 54.4 39.4

BEUD-b (Gy) 60.1 57.0 60.0 57.0 60.1 57.0

BEUD-i (Gy) 454 425 459 432 457 42.7

P (%) -6.3 0.0 -6.3 0.0 -6.5 0.0 7
P, (%) 92.2 0.0 92.2 0.0 92.1 0.0

P, (%) 98.5 0.0 98.5 0.0 98.6 0.0

BEUD-b (Gy) 66.4 0.0 66.4 0.0 66.4 0.0

BEUD-I (Gy) 58.1 0.5 58.1 0.5 58.4 0.5

P (%) 63.5 70.3 63.4 70.2 61.9 68.5 8
P, (%) 84.1 97.0 84.1 97.0 84.1 97.0

P (%) 20.6 26.8 20.7 26.8 222 28.6

BEUD-b (Gy) 55.2 58.9 55.2 58.9 55.2 58.9

BEUD-i (Gy) 36.0 375 36.0 37.5 36.4 37.8

P_(%) 8.6 49.0 7.2 48.0 22.2 54.9 9
P, (%) 76.9 54.1 76.8 54.1 77.2 58.2

P (%) 68.2 5.2 69.7 6.1 55.0 3.3

BEUD-b (Gy) 73.3 66.7 73.3 66.7 73.4 67.7

BEUD-i (Gy) 50.1 38.5 50.4 38.9 48.0 375

P_(%) 10.1 18.4 15.9 223 20.1 24.5 10
P, (%) 78.8 57.9 79.0 61.7 79.3 65.4

P (%) 68.7 39.5 63.1 39.4 59.2 41.0

BEUD-b (Gy) 74.0 67.6 74.1 68.6 74.2 69.6

BEUD-i (Gy) 49.0 437 48.1 43.6 475 44.0

BEUD: Biologically effective uniform dose
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Appendix Table 3: Quantitative summary of the biological comparison for the dose distributions of the ten cases

P-0 P-1 P-2 BEUD-0 BEUD-1  BEUD-2 D-0 D -1 D-2 SD-0 SD-1 SD-2
@ % % @ @ @ g @) @ @ G (6

Patient 1 s

PTV 99.97 99.94 99.95 69.55 68.15 68.50 71.20 71.12 71.13 1.65 1.82 1.78
Mandible 11.04 13.75 13.79 63.65 64.15 64.15 42.57 43.32 43.32 16.21 16.68 16.69
Larynx 0.32 0.28 0.46 66.30 66.20 66.55 29.73 29.82 32.75 25.32 24.98 26.22
Cord 0.00 0.00 0.00 49.70 49.70 49.70 27.03 26.50 26.08 11.04 10.15 10.50
Brainstem 0.00 0.00 0.00 41.90 41.85 41.85 27.22 27.11 27.16 13.30 13.23 13.18
Left parotid 8.29 8.34 8.26 41.05 41.05 41.05 37.09 37.15 37.12 24.05 23.92 23.93
Right parotid 0.00 0.00 0.00 17.55 17.65 17.65 15.89 15.99 15.98 10.78 10.76 10.76
Patient 2
PTV 100.0 100.0 100.0 75.10 75.05 75.05 75.26 75.22 75.22 0.84 0.86 0.87
Mandible 5.14 8.70 5.12 64.20 63.20 63.20 41.69 40.81 40.81 14.41 13.51 13.51
Larynx 20.99 21.80 25.52 72.95 72.85 73.40 49.94 49.96 52.44 29.64 29.31 29.09
Cord 0.00 0.00 0.00 50.45 50.45 50.45 30.78 35.32 36.08 15.15 11.03 10.16
Brainstem 0.00 0.00 0.00 38.05 39.65 39.40 11.46 13.80 13.76 12.94 14.78 14.73
Left parotid 20.29 16.91 27.24 44.30 45.15 46.75 39.21 40.10 41.68 28.14 28.24 28.63
Right parotid 0.00 0.01 0.00 29.70 28.65 27.55 26.39 25.46 24.49 19.04 18.43 17.75
Patient 3
PTV 100.0 100.0 100.0 74.35 74.30 74.30 75.02 74.98 74.98 1.25 1.24 1.24
Cord 0.00 0.00 0.00 50.45 50.45 50.45 30.16 32.88 33.34 13.44 10.76 11.01
Brainstem 0.00 0.00 0.00 42.20 42.15 42.05 34.36 34.15 33.94 5.51 5.79 5.96
Larynx 0.00 0.00 0.00 57.15 57.15 57.15 30.13 33.04 29.35 15.10 14.82 14.88
Mandible 29.41 50.35 25.80 67.55 70.30 67.05 51.80 57.96 51.01 15.29 16.91 14.84
Right parotid 91.93 80.09 78.55 66.00 59.55 58.95 64.75 57.87 57.28 16.76 18.91 18.91
Left parotid 2.31 0.02 0.02 38.15 30.80 30.80 34.72 26.89 26.88 21.68 21.24 21.26
Patient 4
PTV 99.98 99.98 99.98 70.90 70.80 70.80 71.29 71.22 71.21 1.23 1.24 1.24
Cord 0.00 0.00 0.00 49.70 49.70 49.70 26.20 29.94 29.95 12.16 9.10 9.04
Larynx 1.68 1.29 1.24 67.70 67.45 67.40 32.10 32.18 32.21 23.27 22.58 22.42
Mandible 4.39 425 4.25 61.95 61.90 61.90 46.23 46.21 46.21 15.44 15.37 15.37
Right parotid 0.00 0.00 0.00 27.35 27.35 27.35 24.03 24.07 24.10 18.38 18.21 18.13
Left parotid 0.00 0.00 0.00 24.10 24.10 24.10 21.50 21.51 21.57 15.31 15.24 15.07
Patient 5
PTV 97.31 97.03 96.65 59.10 58.90 58.65 60.67 60.62 60.61 1.49 1.53 1.54
Brainstem 0.00 0.00 0.00 33.35 33.35 33.35 25.08 25.01 25.02 4.76 4.79 4,78
Left parotid 0.50 0.42 0.40 34.10 33.85 33.80 29.17 29.01 28.98 24.05 23.68 23.62
Right parotid 60.40 55.61 57.92 51.70 50.65 51.15 49.64 48.54 49.08 18.62 18.80 18.65
Mandible 0.15 0.14 0.13 56.85 56.75 56.75 52.49 52.47 52.46 4.24 4.17 4.20
Cord 0.00 0.00 0.00 48.50 48.50 48.50 27.89 27.88 28.28 2.90 2.94 3.04
Patient 6
PTV 97.79 97.74 97.67 60.10 60.05 59.95 61.24 61.20 61.08 2.13 2.15 2.09
Chiasm 2.46 2.32 2.25 43.45 43.35 43.30 27.23 27.19 27.17 36.11 35.93 35.86
Brainstem 0.00 0.00 0.00 33.80 33.80 33.80 9.30 9.07 9.28 4.99 4.68 4.94
Left eye 35.70 33.57 37.28 48.35 47.55 48.90 41.20 40.46 41.97 17.50 17.14 17.45
Right eye 0.00 0.00 0.00 3.30 3.30 3.30 291 2.92 2.92 1.24 1.23 1.23
Left optic nerve 27.25 27.73 27.70 52.80 52.90 52.90 52.76 52.84 52.84 0.00 0.00 0.00
Right optic nerve 0.00 0.00 0.00 3.75 3.80 3.80 3.67 3.74 3.73 0.00 0.00 0.00
Patient 7
PTV 92.14 92.15 92.15 66.40 66.40 66.40 70.48 70.44 70.46 6.52 6.48 6.49
Larynx 0.00 0.00 0.00 58.30 57.45 57.95 17.57 17.74 17.70 11.80 11.63 11.65
Brainstem 5.79 4.81 4.96 55.35 54.90 54.95 46.10 45.47 45.54 11.68 11.53 11.52
Right orbit 13.29 13.18 13.18 39.10 39.00 39.00 3491 34.79 3491 9.48 9.51 9.40
Left parotid 0.00 0.00 0.00 20.65 20.70 20.70 18.92 18.96 18.95 11.86 11.84 11.84
Contd...
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Appendix Table 3: Contd...

P-0 P-1 P-2 BEUD-0 BEUD-1  BEUD-2 D-0 D -1 D-2 SD-0  SD-1 SD-2
@ % % @ @ @ g @ @ @ G (6

Right parotid 98.30 98.14 98.14 74.50 74.00 74.00 74.41 73.90 73.91 4.75 4.29 4.34
Patient 8
PTV 84.07 84.10 84.09 55.15 55.20 55.15 55.26 55.25 55.25 0.64 0.58 0.58
Brainstem 0.00 0.00 0.00 35.65 35.50 35.65 27.23 26.65 27.22 5.95 5.65 5.95
Cord 0.00 0.00 0.00 48.50 48.50 48.50 29.61 30.35 30.38 4.60 4.56 4.73
Left orbit 7.40 6.96 6.99 3445 34.10 34.10 20.47 20.61 20.59 14.71 14.41 14.43
Left parotid 0.00 0.00 0.00 17.80 17.95 18.00 16.57 16.70 16.74 9.21 9.20 9.20
Right parotid 0.00 0.00 0.00 21.95 22.05 22.05 20.00 20.13 20.13 12.62 12.58 12.58
Right orbit 16.00 14.69 14.69 39.65 39.00 39.00 26.97 26.88 26.88 17.25 16.68 16.68
Patient 9
PTV 77.18 76.89 76.82 73.35 73.25 73.25 73.83 73.72 73.69 2.37 2.39 2.41
Brainstem 1.55 2.51 1.52 53.30 54.25 53.25 34.88 35.87 34.85 12.39 13.17 12.34
Chiasm 54.25 67.38 69.14 55.05 56.00 56.15 52.03 53.16 53.35 11.75 11.82 11.83
Left parotid 0.12 0.12 0.12 33.15 33.15 33.15 30.15 30.20 30.20 19.34 19.23 19.20
Right parotid 0.00 0.00 0.00 6.50 6.50 6.50 6.34 6.33 6.34 2.28 2.28 2.28
Patient 10
PTV 79.29 78.82 79.01 74.20 74.00 74.10 74.76 74.61 74.67 2.36 2.44 2.42
Brainstem 0.00 0.00 0.00 34.45 34.45 34.45 22.73 22.71 22.71 4.61 4.59 4.58
Chiasm 0.01 8.23 8.59 38.05 46.90 47.05 36.98 39.39 39.26 4.17 9.98 10.21
Left orbit 28.19 27.92 27.81 46.50 46.40 46.35 34.88 35.14 35.00 19.79 19.46 19.51
Right orbit 20.10 20.25 19.85 43.05 43.10 42.95 30.66 31.27 30.92 18.14 17.82 17.85
Left optic nerve 17.90 27.29 18.57 52.20 54.05 52.35 52.13 53.95 52.27 449 4.84 4.42
Right optic nerve 13.35 18.48 14.40 51.20 52.35 51.45 51.06 52.23 51.32 5.33 5.24 5.29

One-to-all case is represented by number “1,” cascade by number “2,” and planned values by “0.” PTV: Planning target volume, SD: Standard deviation
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Expression of Bax and Bcl2 Genes in Peripheral Blood
Lymphocytes of Patients with Differentiated Thyroid Cancer
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Sciences, Shiraz, Department of Medical Physics, Fasa University of Medical Sciences, Fasa, Iran

Context: Thyroid cancer is the most common endocrine malignancy worldwide. Iodine-131 is used in the treatment of thyroid cancer with
dosage of 100 mCi. In the medical applications of ionizing radiation besides the advantages such as diagnosis and treatment of diseases, the risks
arising from exposure should be considered as well. Aims: The present study aimed to evaluate the changes in expression levels of apoptotic
Bax and Bcl-2 and the ratio of Bax/Bcl-2, in the peripheral blood lymphocytes (PBLs) of patients with differentiated thyroid cancer (DTC).
Settings and Design: This study was conducted on fifty thyroid cancer patients who had undergone surgery and were under treatment with 100
and 150 mCi doses. Subjects and Methods: Blood samples were taken from the patients, one before iodine treatment and another 48 h after
therapy. Bax and Bcl-2 gene expression levels were measured by using real-time reverse transcriptase polymerase chain reaction. Statistical
Analysis Used: The data were analyzed using one-way analysis of variance followed by samples #-test and independent samples #-test. Results:
Significant changes were observed in the percentage of apoptotic cells, in groups, after radioiodine therapy compared with before treatment.
The ratio of Bax/Bcl-2 in both groups showed a significant increase (P < 0.001). The relative expression level of Bax gene showed a significant
increase in comparison with the control group. Conclusions: Iodine therapy reduced expression of Bcl-2 and a significant expression of Bax
and finally increased the ratio of Bax/Bcl-2. lodine therapy led to apoptosis in the PBLs of patients with DTC. Therefore, it can be suggested
that this method can be useful for monitoring and detecting destructive effects of ionizing radiation in nuclear medicine patients.
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and is released by the distribution of beta particles along
with gamma radiation; and changes into stable xenon 131.1
In the medical applications of ionizing radiation besides the
advantages such as diagnosis and treatment of diseases, the
risks arising from exposure should be considered t0o."!

INTRODUCTION

The differentiated thyroid cancer (DTC) comes for 19%—2% of
malignant cancer in human. Its annual incidence is estimated
2-3.8 for women and 1.2-2.6 for men/100,000 persons. Its
outbreak has increased in the recent decades.!"!

lonizing radiation has been known as causing oxidative stress
by generating active oxygen types and free radicals in the
tissues and irradiated cells.l These free radicals react with
DNA, existing lipids in the nucleus and membrane.[*”!

This cancer derives from either the classified epithelial follicular
cells in the form of cancer with high differentiation (including
papillary cancers and thyroid follicular, the thyroid cancer with
low differentiation and anaplasic) or the parafollicle cells as

generator of calcitonin (such as medullary cancer).!'! Generally, Significant changes in the structure and practice of

the differentiated forms of thyroid cancer have a slow
progression trend; their treatment includes taking measures
such as surgery, using radioactive iodine, and inhibiting TSH
hormone. Radioactive iodine-131 has been used in the
treatment of malignant thyroid since 1940.5 The radioactive
131 iodine is one of the iodine isotopes with half-life of 8 days
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lead to cell death through apoptosis.®? Apoptosis is induced
by a variety of toxic insults including growth factor
deprivation and ionizing radiation.!'” Tonizing radiation
damages DNA and is one agent that induces apoptosis in
certain cells, including human lymphocytes. In the early
stages of apoptosis, it is measured.!'"?l Phosphatidylinositol
serine transfers from the inner surface to the outer surface
of the cell membrane and the integration of cell membrane
has been preserved. In the late apoptosis stages of apoptosis,
the integration of cell membrane is destroyed, and the time
of cell death or apoptosis depending on the type of cell has
been estimated from a few hours to a few days.!!*!4l The
programmed cell death precisely depends on action and
reaction of some gene products that activate or inhibit the
process of cell suicide. Two large gene families including
Caspases and Bcl-2 are involved in the path of apotheosis.!']
The Bcl-2 family has two protein groups including apoptosis
promoter and inhibitor of apoptosis. The average ratio of
these proteins determines a cell destiny. The Bcl-2 protein is
placed in the cover of core and mitochondria; and it functions
through the connection to Bax.!' The Bax protein in terms
of structural is Bcl-2 homologous, and it is considered to be
a promoter of apoptosis that is placed in the cytoplasm or
the cellular membrane, and hence, in terms of performance,
this antagonist protein has a protective role for Bcl-2. The
caspase molecules are generated in the form of prefabricate
and just after receiving a death signal by cell, they are
activated.!'”!

Caspase 3 is an executive caspase that is activated by the
starter caspases and breaks the survival and integrity of
proteins. The death signals cause the setting up the apoptosis
proteins family of Bcl-2, especially Bax. These proteins cause
the release of cytochrome C from mitochondria to out. The
release of mitochondrial cytochrome C into the cytoplasm
and its subsequent association with the Apaf-1 protein is
thought to be an absolute requirement for the activation of
caspase-9, the apical caspase in the mitochondrial pathway
of apoptosis.['#19

In another study in 2013, conducted by Verne Dick et al.,
apoptosis and micronuclei (MN) were investigated as the
reflection of cytogenetic injury in the blood lymphocyte of
18 patients suffered from thyroid cancer under treatment with
100 and 150 mill curie doses. As apoptotic cells, using Annexin
V-FITC/7-AAD kit and frequency of MN was assessed by
MN assay. In this study, after radioiodine therapy in thyroid
cancer patients, increase of primary apoptosis and MNs was
observed."

The aim of this study was to investigate the expression pattern
of some inhibitors of Bel-2 cell death and inducers of Bax cell
death in patients under iodine therapy with different doses.

SusJecTs AND METHODS

This research was approved by the ethical committee of
Shiraz University of Medical Sciences. The consent form
was presented to patients and voluntarily read and signed.
The studied population included fifty patients with thyroid
cancer with the mean age 0f 39.08 £9.5; they had undergone
thyroidectomy and were under treatment in the nuclear
medicine department of Shiraz Namazi Hospital. Blood
samples were taken before radioiodine therapy and 48 h
after iodine therapy. Blood samples (2 ml of peripheral
blood from patients) were collected in heparinized tubes.
These samples were used for the measurement of Bax
and Bcl-2 expression levels using real-time (RT) reverse
transcriptase polymerase chain reaction (PCR). At first,
separation of lymphocytes was made using the ficoll of
innotrain, Germany, based on the standard protocol. The
blood was washed with the buffer of phosphate saline
with the same volume and then, 4 ml volume (blood and
phosphate-buffered saline [PBS]) was added to 2 ml ficoll
and centrifuged for 20 min with 3000 RPM. The separated
lymphocytes after three times of washing with PBS were
centrifuged for 10 min in 1400 RPM g. The surface layer
was thrown out and the extracted lymphocytes were mixed
with 500 PBS pl.

RNA preparation and quantification

After isolation of the lymphocytes from the peripheral blood
samples, total RNA was extracted from blood samples with the
RNX plus extraction kit (CinnaGene, Iran), according to the
manufacturer’s protocol and stored at —20°C. For extracting
of RNA from chloroform and isopropanol and wash it, 75%
ethanol was used. The concentration and quality of RNA were
determined by measuring the absorbance by spectrophotometer
system (Bekman, USA) at 260 nm (A260) and A260/A280
ratio, respectively.

cDNA synthesis and real-time quantitative polymerase
chain reaction

Before cDNA synthesis, to remove pollution of RNA with
DNA, the DNase I kit (Thermo Science, USA) was used.
The synthesis of cDNA was done by using RevertAid First
Strand cDNA Synthesis kit (Fermentase, lithuania) and
based on the manufacturer’s instruction. The used designed
primers of Bax, Bcl-2, and B2 m gene are shown in Table 1.
The B2 m gene was used as the endogenous reference. The

Table 1: Sequence-specific primers for genes BCL-2 and BAX and B2m

Gene name Sequence of forward primers Sequence of reverse primers Product size (bp)
BAX CTTCAGGGTTTCATCCAG CTCCATGTTACTGTCCAG 169
BCL-2 ATTGATGGGATCGTTGCCTTATGCA CCCTTGGCATGAGATGCAGGAAA 153
B2m GTATGCCTGCCGTGTGAAC AACCTCCATGATGCTGCTTAC 87
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RT quantitative-PCR (QPCR) was done by CYBR Green
kit (yekta tajhiz, Iran). The QPCR were done in cycle
including: 2 min at 95°C for initial denaturation, and then,
forty cycles of denaturation for 30 s in 95°C, annealing for 40
s in 57°C, with extension for 30 s in 72°C. The PCR products
were separated on 2% agarose gel, and they were visible
with ethidium bromide; then, they were evaluated by using
trans-luminator advice UV (Uvidoc, UK). Target genes were
quantified relative to the reference gene using the mathematical
model described by computer tomography.

Verification polymerase chain reaction and primer design
To verify Bax, Bcl-2, and B2 m primers with 169, 153, and
87 base pair (bp) band lengths, PCR was performed with a
cDNA sample. Five microliter of PCR product was loaded on
2% agarose gel. The distinctly mentioned band lengths of each
gene were visible after ethidium bromide staining. Figure 1
depicts the electrophoresis image of the three primers Bel-2
«Bax and B2 m (Bcl-2, 153 bp, Bax, 153 bp, and B2 m 87 bp).

Statistical methods

The data were analyzed using one-way analysis of variance
followed by samples #-test and independent samples #-test. The
values of P < 0.05 were considered statistically significant.

ResuLts

The changes in relative expression level of Bax and Bcl-2 genes
Figure 2 shows the relative expression level of Bax gene 48 h
after iodine therapy, at a dose of 100 and 150 mci. The relative
expression level of Bax gene at a dose of 100 and 150 mci
showed a significant increase in comparison with before iodine
therapy (P = 0.0001).

As observed in Figure 3, in two groups a significant decrease
was found in the expression level of Bel-2 in comparison with
the control group (P < 0.05). The relative expression level of
Bcl2 gene at a dose of 100 and 150 mCi showed a significant
reduction in comparison with before iodine therapy.

Figure 4 shows the relative expression level of Bax/Bcl-2 ratio
48 h after the iodine therapy at doses of 100 and 150 mCi).
The ratio of Bax/Bcl-2 in after iodine therapy in comparison
with before treatment led to a significant increase in the
Bax/Bcl-2 ratio.

Figure 5 shows the relative expression level Bax, Bel2, and
Bax/Bcl-2 ratio 48 h after iodine therapy at different doses. At
a dose of 150 mCi after iodine therapy, a significant increase
was showed in the expression level of Bax comparison with
dose 100 mci. We observed a significant increase in the ratio
of Bax/Bcl-2 at a dose of 150—100 mci. It can be concluded
that, at higher doses, expression of the apoptotic gene will
increase and the percentage of apoptotic cells will be greater.
Tables 2 and 3 show the relative expression of Bax and Bcl-2
genes and Bax/Bcl-2 ratio of two therapeutic doses 48 h after
iodine therapy. The relative expression level of Bax gene in
both groups showed a significant increase after radioiodine
therapy compared with before treatment. Moreover, the relative

decrease in gene expression of Bel-2, after the iodine treatment
in both groups was statistically significant (P < 0.05). The
ratio of the Bax/Bcl-2 in both groups showed a significant
increase (P < 0.05).

As shown in Table 4, we examined the effect of two different
doses of the gene expression of apoptosis. At a dose of
150 mCi, there was an increase in the dose of 100 mCi of the
Bax gene expression. Bcl-2 levels also significantly decreased

NTc BAx

NTc  Bcl2

Figure 1: Electrophoresis image of the designed Bcl-2, and Bax primers
(Bcl-2, 153 bp and Bax, 169, B2m 87 bp), which is visible in the image
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Figure 2: The relative expression level of Bax gene 48 h after the iodine
therapy at doses of 100 and 150 mCi
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Figure 3: The relative expression level of Bcl2 gene 48 h after the iodine
therapy at doses of 100 and 150 mCi
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Figure 4: The relative expression level of Bax/Bcl-2 gene 48 h after the
iodine therapy at doses of 100 and 150 mCi

Table 2: Comparison of gene expression BCL-2 and BAX
before and 48 hours after radioiodine therapy in the dose
of 100 mCi

100 mCi Before Atfter Significance (P)
lodine-131 lodine-131

BAX 1.07+0.24 1.89+0.59 0.0001

BCL-2 1.02+0.29 0.78+0.22 0.03

BAX/BCL-2 1.16+0.50 2.69+1.33 0.0006

Table 3: Comparison of gene expression BCL-2 and BAX
before and 48 hours after radioiodine therapy in the dose
of 150 mCi

150 mCi Before After Significance (P)
lodine-131 lodine-131

BAX 1.11£0.29 2.0140.68 0.0001

BCL-2 1.03£0.32 058+0.20 0.0001

BAX/BCL-2 1.18+0.48 4.04+2.18 0.0001

Table 4: Comparison of gene expression BCL-2 and BAX
in human lymphocytes at a dose of 100 and 150 mCi

After lodine-131 Significance (P)
100 mCi 150 mCi
BAX 1.88+0.58 2+0.67 0.5
BCL-2 0.78+0.22 0.57+£0.19 0.005
BAX/BCL-2 2.695+1.33 4.03+2.18 0.03

in a dose of 150 mCi to 100 mCi dose and this reduction was
significant (P = 0.0005).

Furthermore, we observed a significant increase in the
ratio of Bax/Bcl-2 at a dose of 150—-100 mci and it can be
concluded that, at higher doses, expression of the apoptotic
gene will increase and the percentage of apoptotic cells will
be greater.

Discussion

The 131 iodine is applicable in the thyroid cancers with a
dosage higher than 100 mCi. Iodine in the patients that have

23 100mci
£33 150mei

relative gene expression

Figure 5: The relative expression level of Bax/Bcl-2 gene 48 h after the
iodine therapy at doses of 100 and 150 mCi

undergone thyroidectomy is applied for the destruction of the
remaining thyroid with probable metastases.l”) Lymphocytes
are easily eliminated as high-sensitivity cells in patients treated
with radioactive iodine.?!! Apoptosis is a reaction of cytogenic
damage in the cells, and in this study, the expression of
apoptosis genes was compared before and after iodine therapy.
The purpose of this study was to investigate the effect of iodine
therapy on the changes of apoptosis levels and expression of
apoptosis genes.

Based on the obtained results of this study, the percent of
apoptosis lymphocytes, 48 h after iodine therapy in comparison
with before treatment shows that the increased level can be
attributed to the increase in Bax gene expression in both groups
which received 100 and 150 mCi. In addition, increase in the
expression of the ratio of Bax/Bcl2 is an effective factor for
incidence of apoptosis.

According to the results of a study conducted by Cui et al.,
it was shown that after 4 h exposure of all the body to 2—-8
gray gamma radiation, the apoptosis lymphocytes increased
rapidly, and expression of Bax gene in 24 h after radiation
reached its maximum amount.”” The Bcl-2 expression reduces
after passing 3 h after radiation, and the reduction reaches its
minimum amount 24 h after that.”?! This finding is consistent
with the obtained results of our research; in the conducted
study, the gamma arising from iodine 131 caused generation
of apoptosis, increase of Bax gene expression and reduction
of Bcl-2 in 48 h after prescribing iodine.

In another study done by Mehdi Mogharrabi et al. on patients
with thyroid cancer, the injuries of radiation cytology to the
peripheral blood lymphocytes (PBLs) were investigated by
using the MN test.[] The blood samples before iodine therapy
and 1 week after that were taken by receiving the dosages
of 100 and 150 mCi. As MN was abundant, a week after
iodine therapy, it was seen that it was an indirect marker of
chromosomal abnormalities and radiation injury.?¥ This was
similar to the obtained result of our study. MN and apoptosis
are raised as cytogenic damages arising from radiation. The
study results showed iodine therapy caused the effect of
apoptosis, and its gene expression.
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CoNCLUSIONS

Iodine therapy reduces the relative expression of anti-apoptotic
Bcl-2, and pro-apoptotic Bax gene expression was increased
significantly. The ratio expression of Bax/Bcl-2 in doses of
100 and 150 mCi showed a significant increase. Apoptosis
in PBLs after treatment with 100 or 150 mCi iodine-131 was
significantly higher than before treatment. Patients with DTC
have a significantly higher level of apoptosis in PBLs after
iodine therapy. Based on the results of this study, radioiodine
therapy in patients with thyroid cancer has led to increased
apoptosis as a marker of cytogenetic damage.

Therefore, it can be suggested that this method can be useful
for monitoring and detecting destructive effects of ionizing
radiation in nuclear medicine patients.
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Technical Note

Dosimetric Comparison of Treatment Plans Using Physical
Wedge and Enhanced Dynamic Wedge for the Planning of
Breast Radiotherapy

Zhenia Gopalakrishnan, Raghuram K. Nair, P. Raghukumar, B. Sarin
Division of Radiation Physics, Regional Cancer Centre, Trivandrum, Kerala, India

The aim of this study is to compare the physical wedge (PW) with enhanced dynamic wedge (EDW) to determine the difference in the dose
distribution affecting the treated breast and the contralateral breast, lungs, heart, esophagus, spine, and surrounding skin in the radiotherapy of
breast cancer. Computed tomography (CT) data sets of 30 breast cancer patients were selected from the database for the study. The treatment
plans which were executed with PW were re-planned with EDW without changing the beam parameters. Keeping the wedge angles same, the
analytic anisotropic algorithm (AAA) with heterogeneity correction was used for dose calculation in all plans. The prescription was 50 Gy in
25 fractions. The dose- volume histogram (DVH) of the planning target volume (PTV) and critical structures of both PW and EDW plans were
analyzed. The analysis showed that the maximum dose within the target volume is higher in EDW plan compared to PW plan. However the
PTV conformity index (CI) remained the same in both plans. For all the critical structures, the EDW technique offered less dose compared to
PW technique. The effect of volume of the contralateral breast on the dose to contralateral breast and the effect of volume of PTV breast for
patients with carcinoma left breast on the dose to heart were studied and analyzed for the two wedges. No correlation between volumes and
dose parameters was found for the two techniques. The number of monitor units to deliver a particular dose with EDW field is less than that
of PW field due to change in wedge factor. As EDW produces less scattered dose to structures outside the treatment field, the risk of a second
malignancy can be reduced with this technique.

Keywords: Contralateral breast, dose-volume histogram, enhanced dynamic wedge, physical wedge
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and 60° by selecting the appropriate segmented treatment
tables (STTs) called golden STT. Dosimetric characteristics
of PW and EDW and the clinical differences have been
described elsewhere.**! Several studies have shown that there
is a possibility of the patient developing radiation-induced
cancer following the treatment of malignancy of breast
cancer. Many investigators have quantified the risk of
second primary breast cancer in the contralateral breast after
radiotherapy for the first breast cancer.? According to their
study, women <40 years of age with follow-up periods more

INTRODUCTION

There are various studies that prove breast conservation
surgery (BCS) followed by radiotherapy to the whole breast
is the preferred mode of treatment in early breast cancer.!"?
In conventional radiotherapy, the wedge filter technique is
the most commonly used. In three-dimensional conformal
radiotherapy, a multileaf collimator (MLC) is used to confirm
the shape of the radiation beam to avoid the nearby critical
structures.® In Varian Clinac-600C machine, two types of
wedges are available. One is a physical wedge (PW) filter

hich 1 de of 11 f steel and lead. It i ilabl
which 1s fhace ot an alloy of steet and ‘ca 1S avariabie Address for correspondence: Ms. Zhenia Gopalakrishnan,

in 4 angles (15°, 30°, 45°, and 60°) and 4 orientations (in,
out, right, and left). The other is an enhanced dynamic
wedge (EDW), in which wedging effect is created by moving
the Y-jaws while the beam is on. It is possible to create wedge
distributions for wedge angles 10°, 15°, 20°, 25°, 30°, 45°,
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than 5 years had a radiation risk of 3.0% and the dose response
was significant. Women <40 years of age who received a
radiation dose more than 1.0 Gy to the contralateral breast had
an elevated, long-term risk of developing a second primary
contralateral breast cancer. The risk is inversely related to
age at exposure and is dose-dependent. Certain studies have
mentioned that the risk increases with the use of wedges in
the medial beam.”® Some have compared the dose to the
contralateral breast, ipsilateral lung, and the whole lung in
tangential field radiotherapy for primary breast cancer using
“dynamic wedge” and PW.P!% They reported that the dose to
normal structures is reduced using the dynamic wedge, thereby
reducing the normal tissue complication probability. The aim of
the study was to investigate the effect of using PW and EDW
on planning target volume (PTV) and all the critical structures
during primary breast irradiation using radiotherapy treatment
planning system (TPS) Eclipse v-13.

MareriaLs AND METHODS

The treatment plan of thirty patients who underwent BCS for
infiltrating duct carcinoma breast and stage (T a2 NoM)) and
who already underwent radiotherapy in the period 2012-2013
were selected for the study from the database. Twelve patients
were treated for disease of right breast and 18 for left breast.
For actual patient treatment, the plans were generated with
PW for a dose of 50 Gy in 25 fractions. The same computed
tomography (CT) data sets, target volumes, and organs at
risk (OAR) were used for the study. All the patients were
treated in the supine position with both the arms abducted
and immobilized with breast board to reproduce daily setup
and minimize setup errors. All the CT simulation images
were acquired in a 16 slice CT simulator (GE Optima 580W).
Scans of 5-mm slice thickness were acquired for each patient
covering just below the mandible and extending 5—-6 cm below
the inframammary fold. A radiopaque wire was placed around
the breast to be treated, to define the field borders. For each
patient, PTV and OARs such as ipsilateral lung, contralateral
lung, heart, contralateral breast, esophagus, and spine were
contoured by the radiation oncologist. Skin was contoured
as a thin strip of 5 mm extending from patient outline to the
anterior surface of PTV and 2 cm equally in craniocaudal and
medial and lateral directions.

Treatment planning

For each patient, plans that were already generated using PW
were recalculated with EDW in “Eclipse” TPS v13 without
changing the beam parameters. Varian’s Clinac 600C machine
with 6 MV photon beam was used for treatment. Two opposing
tangential half beams were placed to cover the whole breast.
The medial field border was placed near the midline of the
patient. The superior border was placed just below the level
of clavicle. The inferior border was placed 1 cm inferior to
the inframammary fold. Gantry angles varying from 300° to
310° were used for medial tangent beam and angles ranging
from 120° to 130° were used for lateral tangent for left breast
cases. Similarly, gantry angles varying from 50° to 60° were

used for medial beam and angles ranging from 230° to 240°
were used for lateral tangent for right breast cases. For plans
using PW, collimator angles of 8°~10° were given to reduce
the volume of ipsilateral lung coming in the path of the
beam. As PW can be inserted in any of the four orientations,
this collimation was sufficient to produce the wedging in
the required orientation. But with EDW, as wedging effect
is produced by the movement of Y-jaws, a collimation of
90° or 270° was mandatory to produce the wedging in the
required direction. Additional collimation of §°-10° was
given to reduce the volume of ipsilateral lung coming in the
radiation field. Both EDW and PW plans did not use MLC as
collimator rotation was different for both. The wedge angles
varied from 15° to 30°. Same wedge angles were used for both
plans without changing other beam parameters.

Using Beams Eye View option in Eclipse TPS, fields were
placed to minimize the dose to heart, contralateral breast,
ipsilateral lung, and maximize the PTV coverage. The dose
was normalized to 100% at midplane where a reference point
called weight point was put to normalize the prescription dose.
This point was placed 2—3 cm anterior to the ipsilateral lung
on the central axial slice of the treated breast PTV. The same
weight point was used for both PW and EDW.

The analytical anisotropic algorithm (AAA Version 13), a
photon dose calculation algorithm (grid size 2.5 mm) with
heterogeneity correction was used for dose calculation in
all plans. For all patients, dose was given in 25 fractions of
200 cGy to deliver a total dose of 50 Gy to the whole breast.
The plans were compared using dose-volume histogram (DVH)
tool. The DVH of the PTV and critical structures of both PW
and EDW plans were analyzed. The criterion for PTV coverage
was to deliver 95% of prescription dose to 95% of PTV and
also not to exceed 110% of the prescribed dose in more than
1 cc of the PTV.

Conformity index

Conformity index (CI) was used to evaluate the plan quality
in terms of PTV conformity which is defined as:

e CI =reference isodose volume/target volume.!'!!

Here, reference isodose volume was taken as 95% isodose
volume of the PTV. Target volume is the total volume of the
PTV. CI was calculated for both sets of plans and compared.

Dose-volume constraints and toxicity

During breast radiotherapy, the critical organs such as
contralateral breast, heart, lungs, and skin receive substantial
amount of radiation due to their proximity to treated breast.
Various groups have defined dose- volume constraints for
the radiotherapy planning of breast cancer.!'>!! Dosimetric
predictors of radiation (RT)-induced lung injury (pneumonitis)
are mean lung dose and percentage of the total lung volume
exposed to a dose of 5, 10, and 20 Gy (V,, V,, and V,).l'"]
As per RTOG protocol, the acceptable criteria for ipsilateral
lung are V,, <20%, V  <40%, and V_ <55%. The V. of the
contralateral lung should be <10%—15%.!"4
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RT-induced heart injury may manifest as acute or late toxicity.
Pericarditis is an acute injury often transient but may be
chronic. Late injury includes congestive heart failure, ischemia,
coronary artery disease, and myocardial infarction.['’-'® RTOG
protocols have defined heart dose-volume constraints for
left-sided breast cancer as, V,; <5%, V,, <30% and mean
dose <4 Gy as ideal. However, V. <5% and V  <35%
and mean dose <5 Gy are also acceptable.['*! Dose-volume
constraints of the heart for right side breast cancer were
defined to keep V, ;=0 and V ; <10% as ideal, but V,.=0 and
V,, <15% are also acceptable. Some of the cardiac parameters
were chosen to reflect available data regarding the risk of
cardiac toxicity."! In the patient group selected for the study,
the volume of PTV of carcinoma left breast patients ranged
from 784 cc to 2260 cc. An analysis was also done to find a
correlation between volume of PTV of left breast and dose
parameters like D, D_ . D,,V, and V  for heart for the
two techniques.

The dose to the contralateral breast is because of the
medial tangent beam, and the result of collimator scatter,
leakage, scatter from wedges, etc. The RTOG breast study
protocol recommends keeping the D__ of the contralateral
breast <3.3 Gy.['Y In this study, volume of contralateral breast
ranged from 358 cc to 1629 cc for 30 patients. Here also, an
analysis was done to find any correlation between volume of
contralateral breast and dose parameters suchas D__, D, and
V, for the two techniques.

max’

Emami et al. defined the tolerance dose of the spinal cord
based on the irradiated length of the cord as follows: 47 Gy
to 20 cm, 50 Gy to 10 cm, and 50 Gy to 5 cm.l'¥) In RTOG
protocols, the maximum dose to the spinal cord is limited to
45-50 Gy.'"¥ In this study, we have compared the maximum
cord dose between the two plans (PW and EDW). During the
treatment of whole breast after BCS, the esophagus seldom
comes in the path of radiation. However, we also tried to

estimate the mean esophagus dose from the two plans. For
skin, toxicity includes erythema, hyperpigmentation, and
skin desquamation. Late toxicities include skin fibrosis,
telangiectasia, contracture, and even necrosis.?*?!1 For
patients treated with BCS, where the skin is not at risk, the
selection of adequate beam energy, careful contouring, and
plan evaluation (reviewing the D_and hot spot regions) may
help to spare skin (4—5 mm thickness to include the epidermis,
dermis, and hypodermis) to reduce acute and late toxicity and
subsequently maintain cosmesis.?” Emami et al. estimated
tolerance doses of skin (TD5/5) as 50 Gy for 100 cm?, 60 Gy
to 30 cm?, and 70 Gy to 10 cm2.!3! In the present study, the
maximum dose and mean dose received by skin in both plans
using PW and EDW have been compared.

The data obtained was statistically analyzed using two-tailed
paired Student’s #-test.

ResuLts

Table 1 shows the comparison of PTV and critical structures
between PW and EDW techniques using dosimetric parameters.
There was a significant difference between dose to 2% volume
of PTV for PW and EDW (P < 0.001). However, there was
no statistical difference in the PTV CI of plans calculated
using both wedges. Figure 1 shows the dose distribution of
a representative case (left breast) in transverse, sagittal, and
coronal slices using PW and EDW. From the figure, it can be
seen that the isodose distributions are almost similar for both
PW and EDW.

The dose to all the critical structures were less for plans
calculated with EDW when compared to PW (P <0.001). The
number of monitor units required to deliver dose with EDW is
less compared to PW due to the difference in the wedge factors.
This might be the reason for the reduced dose to the critical
structures outside the treatment field. The DVH for PTV and

Figure 1: Dose distribution of a planned case (left breast) in transverse, sagittal, and coronal slices using physical wedge and enhanced dynamic

wedge (Varian Eclipse treatment planning system V-13)

Journal of Medical Physics | Volume 43 | Issue 1 | January-March 2018 -




Gopalakrishnan, ef al.: Dosimetric comparison of treatment plans using PW and EDW

Table 1: Comparison of planning target volume and critical structures between physical wedge and enhanced dynamic

wedge techniques using dosimetric parameters

Variable Mean=SD (range) P
PW EDW
PTV (mean volume=1328 cc; median=1402 cc; range=417-2260 cc)
D, .. (cGy) 5591£143.3 (5305-5882) 5692+142.46 (5371-5945)  <0.001
D_. (cGy) 3914+485.08 (2434-4649.5)  3889.5+458.96 (2462-4714)  0.64
D, . (cGy) 5102.0+59.7 (4985-5236) 5138+69.3 (4999-5272) <0.001
D, (cGy) 5443+102.4 (5234-5585) 5508.0+108.5 (5298-5705)  <0.001
D,, (cGy) 4839.0+45.4 (4780-4958) 4848.5+53.2 (4760-4987) 0.146
TV, (cc) 1310.5+£397.94 (409.8-2225)  1304.2+395.55 (412-2186)  0.006
Monitor units 431.7+40.25 (337-496) 253.4+9.87 (237-275) <0.001
CI 1.06+0845 (1.00-1.29) 1.07+0.0813 (1.00-1.33) 0.347
Ipsilateral lung (mean volume=848 cc; median=860 cc; range=580-1103 cc)
D, ... (cGy) 986+324 (359-1631) 820.0+303 (227-1378) <0.001
D, (cGy) 5139.0+199 (4678-5511.3) 5131.0+193 (4690-5406) 0.5
V,, (%) 13.9+6.44 (3.53-25.2) 13.3+6.25 (2.55-24.5) <0.001
v, (%) 19.9+7.869 (7.2-29.9) 17.1+7.08 (4.35-26.2) <0.001
V, (%) 39.3+13.7 (12.7-70.2) 25.2448.32 (6.2-38.3) <0.001
Contralateral lung (mean volume=889 cc; median=859 cc; range=549-1131 cc)
D, .. (cGy) 418+179 (169.7-1136.7) 149.6+121 (63-319) <0.001
D, (cGy) 244+78 (165.78-426) 45+15 (26.8-73) <0.001
Heart-right lesion (mean volume=437.4 cc; median=450 cc; range=240-666 cc)
D, .. (cGy) 255451 (184.3-332) 79+13.9 (59-99) <0.001
D, .. (cGy) 996+545 (520-2389) 7424564 (303-2225) <0.001
D,, (cGy) 288+60.0 (217-359) 94+16.4 (71-111) <0.001
D, (cGy) 450486 (352-529) 217442 (171-284) <0.001
Heart-left lesion (mean volume=437.4 cc; median=450 cc; range=240-666 cc)
D,_.. (cGy) 667.116+267 (380-1155) 472.0+260 (188-1025) <0.001
D, (cGy) 5128.0+224 (4555-5475) 5134+245 (4367-5405) 0.71
D,, (cGy) 466.7+108 (315-677) 241.0+61 (180-350) <0.001
vV, % 6.74+5.29 (0.87-18.8) 6.41+5.2 (0.39-18.4) <0.001
vV, % 8.94+6.00 (2.3-21) 7.7+5.6 (0.89-20) <0.001
Esophagus (mean volume=21.8 cc; median=20cc; range=6-43 cc)
D, .. (cGy) 196.0+62 (115.3-347) 61.5+15 (45-102) <0.001
Spine (mean volume=40.92 cc; median=40 cc; range=24-58 cc)
D, (cGy) 177.0+55 (110-302) 64.2+16 (41-98) <0.001
Contralateral breast (mean volume=889.0 cc; median=869 cc; range=358-1629 cc)
D, .. (cGy) 734+430.2 (335-1762) 4634422 (112-1537) <0.001
D, (cGy) 352+101 (171-524) 78+26 (42-147) <0.001
V, (%) 1.71£3.36 (0-14.5) 0.004+0.018 (0-1.05) 0.01
Skin (mean volume=218 cc; median=218 cc; range=101-373 cc)
D, .. (cGy) 5454+147 (5224-5697) 5638.0+156 (5343-5878) <0.001
D, . (cGy) 34854192 (3237-3758) 3455.4+183 (3217-3727) 0.1118
NTID (Gy.Lt) 45.50+12.05 (26.07-71.25) 27.08+8.13 (14.59-45.29)  <0.001

CI: Conformity index, PTV: Planning target volume, PW: Physical wedge, EDW: Enhanced dynamic wedge, NTID: Normal tissue integral dose, TV: Target volume

critical structures using PW and EDW for a representative
patient is shown in Figure 2.

There was no correlation between the volume of contralateral
breast and the dose to contralateral breast for both wedges.
Similarly, there was no correlation between volume of PTV
breast and dose to heart. Volume alone may not be the deciding
factor as other parameters such as beam orientation, wedge
angles, beam weights, etc., may also influence the dose to the
nearby critical organs.

Discussion

The studies have shown that the scatter radiation to contralateral
breast may play a large part in the induction of secondary breast
cancer.[#192223] [n the studies by Warlick et al.”’! and Akram
et al.,”! a comparison of the dose to the contralateral breast
was made between EDW and the standard physical wedge
plans. The measurements revealed a significant reduction in
the contralateral breast dose (CBD) with EDW compared to
the standard physical wedges. The average dose with EDW
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Figure 2: Dose-volume histogram of planning target volume and critical structures for enhanced dynamic wedge and physical wedge for a representative

case (left breast) (Varian Eclipse treatment planning system V-13)

was 2.7%-2.8%, whereas with the standard wedge, it was
4.0%—4.7% in the study by Warlick ef al. Comparable results
are seen in the present study too where the average of dose to
5% volume of contralateral breast reduced from 7.0% in PW
plans to 1.5% in EDW plans. Akram et al. concluded that
EDW is a practical clinical advance which improves the dose
distribution in patients undergoing breast conservation while
minimizing dose to the contralateral breast, thereby reducing
the potential carcinogenic effects. The DVH analysis of the
present study also showed that the critical organ sparing is
better with EDW plan compared to that of the PW plan.

The dose to heart using PW and EDW for 12 right breast patients
and 18 left breast patients was compared. For the right breast
cases, the mean dose, the maximum dose, and D,  and D, values
of heart were significantly less for EDW plans (P <0.001). For
left breast plans, all the above parameters (D__ . D, , V., and
V,,) except the maximum dose to heart were significantly less
for the EDW plans than the PW plans (P < 0.001).

Wang Dan et al.' also recommended EDW compared to PW
due to the reduced dose to contralateral breast. They compared
the dose to the contralateral breast, ipsilateral lung, and the
whole lung in tangential field radiotherapy for primary breast
cancer using “dynamic wedge” which has limited wedge angles
compared to EDW and PW. The mean dose to contralateral
breast reduced for dynamic wedge when compared to PW. The
values of V, were equal. Their study verified that the dose
to normal structures was reduced using the dynamic wedge,
thereby reducing the normal tissue complication probability.
Similar results are seen in the present study also where all the
critical structures including ipsilateral lung, heart, esophagus,
and spine received less dose for EDW plans compared to
plans calculated with PW. Kelly et al. measured the CBD
by comparing four primary breast irradiation techniques and
recommends EDW compared to PW.[4

For skin, the mean dose calculated with both the wedges gave
comparable results. These results are similar to those reported
by Li and Klein.! They reported that dynamic wedge and upper
wedge systems deliver surface and peripheral doses similar to

those of open fields in addition to maintaining wedge-shaped
dose profiles that are independent of field size, in contrast to
PW. They concluded that complete knowledge of the dosimetric
characteristics, including the surface and peripheral doses, is
critical in proper choice of a particular wedge system in clinical
use. For the same prescribed dose, EDW plan required less
monitor units than that of PW plan due to difference in wedge
factor, which could probably reduce the scatter dose to structures
outside the treatment field. Manickam and Sathyan analyzed
treatment plans generated using PW and EDW for head and
neck patients.” Their results validated that the EDW plans are
comparable with that of the PW plan, and the DVH analysis
showed that the critical organ sparing is slightly better with EDW
plan compared to that of the PW plan. One of the disadvantages
of using EDW is its reduced conformity with MLC-shaped
fields due to a change in collimator rotation. This will increase
the volume of ipsilateral lung coming in the radiation fields in
the case of breast plans. But even then, the mean lung dose will
be less with EDW plans than PW plans due to reduced monitor
units. Furthermore, the normal tissue integral dose (NTID) (dose
to the structure body minus PTV) was much less for EDW
plans compared to PW plans. Hence, a proper choice of wedge
is definitely important while planning the treatment of breast to
reduce the dose to critical structures outside the treatment field,
thereby reducing the chances of a second breast malignancy.

The technologist needs to re-enter the treatment room during
treatment to manually place the PW in the proper orientation,
thereby delaying the total execution time. Thus, the EDW
technique offers reduction of time over PW by reducing the
total beam ON time and overall setup time. For EDW, dose
versus jaw position data are saved as dynalog files in the
machine for each treatment field as the beam is delivered.
Hence, a verification of dose delivery with EDW is also
possible as a part of quality assurance of EDW.

CoNncLusIoN

There is no significant difference in the CI of PTV for plans
calculated with PWs and EDW plans. No difference in the
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average of plan normalization values were seen when PWs
were replaced by EDW. Critical organ sparing is good with
plans using EDW. There is a significant reduction in the dose
to opposite breast, ipsilateral lung, and contralateral lung in
plans calculated with EDW. The risk of a second malignancy
can be reduced with EDW as it produces less scattered dose to
structures outside the treatment field. The number of monitor
units required to deliver the same dose is less with EDW plans,
thereby reducing the overall treatment time. Furthermore,
the treatment time could be reduced for EDW by more than
50% compared to PW as the technologist has to re-enter the
treatment room for the insertion of the PW into the gantry head.
This results in treating more number of patients in the machine.

Acknowledgment

The authors would like to thank Dr. Saju B, additional
professor, Mrs. Sarika V Menon, assistant professor, Radiation
Physics Division, Regional Cancer Centre, for their valuable
advice.

Financial support and sponsorship
Nil.

Conflicts of interest
There are no conflicts of interest.

REFERENCES

1. Veronesi U, Marubini E, Mariani L, Galimberti V, Luini A, Veronesi P,
et al. Radiotherapy after breast conserving surgery in breast cancer:
Long term result of randomized trial. Ann Oncol 2001;12:997-1003.

2. Blichert-Toft M, Nielsen M, Diiring M, Moller S, Rank F, Overgaard M,
et al. Long-term results of breast conserving surgery vs. mastectomy
for early stage invasive breast cancer: 20-year follow-up of the Danish
randomized DBCG-82TM protocol. Acta Oncol 2008;47:672-81.

3. Khan FM. The Physics of Radiation Therapy. 4" ed. Philadelphia:
Lippincott Williams & Wilkins; 2010.

4. Saminathan S, Manickam R, Supe SS. Comparison of dosimetric
characteristics of physical and enhanced dynamic wedges. Rep Pract
Oncol Radiother 2011;17:4-12.

5. LiZ, Klein EE. Surface and peripheral doses of dynamic wedges. Int J
Radiat Oncol Biol Phys 1997;37:921-5.

6. Stovall M, Smith SA, Langholz BM, Boice JD Jr., Shore RE,
Andersson M, et al. Dose to the contralateral breast from radiotherapy
and risk of second primary breast cancer in the WECARE study. Int J
Radiat Oncol Biol Phys 2008;72:1021-30.

7. Boice JD, Elizabeth B, Harvey EB, Blettner M, Stovall M, Flannery JT.
Cancer in the breast after radiotherapy for breast cancer. N Engl J Med
1992;326:781-5.

8. Heydari F, Sardari D. How Radiotherapy for Cancerous Breast may put
the Opposite non-Cancerous Breast at Risk? International Conference
on Earth, Environment and Life sciences (EELS-2014) December

20.

21.

22.

23.

24.

25.

. Available

23-24, 2014, Dubai (UAE); 2014.

Akram M. Optimum reckoning of contra lateral breast dose using
physical wedge and enhanced dynamic wedge in radiotherapy treatment
planning system. Int J Radiat Res 2014;12:295-302.

. Dan W. Comparison between dynamic wedge and physical wedge in the

influence of dose to the contralateral breast and lung in radiotherapy for
primary breast cancer. Chin J Radiat Oncol 2005;38:295-7.

. Feuvret L, No€l G, Mazeron JJ, Bey P. Conformity index: A review. Int

J Radiat Oncol Biol Phys 2006;64:333-42.

. ARandomized Phase III Study of Conventional Whole Breast Irradiation

(WBI) Versus Partial Breast Irradiation (PBI) for Women with Stage 0,
I, or II Breast Cancer NSABP PROTOCOL B-39/RTOG 0413: March
2011.

. Emami B, Lyman J, Brown A, Coia L, Goitein M, Munzenrider JE, ez al.

Tolerance of normal tissue to therapeutic irradiation. Int J Radiat Oncol
Biol Phys 1991;21:109-22.

from:  http://www.rtog.org/Clinical Trials/ProtocolTable.
aspx. [Last accessed on 2011 Nov 20].

. Bentzen SM, Constine LS, Deasy JO, Eisbruch A, Jackson A,

Marks LB, et al. Quantitative analyses of normal tissue effects in the
clinic (QUANTEC): An introduction to the scientific issues. Int J Radiat
Oncol Biol Phys 2010;76:S3-9.

. Demirci S, Ceylan N, Haydaroglu A. The organs at risk and radiation

tolerance doses. Principles and Practice of Modern Radiotherapy
Techniques in Breast Cancer. Ch. 12. New York: Springer
Science+Business Media; 2013.

. Demirci S, Nam J, Hubbs JL, Nguyen T, Marks LB. Radiation-induced

cardiac toxicity after therapy for breast cancer: Interaction between
treatment era and follow-up duration. Int J Radiat Oncol Biol Phys
2009;73:980-7.

. Gagliardi G, Constine LS, Moiseenko V, Correa C, Pierce LJ, Allen AM,

et al. Radiation dose-volume effects in the heart. Int J Radiat Oncol Biol
Phys 2010;76:S77-85.

. Qiu JJ, Chang Z, Horton JK, Wu QR, Yoo S, Yin FF, et al. Dosimetric

comparison of 3D conformal, IMRT, and V-MAT techniques for
accelerated partial-breast irradiation (APBI). Med Dosim 2014;39:152-8.
Halperin EC, Perez CA, Brady LW. Principles and Practice of Radiation
Oncology. 5" ed. Philadelphia: Lippincott Williams & Wilkins; 2008.
p. 321-50.

Saibishkumar EP, MacKenzie MA, Severin D, Mihai A, Hanson J,
Daly H, et al Skin-sparing radiation using intensity-modulated
radiotherapy after conservative surgery in early-stage breast cancer:
A planning study. Int J Radiat Oncol Biol Phys 2008;70:485-91.
McParland BJ. The effect of a dynamic wedge in the medial tangential
field upon the contralateral breast dose. Int J Radiat Oncol Biol Phys
1990;19:1515-20.

Warlick WB, O’Rear JH, Earley L, Moeller JH, Gaffney DK,
Leavitt DD, et al. Dose to the contralateral breast: A comparison of two
techniques using the enhanced dynamic wedge versus a standard wedge.
Med Dosim 1997;22:185-91.

Kelly C, Wang X, Chu J, Hartselle W. Dose to contralateral breast:
Comparison of four primary breast irradiation techniques. Int J Radiat
Oncol Biol Phys 1996;34:727-32.

Manickam R, Saminathan S. Evaluation of 3-D treatment plans
using physical and motorized enhanced dynamic wedges. Med Phys
2009;36:2672-3.

.Journal of Medical Physics | Volume 43 | Issue | | January-March 2018




Technical Note

Dosimetric Effect of Jaw Tracking in Volumetric-Modulated Arc
Therapy

Sangutid Thongsawad, Chirasak Khamfongkhruea, Chirapha Tannanonta
Department of Radiation Oncology, Chulabhorn Hospital, Bangkok, Thailand

The aim of this study was to investigate the potential of jaw tracking with the volumetric-modulated arc therapy (VMAT) to reduce the normal
tissue dose. Plans of nasopharynx, lung, and prostate cancers (10 plans for each) were used to perform VMAT with and without jaw tracking.
The dose reduction was evaluated in terms of organ doses and integral doses. Organ-dose reduction with jaw tracking was statistically significant
in the volume receiving a dose of 5 Gy (V) of bladder, rectum, and lung, the volume receiving a dose of 10 Gy (V) of bladder, rectum, and
lung, and the mean dose of lung (P < 0.05). Integral-dose reduction with jaw tracking was statistically significant in almost all the treatment
plans (P < 0.05). For organ-dose reduction, jaw tracking in VMAT plan was effective in reducing V, and V. For integral-dose reduction, jaw

tracking in VMAT plan is an efficient method for decreasing V..
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INTRODUCTION

The purpose of radiation therapy is to deliver a prescribed
dose to a tumor while minimizing doses to normal organs
and surrounding tissues. Advanced radiation delivery
techniques have been developed to optimize this purpose,
such as intensity-modulated radiation therapy (IMRT) and
volumetric-modulated arc therapy (VMAT).['> However, IMRT
and VMAT still deliver a low dose to normal organs because
of interleaf leakage of multileaf collimators (MLCs).[6-11]
Movement of collimator jaw in addition to MLCs during
treatment was developed to decrease interleaf leakage to the
patient.'” VMAT with jaw tracking was developed in a recent
model of linear accelerator (TrueBeam, Varian, Palo Alto, CA),
as well as its corresponding commercial treatment planning
system (TPS), Eclipse V.10.0, and newer versions. Collimator
scattering during jaw moving was taken into account in the
dose calculation algorithm at each control point for the Eclipse
TPS.3!

Many studies have shown the potential of jaw tracking in
reducing radiation doses to normal organs by using different
radiation delivery techniques. Joy et al.'* evaluated the
dosimetric effect of jaw tracking in step-and-shoot IMRT.

Access this article online
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Schmidhalter ez al.'> showed that dynamic IMRT with jaw
tracking can decrease the integral dose. Kim et al.[') evaluated
the potential of VMAT with jaw tracking for reducing the dose
to normal organs for nasopharynx plans. Snyder et al.'" studied
the advantage of jaw tracking in reducing doses to normal
organs in IMRT and VMAT for spine stereotactic radiosurgery.

The purpose of this study was to investigate the potential of
jaw tracking with the VMAT to reduce the normal tissue dose
in nasopharynx, prostate, and lung treatment plans. In addition,
this study provided a method for verifying an accuracy of
TPS calculation for VMAT with jaw tracking by contouring
a rectangular shape target volume to generate jaw tracking.

SusJects AND METHODS

The study was performed on a TrueBeam linear
accelerator (Varian Medical Systems, Palo Alto, CA) equipped
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with a millennium 120 MLC and was planned on Eclipse TPS
V.10.0 (Varian Medical Systems, Palo Alto, USA).

Dose verification for jaw tracking

The accuracy of dose calculation for jaw tracking in the TPS
was verified in terms of point dose and dose distribution
before using the TPS to determine the reduction of the
normal organ doses. Computed tomography (CT) images
of an IMRT phantom (IMRT phantom, IBA Dosimetry,
Germany) was acquired with a slice thickness of 3 mm,
and then, the dose distribution was calculated on the CT
images. For this purpose, we created rectangular shape
of target volume in the IMRT phantom with a size of
16 cm % 17 cm % 4 cm (width % length % depth), as shown in
Figure la. In the dose calculation, we used the rectangular
shape target volume to generate the maximum jaw-tracking
distance in the x-jaws and y-jaws of the collimator. The
investigation was performed by using 10 MV photon
with VMAT beam delivery with and without jaw-tracking
methods. RapidArc plans were optimized by using two full
arcs for each plan (Plan#1 and Plan#2) to verify the effect
of collimator scattering in different jaw positions (x-jaw
and y-jaw). A summary of the x-jaw and y-jaw moving
distances for each plan are listed in Table 1. Figure 1b shows
a collimator rotation to generate jaw tracking in x-jaw and
y-jaw directions. For x-jaw tracking (Plan#1), the collimator
was rotated to 30° and 330° for the first and second arc,
respectively. For y-jaw tracking (Plan#2), the collimator
was rotated to 70° and 300° for the first and second arc,
respectively.

=

A
- | - I

Figure 1: (a) The rectangular shape target volume for volumetric-modulated
arc therapy with jaw tracking to generate the x-jaw and y-jaw
traveling, (b) Collimator rotations of 30°/330° for x-jaw tracking and
70°/300°for y-jaw tracking

Point-dose measurement

A 0.6 cm? ionization chamber (PTW Freiburg GMBH, Germany)
was inserted in the IMRT phantom for the measurement of point
doses. The dose measurement was compared with the TPS
calculation to determine the difference.

Dose distribution measurement

The dose distribution verification was performed by using
portal dose image prediction (PDIP) (Varian Medical Systems,
Pala alto, USA). Dose agreement between the portal dosimetry
measurement and PDIP was analyzed by using gamma index®!
criteria of 2% and 2 mm. The portal dosimetry measurement was
calibrated for darkfield, flood field, and dose normalization prior
to use following manufacturer’s recommendations.!'”!

Determination of dose reduction from jaw tracking

Thirty plans were used for the organ-dose reduction evaluation:
10 nasopharyngeal cancers, 10 lung cancers, and 10 prostate
cancers; plan information is listed in Table 2. In this study, we
also evaluated the effect of tumor shape on dose reduction with
jaw tracking by observing the jaw-tracking distance. To control
the same parameters, VMAT planning was performed with and
without jaw tracking using the same constraints and priorities.
In addition, MU objective function was used to control the
similar MU during optimization with the strength parameter of
90 (maximum 100). The dose constraints used to evaluate normal
organs are listed in Table 3. The dose was normalized as 95%
isodose to cover the planning target volume (PTV) for all plans.

Dose reduction was evaluated in terms of organ and integral
doses. Organ-dose reduction was measured as the volume
receiving a dose of 5 Gy (V,), the volume receiving a dose
of 10 Gy (V ), the volume receiving a dose of 20 Gy (V,),
and mean dose. Organ-dose reduction was determined in the
parotids for nasopharyngeal treatment plans, normal lung for
lung treatment plans, and bladder and rectum for prostate
treatment plans. To determine the radiation-induced secondary
malignancies, the integral dose volume was calculated as the
body subtracted from the PTV for each plan.?” The integral-dose
reduction was measured in terms of V,, V|, and mean dose. The
data were presented as the averages of all patients followed by
the standard deviation . According to the normal distribution
of data, the paired #-test was used in this study to determine
statistically dose reduction of jaw tracking compared with no
jaw tracking. P<0.05 is considered to be statistically significant.

ResuLts

Dose verification for jaw tracking

Point-dose measurement

The percent difference between the point-dose measurement
and TPS calculation was <0.5% for x-jaw and y-jaw tracking.

Dose distribution measurement

Dose agreement between the portal dosimetry measurement
and PDIP was more than 96% gamma index passing rates
with gamma index criteria of 2% and 2 mm for x-jaw and
y-jaw tracking.
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Table 1: Summary of x-jaw and y-jaw moving distance of
jaw tracking plans for dose verification

Collimator rotation (°)

Jaw moving distance (cm)

X-jaw y-jaw
Plan #1
30 10.0 0.4
330 9.8 0.4
Plan #2
70 5.0 9.6
300 32 11.3

Table 2: Summary of plan information for 30 patients in
nasopharynx, lung, and prostate cancers

Plans Energy Jaw moving distance in cm,
(MV) range (average)
X-jaw y-jaw
Nasopharynx 6 0-8.5(2.73) 0-6.3 (2.26)
Prostate 10 0.7-4.8 (2.23) 0-3.6 (1.11)
Lung 6 (5 plans) 0-5.7 (2.04) 0-4.1 (1.22)
10 (5 plans)

Table 3: Dose constraints for plan evaluation

Organ Dose constraint

Parotids D, ..<26 Gy

D,,, <30 Gy

D,,, <50 Gy

D,,, <60 Gy

D,, <65 Gy

D,,, <70 Gy

D, <75 Gy

Dsn% <65 Gy

D, <70 Gy

D,,, <75 Gy

DIS% <80 Gy

Lung D, ..<20 Gy
V,<65%
D,,,, <20 Gy (for radiation + chemo)
D,,, <20 Gy (for radiation alone)
D,,, <20 Gy

V.: Volume receiving a dose of 5 Gy

Rectum

Bladder

Determination of dose reduction from jaw tracking
Figure 2 shows organ-dose reduction by using jaw tracking in
various normal organs.

The most prominent reduction was found in V of bladder
with —1.52% of the volume. For both parotids, V, had similar
values between jaw tracking and no jaw tracking with 100%
volume receiving a dose of 5 Gy. Normal lung was the only
organ that had reduction for all the categories with —0.85% for
V,, —0.82% for V, , —0.59% for V,;, and —0.23 Gy for mean
dose. Table 4 shows the P value of organ-dose reduction by
using jaw tracking in various normal organs. Dose reduction

with jaw tracking was statistically significant in V. of the
bladder, rectum, and lung, V  of the bladder, rectum, and lung,
and mean dose of lung (P < 0.05). For right and left parotid,
there was no significant difference in V,, V,, V, , and mean
dose (P > 0.05).

Figure 3 shows the integral-dose reduction by using jaw
tracking in nasopharynx, prostate, and lung cancer plans. The
most distinct reduction was found in the V, of nasopharynx
cancer with —1.13% of the volume, while the smallest
reduction was found in the mean dose of prostate cancer plans
with —0.09% of the volume. Table 5 shows the P value of
integral-dose reduction by using jaw tracking in nasopharynx,
prostate, and lung cancer plans. Integral-dose reduction with
jaw tracking was statistically significant in almost all the
treatment plans (P <0.05); only the V,  of prostate plan showed
no significant difference (P > 0.05).

In addition, the advantage of jaw tracking over no jaw tracking
in y-jaw collimator was also observed. The result was found
that the jaw tracking could reduce low doses at the upper and
lower regions of the PTV, as shown in Figure 4.

Discussion

For verification of the TPS calculation, a 10 MV photon was
used to determine the accuracy of the dose calculation because
higher energy has a greater effect on the scattered-dose
calculation.”! In this study, the method to generate the
maximum jaw-tracking distance was developed by using
the rectangular shape target volume which can generate jaw
moving by 10 cm and 11.3 cm for x-jaw and y-jaw tracking,
respectively. Jaw-tracking distances were generated in TPS
verification to be as large as possible to verify the accuracy of
jaw-tracking calculation in the worst scenario. The accuracy
of the dose calculation for RapidArc with jaw tracking in
Eclipse TPS was sufficient for our study, with a point-dose
difference of <0.5% and dose-distribution agreement of more
than 96% gamma index passing rates (2%/2 mm gamma
index criteria).

Schmidhalter et al.l"! suggested that the backscattered
radiation of the y-jaw would increase because the y-jaws
are closer to the monitor chamber than the x-jaws. Our
study showed that no significant differences were observed
between x-jaw travelling and y-jaw travelling with gamma
passing rates of 99.6% and 99.9% for x-jaw and y-jaw
tracking, respectively. This result indicated that the collimator
backscatter changes during jaw tracking were taken into
account in the dose calculation.

For sensitive organs, such as lung, rectum, and bladder, a
large reduction of organ dose was found in the V_ and V ;
this may decrease the chance of radiation-induced secondary
malignancies. For integral-dose reduction, a large reduction
was found in the low-dose regions (V) because jaw tracking
can reduce the effects of leaf transmission. The maximum
jaw moving had an average distance of 2.73 cm and range
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Dose reduction
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Figure 2: Organ-dose reduction for both sides of the parotid, rectum, bladder, and normal lung

Table 4: Comparison of organ dose between volumetric-modulated arc therapy with jaw tracking and
volumetric-modulated arc therapy without jaw tracking

Plans Organ x+8D Difference P
JT No JT
Nasopharynx Right parotid
V, (%) 100+0 100+0 0 0.5
V,, (%) 97.93+3.28 99.43+0.80 —1.49 0.06
V,, (%) 68.94+15.17 69.95+14.77 -1.01 0.21
Mean dose (Gy) 37.93+8.54 38.20+8.26 —0.26 0.11
Left parotid
V. (%) 100+0 100+0 0 0.5
V., (%) 97.224+5.77 97.43+5.23 -0.21 0.16
V,, (%) 74.67+12.57 75.21+13.30 —0.54 0.35
Mean dose (Gy) 40.40+9.54 40.314£9.30 0.09 0.34
Prostate Rectum
V(%) 87.38+18.39 88.28+18.65 —0.91 <0.05
V., (%) 78.42+17.73 78.77+17.82 —0.35 <0.05
V., (%) 59.49+21.64 59.18422.55 0.31 0.34
Mean dose (Gy) 31.42+8.0 31.18+8.11 0.23 0.20
Bladder
V. (%) 82.42421.76 83.95+21.69 -1.52 <0.05
V., (%) 75.41+24.46 76.28+24.55 —0.87 <0.05
V,, (%) 60.62+22.55 60.63+23.67 —0.01 0.50
Mean dose (Gy) 29.61+9.58 29.61+9.69 0.01 0.49
Lung Normal lung
V, (%) 55.07+24.05 55.924+23.93 —-0.85 <0.05
V., (%) 45.48+24.72 46.30+25.51 —0.82 <0.05
V,, (%) 27.05+18.29 27.64+19.03 -0.59 0.053
Mean dose (Gy) 13.72+7.97 13.95+8.17 —-0.23 <0.05

V,: Volume receiving a dose of 5 Gy, V| : Volume receiving a dose of 10 Gy, V,: Volume receiving a dose of 20 Gy, SD: Standard deviation, JT: Jaw tracking

from O to 8.5 cm [Table 2]. This was found in nasopharynx
treatment plans which could reduce the maximum integral
dose reduction in the V, by 1.13% of the volume. This
indicated that integral-dose reduction depends on the tumor
shape; for example, a large size difference between the anterior
and lateral views in the nasopharynx tumor can create larger
jaw moving.

Our study found that jaw tracking can reduce organ dose
and integral dose as shown in Figures 2 and 3, which were
comparable with the other study. Joy et al." found that V.,
V,,» and V, of normal organs can be reduced by 2% by using
jaw tracking, and a large dose decrease was found in V..
Schmidhalter et al.l"! found that dynamic IMRT with jaw
tracking can decrease the integral dose by 1.5% and 1.8%
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Table 5: Comparison of integral dose between volumetric-modulated arc therapy with jaw tracking and volumetric

modulated arc therapy without jaw tracking

Plans Integral dose x=SD Difference P
JT No JT

Nasopharynx V. (%) 47.24+6.78 48.37+6.91 -1.13 <0.05
V,, (%) 37.51+4.85 38.19+5.08 -0.69 <0.05
Mean dose (Gy) 13.34+1.41 13.47+1.44 -0.13 <0.05

Prostate V., (%) 22.39+6.20 22.76+6.29 -0.38 <0.05
V,, (%) 16.55+5.09 17+5.06 —0.45 0.07
Mean dose (Gy) 4.31+1.33 4.41+£1.35 —-0.09 <0.05

Lung V, (%) 24.48+12.89 24.99+13.11 -0.51 <0.05
V,, (%) 15.9449.0 16.18+10.11 -0.24 <0.05
Mean dose (Gy) 4.81+2.83 4.90+2.88 -0.09 <0.05

V.: Volume receiving a dose of 5 Gy, V| : Volume receiving a dose of 10 Gy, SD: Standard deviation, JT: Jaw tracking

Nasopharynx Prostate Lung
0.5
5
Q o - .
g EN =
° 05 -0.13£0.10 -0.09£0.12 -0.090.09
=
2 1 4 -0.38£0.33 -0.24+0.33
Do -0.51+0.34

-0.69£0.40
-0.45:0.89
| -113t0.51

mv5(%) mv10(%) ®Meandose (Gy)

Figure 3: Integral-dose reduction in Nasopharynx, prostate, and lung plans

in nasopharynx and prostate treatment plans, respectively.
They also evaluated a decrease in leaf transmission with jaw
tracking in academic cases (sliding gap and chair pattern) and
found decreases of 9% and 4% for the sliding gap and chair
pattern, respectively. Kim et al.'® showed that VMAT with
jaw tracking decreased the dose to normal organs ranging
from 3.7% to 8.1% for prostate plans and 4.3% to 11.9%
for the nasopharynx plans. The dose reduction was more
pronounced in the dose received by 80% of volume (D,,,),
the dose received by 90% of volume (D,,,) the dose received
by 95% of volume (D, ) than in the dose received by 5% of
volume (D, ), the dose received by 10% of volume (D ),
and the dose received by 20% of volume (D, ) for all
patients. Snyder et al.'” found jaw tracking can reduce doses
to normal organs in IMRT and VMAT for spine stereotactic
radiosurgery. They suggested that jaw tracking can be used
for decreasing the dose to the spinal cord in both IMRT and
VMAT.

CONCLUSIONS

For organ-dose reduction, jaw tracking in VMAT plan
was superior to no jaw tracking in reducing of low-dose
regions (V,and V| ) for radiosensitive organs such as bladder,
rectum, and normal lung. For integral-dose reduction, jaw
tracking in VMAT plan is an efficient method for decreasing
low-dose regions (V).

Jaw tracking No jaw tracking

LIV HNTK = Unappioved = Transvesal - HNZ28pi3 VM HNNOITK - Unspproved Trnsvesal - HN 20p13

Figure 4: Comparison of low-dose distribution at upper and lower regions
of planning target volume between jaw tracking and no jaw tracking in
nasopharynx, prostate, and lung plans. Blue line = 8% of doses, cyan
line = 10% of doses, yellow line = 12% of doses, and green line = 15%
of doses
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Technical Note

Brachytherapy Localization Radiographs with Conventional
Diagnostic X-Ray Machine
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With conventional diagnostic X-ray machines with over couch X-ray tubes, it is not possible to obtain anteroposterior (AP) and lateral (Lat)
radiographs without changing the posture of the patients. In an old 300 mA X-ray machine with a fluoroscopy screen (12.4 kg) (1995 model),
by substituting the screen with suitable counterweight and making provision to take the hoist pillar up to the edge of the wall, we could get
isocentric setup for a hospital stretcher kept near the chest stand. This setup provided acceptable AP—Lat radiographs for brachytherapy
localization using “Perspex jig” (Nucletron, Netherlands) and field check radiographs in head and neck, esophagus patients for treatment planning.
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INTRODUCTION

Brachytherapy treatments using remote-controlled
high-dose rate (HDR) machines are offered only in major centers.
In recent days, conventional radiotherapy simulators (Sim) are
being replaced by computed tomography Sims (CT Sim). HDR
brachytherapy is carried out with multiple fractionations, and
taking X-ray CT scans on all days becomes difficult. This will
also impart additional radiation dose to patients by repeat scans.
Two-dimensional (2D) localization methods achievable in
low-dose orthogonal and nonorthogonal methods (using special
Perspex jigl'?) give equivalent accuracy. Mobile X-ray machines
provide unsatisfactory radiographs preventing their usage after
brachy applications in theater. An earlier study™ has highlighted
a possibility to provide satisfactory orthogonal radiographs
with a hospital stretcher using a 500 mA diagnostic machine,
but this technique was not standardized then.”! In the absence
of dedicated radiotherapy simulator for HDR brachytherapy
treatment planning, and to conserve resources of a CT Sim, our
attempt to obtain solution with an old radiography/fluoroscopy
300 mA diagnostic X-ray machine is illustrated.

MareriaLs AND METHODS

In our cancer hospital, about 3000 new patients are seen per year
and about 400 of them receive radiotherapy with a Theratron
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DOI:
10.4103/jmp.JMP_97 17

780E (M/s Theratronix) cobalt machine™ and microSelectron
HDR (M/s Elekta). The hospital faces many resource
constraints since it is non-governmental voluntary organization.
A diagnostic X-ray machine (PleophosD, Siemens, 120 KV,
300 mA) installed in 1995 available in this hospital is modified
for our work. This X-ray machine had a “direct fluoroscopy
image receptor” (2.5 mm lead equivalent screen), weighing
12 kg mounted as a counterweight to X-ray tube arm [Figure 1].
To substitute this counterweight, the “L-arm” carrying the X-ray
tube is mounted with suitable weight [Figure 2]. With X-ray
tube, assembly having one-head swivel movement and “L-arm”
rotation movements can bring exposure positions for vertical
and lateral (Lat) projections [Figures 3 and 4]. It could be seen
that for brachytherapy applicator localizations, the patient is
positioned in the gap area between the X-ray tube and chest stand
wall for obtaining this anteroposterior (AP) and Lat radiography.

ResuLts

The modification of the diagnostic X-Ray machine
facilitated the possibility to use the Nucletron jig and to
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Figure 3: X-ray tube for anteroposterior film

take AP and Lat projected radiographs without disturbing
the patient’s geometry [Figure 3]. The Lat projection is
possible, by bringing the X-ray tube to the orientation
shown in Figure 4. Furthermore, it is now feasible to obtain
Lat radiographs to check field margins and matching of
centers of the fields for head and neck radiotherapy portals.
Figures 5 and 6 show the localization radiographs obtained
for an intrauterine/intravaginal microSelectron application.
The radiographs to localize a breast interstitial implant
for an HDR treatment, with custom-made copper wire
markers inserted into plastic catheter tubes, are shown in
Figures 7 and 8.

Discussion

We have highlighted a method to use existing diagnostic X-ray
machine for obtaining brachytherapy localization radiographs.
This also enables us to obtain verification radiographs for
radiotherapy portals planned for the patient, before they are
taken up for treatment. This work appears to be important
especially in places where there are no dedicated therapy

Figure 2: L Arm with new counterweight

Figure 4: X-ray tube for lateral film

simulators and no CT simulator available for brachytherapy
localization or when an alternative method is required in exigent
situations. In olden days, the X-Ray machines were designed
for conventional radiography as well as for direct fluoroscopy
for barium meal or barium enema with multiformat films. Such
X-ray machines have problems because this arrangement was
designed to act as counterweight on the L-Arm. The presence of
counterweight could not allow the vertical stand to travel near
the edge of the wall and also to obtain the desired focus film
distance, which were overcome by the present modification.
With adaptation of this properly designed counterweight,
the usage efficiency of our x-ray machine is now increased.
This method makes it feasible to diagnostic X-ray machine.
There may be an apprehension, why there is a need of old
2D localization method, in the era of 3D planning introduced
as standard protocol for HDR brachytherapy. An earlier
report® compared that jig radiography method gave equal
localization results. Standardization of this technique will
provide a dependable alternative to quality dose delivery even
in paucity of facilities. The jig [Figure 3] has embedded cross
wire marks both in the entry portals of X-ray beam along with
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Figure 5: Radiograph anteroposterior view

Figure 7: Breast implant (anteroposterior view)

lead shots to correct for slight differences in orthogonality
as a quality assurance measure. If focus-to-axis distance of
100 cm or 80 cm is obtained, this X-ray machine could serve
as a simulator in principle. The jig also has “insert slots” for
the “film cassette” or “computed radiography (CR) phosphor
cassette” in perpendicular to the X-ray beam. In this hospital,
lateral radiographs are not in the radiotherapy process, because
of the use of CT Sim, but for the work of head and neck
radiotherapy for large number of patients, which could be
found in a report,™ there is a need for standardized radiography
protocol, and this method therefore has applications. We are
in the process of 2D dose planning method in our Oncentra
treatment planning system for our brachy plans in intracavitary,
interstitial, and intraluminal treatments.
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Figure 8: Breast implant (lateral view)
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Technical Note

Bismuth-Silicon and Bismuth-Polyurethane Composite
Shields for Breast Protection in Chest Computed Tomography
Examinations
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The article aims at constructing protective composite shields for breasts in chest computed tomography and investigating the effects of applying
these new bismuth composites on dose and image quality. Polyurethane and silicon with 5% of bismuth were fabricated as a protective shield.
At first, their efficiency in attenuating the X-ray beam was investigated by calculating the total attenuation coefficients at diagnostic energy
range. Then, a physical chest phantom was scanned without and with these shields at tube voltage of 120 kVp, and image parameters together
with dose values were studied. The results showed that these two shields have great effects on attenuating the X-ray beam, especially for
lower energies (<40 kV), and in average, the attenuation coefficients of bismuth-polyurethane composite are higher in this energy range. The
maximum relative differences between the average Hounsfield units (HUs) and noises of images without and with shield for both composites
in 13 regions of interest were 4.5% and 15.7%, respectively. Moreover, primary investigation confirmed the ability of both shields (especially
polyurethane-bismuth composite) in dose reduction. Comparing these two composites regarding the amount of dose reduction, the changes in
HU and noise, and attenuation coefficients in diagnostic energy range, it seems that polyurethane composite is more useful for dose reduction,
especially for higher tube voltages.

Keywords: Bismuth composites, breast shielding, computed tomography, dose reduction, Hounsfield unit, noise
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shielding materials such as lead and bismuth to attenuate
X-rays and y-rays.[>¢!

INTRODUCTION

Chest computed tomography (CT) scan is used as a valuable

and precise diagnostic imaging tool for the noninvasive  Despite the advantages of using protective shields in decreasing

assessment of lungs, heart, and mediastinum diseases. The
major disadvantage of this imaging is the radiation exposure
to superficial organs (i.e., breasts in chest scan), which are not
usually the target of examinations. The risk of cancer increases
linearly with increasing dose, with higher risks for females, !
and exposures to young girls around the age of menarche and
breast bud carry a high risk.

A common method for dose reduction during CT examinations
is the use of shielding to protect superficial organs.3! Shields
could remove the lower energies in the X-ray spectrum, and
materials with higher attenuation coefficients in diagnostic
energy range eliminate the lower energies with smaller required
thickness and therefore reduce the image artifacts.* Numerous
investigations have reported the use of high atomic number (Z)
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the dose values, concerns are being raised regarding their
impacts on image quality.l”? Some statements are discouraging
about applying shields,® while in some reports, it was stated
that using this technique reduces the surface dose to patients
with no appreciable loss in diagnostic quality.*!%

As reported in the literature, bismuth is an appropriate in-plane
shield for protecting superficial organs. The study of Kim
et al.™ on the amount of breast dose reduction using bismuth
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shielding indicated that shield enabled a 16%-37.5% dose
reduction in the breast, while it increased CT images’ noise
up to 40%. Tappouni and Mathers!'? assessed the effects of
bismuth breast shield on dose and image quality. They showed
that breast shield decreased dose to the anterior chest by 38%
and caused a reduction in noise by a factor of 1.86 in the
anterior compared to posterior regions.

It should be mentioned that besides the effectiveness of a
protective shield on dose reduction and not degrading the
image quality, additional factors such as conformability,
cost-effectiveness, weight factor, toxicity, and durability are
important in selecting shields. In the past decades, several
investigations have reported application of nano- and
micro-polymer composite materials to attenuate high energy
radiation. Because of their favorable properties, these materials
have great potential to be used as radiation protective shields.["*!

Based on the mentioned points, for the first time, two different
homemade composites of polyurethane and silicon with 5%
of bismuth were constructed and their impacts on image
quality and dose were investigated. To verify their effects
on dose reduction due to the presence of bismuth composite
shields, thermoluminescence dosimeters (TLDs) were inserted
in breasts and dose values were measured without and with
both shields.

MareriaLs AND METHODS
Appropriate shield

In this study, to construct bismuth composites, silicon and
polyurethane were used as matrices for bismuth particles.
Bismuth powder (metal beads with maximum sizes of 150 um
provided from Merck Group) was poured gently by a pipette on
asilicon or polyurethane flat surface with a thickness of 1.1 mm
and an area of 30 cm x 40 cm. These shields were left in the
oven at 60°C and humidity of 90% for 10—15 days. This method
gently and continuously dries the composite mixtures with no
air bubbles. On exiting the oven, they were left for 1 day at
room temperature (25°C) to adapt with the normal situations,
and then, they were used for the experiments. To compare
the shields, attenuation coefficient of each element of both
bismuth composites was obtained from XCOM program,!'*!
and then, total mass attenuation coefficients of composites in
CT energy range (<120 kVp) were calculated by compiling a
FORTRAN program.

Chest physical phantom

A physical chest phantom of a female was designed and built
based on the recommendation of ICRP publication 23,'S ICRU
report 48, and also the available anatomical data of lung and
breasts in Tabriz University of Medical Sciences. The initial
plan of the chest phantom was drawn using AutoCAD 2012.
Based on the plan and by a waterjet cutter, phantom was cut
into slices with thickness of 1 cm. Breasts and chest were made
of polyethylene, and the lung was fabricated by cork. Two
different breasts sizes were considered for female phantom
to mimic different women physically and radiographically.®

Figure 1 displays the designed physical female chest phantom
with two different breasts sizes.

Computed tomography examinations

The female phantom was placed in a supine posture at the
isocenter of a Siemens Somatom Sensation 16 scanner. The
conventional chest scanning parameters for adults considered
by the machine automatically (tube voltage of 120 kVp, tube
current of 80 mA, slice thickness of 10 mm, pitch of 1.3, and
pixel size of 2 mm x 2 mm) were used for phantom imaging.
The shields were placed on foam with thickness of 1 cm,
and then, they were made to cover the anterior surface of the
breasts. To avoid increasing the scan parameters after placing
shields were placed after acquiring the CT topogram.

Image-quality analysis

To investigate the effects of shield on image quality, CT scans were
performed without and with shields and the image quality was
evaluated. Bismuth-silicon and bismuth-polyurethane composites
were placed on small breast and big breast, respectively. The
quantitative assessments of image quality include determining
the differences between HU and noise of shielded and unshielded
images. For this purpose, five circular regions of interest (ROIs)
in the trunk and four ROIs in each breast, with area of 1.9 cm?,
were selected to measure both the average HU and the standard
deviation (SD) in each region. The measures of SD can be used
as a quantitative assess of noise within CT images, and collecting
the average HU will check for variations caused by the presence
of shields.'” ROIs were selected in the trunk and breast of
phantom (in anterior, in lateral, in middle, and in posterior) on
consecutive slices. Moreover, statistical analysis was performed
using Statistical Package for the Social Sciences (SPSS) software
developed by IBM Corporation and P < 0.05 was considered as
the significance of the results.

Dosimetric evaluation

An initial assessment for the effects of these two composites on
dose reduction was done using calibrated, energy-specific LiF:
Mg, Cu, P (GR-200) TLDs (Hangzhou Freqcontrol Electronic
Technology Ltd., China). They were placed inside the breasts

Figure 1: Physical female phantom
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of the phantom for irradiation without and with the presence
of shield. Readout of the TLDs was done in a 7103 model
Raman Security Development Co. TLD reader!'® during the
temperature of 240°C for 10-20 s.

ResuLts

In Figure 2, the radiographic images of bismuth-silicon and
bismuth-polyurethane composites at tube voltage of 40 kV
are represented. The bismuth beads are noticed on the surface
of composites. For these two composites, Figure 3 displays
the total attenuation coefficients in cm™'.['" From figure,
although two composites are similar in low energies , the
attenuating property of polyurethane is more than silicon in
higher energies. Considering the figure, for scans performed
at lower tube voltages (i.e., 80 or 100 kVp instead of 120
kVp), these shields have more effects on beam attenuation
and consequently their dose reduction rate might increase.

Figure 4 displays the ROIs selected in all five slices of CT
images. Each ROI identifies with a number. For the ROI
located in the middle of chest, the circular area, mean HU, and
standard deviation were measured. For these selected ROIs, the
average value of HU, and noise without and with the presence
of bismuth composite shields on the surface of phantom are
tabulated in Table 1. From Table 1, the HU values increased
up to 4.5% and 1.8% for images shielded by polyurethane and
silicon composites, respectively, while the increase in noises
were 15.7% and 15.02%, respectively. The P values of the
differences between HUs without and with shields were not
statistically significant (P > 0.05).

The outcomes of dosimetric measurements with TLDs using
two shields showed 9.57% and 37.6%, dose reduction by

Figure 2: The radiographic images of (a) bismuth-silicon composite
and (b) bismuth-polyurethane composite at tube voltage of 40 kV and
tube loading of 1.6 mAs. The bismuth beads are observed as bright spots

bismuth-silicon and bismuth-polyurethane composites,
respectively.

Discussion

Despite the advantages of CT scan in diagnostic procedures, its
increasing and frequent use raises concern about the radiation
dose. It was reported that the value of effective dose, as a
protection quantity, in chest CT scan (5.4 mSv) is almost 54
and 68 times more than that in mammography (0.1 mSv) and
chest radiography (0.08 mSv), respectively.l'” Therefore, it
seems that reducing radiation dose, especially for superficial
radiosensitive organs, which are not usually the target of
imaging, is important.l'” Hitherto, the effects of shielding
superficial organs by high-attenuating materials (e.g., bismuth)
on radiation dose reduction are reported frequently by various
investigators.['1820-24 Geleijns et al. were concerned about
the inclusion of breast shields in CT scan range, which may
cause streak artifacts and diminish image quality,” and also
the amount of unavoidable internally scattered radiation.*!
Some investigators believed that optimizing scan protocol
may have a greater effect on patient radiation dose than the
use of patient shields.*2¢]

In addition, it was reported that polymer-based shielding
materials are lightweight and conformable, and they can
be designed to include nontoxic, high Z materials that
provide effective X-ray protection.!'3] In Table 2, some of
the investigations used conventional breast shields were
tabulated.
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Figure 3: Total attenuation coefficients of two bismuth composites in
diagnostic energy range

Table 1: Average Hounsfield unit and noise in the computed tomography images without and with shields of

bismuth-polyurethane and bismuth-silicon composites

Location Without shield

Bismuth-silicon composite

Without shield Bismuth-polyurethane composite

9 10 11 12 9 10 11

5 6 7 8 5 6 17 8

Average HU —62.33 —64.00 —65.00 —67.00 —61.91 —62.86 —64.16 —66.5 —61.75 —64.86 —64.00 —67.13 —59.75 —62.57 —61.13

Noise 233 512 450 812 268 548 498

—64.56
2.10  3.13  3.61 5.59 243 3.55 4.00 6.31

HU: Hounsfield unit
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Table 2: Some studies conducted on the effects of shielding breast by bismuth layer on image quality in chest computed
tomography scans

Authors Method Shield Results
Geleijns A RANDO phantom was scanned by a MDCT Bismuth shield (F and L Medical Image noise was increased by 5.5% in
et al” scanner at tube voltage of 120 kVp and tube Products Co., USA) chest scan

loading of 100 mAs
Coursey Atom pediatric 5-year-old phantom (model Bismuth shield (F and L Medical Mean noise was not significantly different
et al.?" 705-D, CIRS) was scanned by a MDCT scanner Products Co., USA) with the addition of the breast shield
Kalra An anthropomorphic chest phantom (GmBH, Bismuth shield (F and L Medical Increase in HU and noise (53.5%) was
et al?? Germany) was scanned by a MDCT scanner Products Co., USA) noted directly below the shield
Catuzzo RANDO phantom was scanned by two different 4 layers of 0.0085 g/cm? bismuth latex There was no significant difference in
et al. ! MDCT scanners noise
Wang An anthropomorphic chest phantom (GmBH, A breast shield made of Shielding led to a substantial increase in
et al.P¥ Germany) was scanned by a MDCT scanner bismuth-impregnated latex HU by 10-20 HU
Einstein Atom phantom (model 701; CIRS) was scanned Bismuth shield (F and L Medical HU was decreased by 14.6 HU
et al " by a MDCT scanner Products Co., USA)
Servaes Atom pediatric 5-year-old phantom (model Bismuth shield (F and L Medical Noise level increased by 4-6 HU
and Zhut** 705-D, CIRS) was scanned by a MDCT scanner Products Co., USA)
Alonso A RANDO female phantom was scanned at tube 1 mm thick Bismuth breast shield Image noise increased (there was no
et al voltage of 120 kVp and tube current of 150 mA quantitative assessment)

by a MDCT scanner

MDCT: Multiple detector computed tomography, HU: Hounsfield unit, CIRS: Computerized imaging reference systems

Figure 4: Thirteen regions of interest selected for image analysis.
Bismuth-silicon and bismuth-polyurethane composites were placed on
small breast and big breast, respectively. The average Hounsfield unit value
and noise were determined for the marked places with an area of 1.9 cm?

According to the outcomes, the relative differences between the
average HUs of images without and with shield in 13 different
ROIs were <4.5% for both shields. In addition, the maximum
increase in noise was observed directly below the shields, which
was 15.7% for polyurethane composite shield and 15.02% for
silicon composite [Table 1]. Given Table 2, most of the studies
reported an increase in HU and noise. The results of this study
confirm this as expected. It could be said that applying shields
affects the values of HU because the effective energy of X-ray is
changed and HU is directly dependent on energy. In addition, the
increase in image noise is likely related to the beam hardening
and scattering associated with the presence of shield.[*?

Considering the assessments of image quality, it seems
that these two bismuth composites have no significant

impact on HU and noise in the inner body and the
maximum changes in these values relate to the breast,
which locates directly below the shield. As long as the
breast is not the target of imaging, these shields help
reducing the high level of breast dose absorbed as the
byproduct of its location. Comparing these two composites,
the changes in HU and noise in bismuth-polyurethane
composite are more than bismuth-silicon composite, but the
differences are not statistically significant (P > 0.05). On
the other hand, considering the amount of dose reduction,
bismuth-polyurethane composite is more useful in dose
reduction for diagnostic procedures, especially for higher
tube voltages, which is expected from its attenuation property.

CoNCLUSIONS

Given the advantages of polymer composite over
conventional materials for protective shields, two different
bismuth composites were designed and fabricated.
Polyurethane and silicon with 5% of bismuth were
constructed as breast protective shield, and their effects on
image quality and dose reduction in chest CT scan were
investigated. According to the results, both composite
shields reduce dose values and increase noises, which are
most evident directly below the shield, but they do not cause
distractions. However, breasts are not usually the target of
CT imaging, so shields cannot interfere with diagnostic
procedures.
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National Association for Applications of Radioisotopes and
Radiation in Industry (NAARRI) has published a thematic book
entitled, “Safety, Security and Regulations in Handling Radiation
Sources.” Thirty-two articles have been contributed by different
authors. The book starts with “Forewords” by Dr. Sekhar Basu,
Chairman, Atomic Energy Commission and Secretary, Department
of Atomic Energy, Government of India and Shri S. A. Bhardwaj,
Chairman, Atomic Energy Regulatory Board (AERB), India. It is
commented that the book will be useful for the understanding of
various aspects for radiation source handling and will be an asset
for the readers in terms of providing information on the safety
and security aspects of radiation sources being used in various
applications. Preface, by the President, NAARRI, ends with a
note that this thematic book can be widely acclaimed as one of the
best reference materials by the scientific community in the field.
The articles in the book deal mostly with experiences in safety,
security and regulatory aspects in handling radiation sources in
different radiation practices in India.

First article gives an overview of safety, security and regulatory
aspects of radiation sources in India, while discussing medical,
industrial, and research applications of ionizing radiations.
The legal, administrative and regulatory framework in India
has the necessary provisions such that the safety and security
of radioactive sources receive required supervision and
regulatory coverage and ensure control over the radioactive
sources throughout their life cycle. Total safety is achieved by
built-in safety combined with operational safety. To meet the
challenge of the steady growth in the applications of ionizing
radiation technology, AERB implemented a state-of-the-art
e-governance system, electronic licensing of radiation
applications (e-LORA), through automation of regulatory
processes associated with the use of ionizing radiation in India.

Second article deals with biological effects of radiation and their
implications in radiation protection and medical management.
Health effects of radiation exposure may be grouped in two
general categories: (i) Deterministic effects and (ii) Stochastic
effects. It is stated that deterministic effects do not occur at
low doses or following chronic exposures as encountered by
occupational workers who are exposed within prescribed dose
limits. The article describes how radiation induces damage in
human cells and how the irradiated cells undergoing division
result in alterations in the structure of chromosomes, namely,

chromosome aberrations. Increase in the frequency of dicentric
chromosomes in human lymphocytes (white blood cell) is used as
abiological dosimeter. A table depicting “significance of different
levels of radiation exposures” is given at the end of the article.

Third article specifies necessity for safety standards for working
with radiation. The international safety standards (e.g., [AEA
Basic Safety Standards, BSS-2014) are based on considerable
research work done in international research institutes and
universities on effects of ionizing radiation on man and his
environment and critical review and analysis of these research
reports by international organizations, including UNSCEAR,
ICRP, ICRU, IAEA, ctc. The international safety standards
are endorsed by other international organizations such as
the WHO, ISO, FAO, and ILO. Thus, the safety standards
have a scientific basis as well as international acceptance.
It is stated that radiation protection standards are required
for different situations and applications. All these standards
must be consistent with one another. This is achievable only
if all these standards are derived from a common set of basic
safety standards, leading to harmonization of standards. In
conclusion of'this article, it is stated that the national standards
for radiological safety developed and being implemented in
India are consistent with the international safety standards.

Six articles in the book deal with regulatory control of medical
applications of radiation. Article 4 deals with regulatory control
of radiotherapy sources and associated safety and security
aspects. In radiotherapy, potential hazard is relatively high due to
involvement of high activity/intensity sources, as well as due to
introduction of high-tech treatment modalities, therefore, utmost
care is needed while handling such radioactive sources. In order
to obtain desired level of safety and security while handling these
sources, all stakeholders, including licensee, RSO, radiation
oncologist, medical physicist, radiation technologist and service
engineer must execute their role effectively. Article 5 describes
radiation protection procedures in radiotherapy facilities using
radiotherapy equipment, as well as procedures for ensuring
compliance with all the regulatory requirements, including the
safety and security of radiotherapy sources. Article 6 discusses
experience in handling/management of therapeutic sources for
cancer treatment at Tata Memorial Hospital, with particular
emphasis to brachytherapy equipment. It is opined that despite
advancement of intensity modulated, image guided treatments
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in external beam therapy, brachytherapy remains an important
modality of treatment due to its ability to deliver very high
dose to the core of the tumor and rapid dose fall-off, sparing
normal tissues. Article 7 describes procedures used for safety in
handling of radioisotopes for therapeutics and nuclear imaging
in nuclear medicine, as well as advances in the field due to the
development of new radiopharmaceuticals, including cyclotron
and positron emission tomography products. It is projected that
the future of nuclear medicine will be dominated mostly by new
radioisotopes and procedures. Article 8 summarizes steps taken
by AERB toward improving regulatory control and radiation
safety in the field of diagnostic radiology through the provisions
of recently published safety code (AERB/SC/Med-3, 2015).
Article 32 discusses radiation safety in some of the commonly
used cyclotron-produced radioisotopes, including 'F, and their
transportation aspects to the utility. It is concluded that with
appropriate design, workflow, safety interlocks, administrative
controls, technical controls and radiation surveillance, radiation
dose to the staff and members of the public can be maintained
well below the regulatory limits.

Nine articles in the book deal with regulatory control of industrial
applications of radiation. Article 9 describes general principle
as well as uses of radiotracer techniques for troubleshooting
and process optimization in full scale industrial reactor due to
their many advantages over conventional tracers. Article also
gives criteria for selection of a radiotracer, their applications in
industry, as well as radiological safety, security and regulatory
aspects. It is stated that specialized services are provided to
Indian Industry by Bhabha Atomic Research Centre (BARC)
and Board of Radiation and Isotope Technology (BRIT)
leading to significant benefits to the Industry. Articles 10—12
describe the objective of radiation processing of foods.
Different classes of food products and their corresponding
dose limits for radiation processing are given. At present,
there are 19 gamma radiation processing facilities (GRAPFs)
in India. All the radiation safety and regulatory requirements
for GRAPFs are discussed in the articles. As per the security
requirements, GRAPF containing Category 1 radioactive source
requires “Security Level A.” It is stated that the volume of
food irradiated in India has been steadily increasing. Article
13 discusses safety aspects in electron beam (EB) processing
in the energy range up to 10 MeV, including depth dose
curve characteristics for various energies. It is concluded that
industrial EB accelerators incorporating proper safety features
ensure reliable operation. Article 14 discusses radiation safety
and regulatory aspects of particle accelerators-electron, proton
and heavy ion accelerators. Accelerators in terms of energy,
intensity, and technology are growing at a rapid pace, which is
driven by the need of industry, scientific research, medicine,
agriculture, etc. Due to the uncertainties in dose estimation
prevailing in these peculiar radiation environments, one has to
give importance to engineered, redundant radiation safety such
as various interlocks, shielding, zoning, access control, training
of personnel, and operational procedures. Article 15 describes
nondestructive evaluation of welding, castings, and assemblies
using industrial radiography sources. All the radiation safety,

security and regulatory requirements for industrial radiography
practice are nicely covered. Article 16 shares experience in
handling/management of industrial radiography sources in
Heavy Engineering manufacturing. Article also discusses
regarding use of thermoluminescent dosimeter badge based
on CaSO,:Dy Teflon discs for personnel monitoring. Article 17
describes safety, security and regulatory aspects in nucleonic
control system and oil well logging.

Articles 19-21 in the book deal with production and handling of
radioisotopes (sealed and unsealed), as well as provide guidelines
for establishing radioisotope laboratories using sealed/unsealed
radioisotopes. Sealed radioactive sources (SRSs) are designed
and manufactured in BRIT, DAE in accordance with national and
international standards while complying with safety and security
requirements for production of sealed sources. Sealed radioactive
sources manufactured by BRIT are widely used in medicine,
industry, and agriculture. The radioisotope production program
at BARC involves several interrelated activities such as target
fabrication, irradiation in a reactor or accelerator, transportation
of irradiated target to the radioactive laboratory, radiochemical
processing or encapsulation in the sealed source, quality control,
and transportation to end users while complying with all the
requirements for safety, security, and applicable regulations.
Radioisotopes with activity ranging from 107 to 10° TBq are
supplied to end users through BRIT, DAE. Because of potentially
hazardous properties of radioisotopes (sealed as well as unsealed),
their use must be closely regulated so that protection of workers,
public and the environment could be ensured through adherence
to rules and regulations and good procedures.

Article 27 describes the interaction of ultra-high intensity
(» tera-watt) laser beam with foil target, which produces
electron bunches with the energy of several MeV and relatively
high charge. Further these electrons, through secondary
processes, produce MeV energy photons, protons, heavy ions
and neutrons, which pose ionizing radiation hazard similar to
a radioactive source and therefore require radiological safety.
Thus, ultra-high intensity laser facility should comply with all
the applicable safety and regulatory requirements similar to
that for an ionizing radiation facility.

Since the consumer products, such as ICSD, GTLS/GTLD,
fluorescent lamp starter, and incandescent gas mantle, involve
very small amount of radioactive material in each of these
devices, manufacturers/suppliers of these consumer products are
only regulated by AERB; end users are not regulated (article 22).
Various industrial scanning systems which are used for security and
quality assurance purposes, end users are also regulated in addition
to manufacturers/suppliers. Article 23 deals with the transport of
radioactive material in India. The recently published (Rev. 1,2016)
code on “Safe Transport of Radioactive Material” prescribes the
classification, design and test requirements for radioactive material
and classification, design and test requirements for packagings,
packages, and corresponding activity limits, etc. In the article
the role of Emergency Control Room, DAE (ECR, DAE) in the
event of any accident or emergency during transport of radioactive
material is stated.
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In India, Atomic Energy Act, 1962 is the primary legislation
and Atomic Energy (Radiation Protection) Rules, 2004 are
the regulatory rules promulgated under the Act (article 24).
Chairman, AERB has been notified as competent authority to
enforce these Rules. In the event of contravention of any of
the provisions of these Rules by the licensee, the Rules have
provisions for enforcement actions including suspension,
modification, revocation or withdrawal of license issued
under the Rules. For those enforcement actions calling for
judiciary action and penalty, provisions of the Atomic Energy
Act, 1962 are invoked. Article vividly describes all the
aspects of enforcement actions as per the Act and the Rules.
Article 25 describes the rules and regulations applicable for
radioactive waste management, classification of waste, waste
management practices in India and the role of regulatory
bodies (BARC Safety Council (BSC) and AERB) for ensuring
the safety of workers, the public and the environment.
While BSC, constituted under the Atomic Energy Act, 1962,
regulates the safety of BARC facilities, AERB regulates
nuclear and radiological facilities in the public domain.
Compliance with the relevant codes and guides of AERB
is also followed in BARC facilities. Article 26 stresses the
requirement to establish an overall nuclear security policy
and a nuclear security system to prevent, detect and respond
to theft, sabotage, unauthorized access, illegal transfer or
other malicious acts involving nuclear and other radioactive
substances. The factors which affect/influence nuclear safety
culture and other security issues are also discussed.

Training in radiation protection and safety is an important
means of promoting safety culture and enhancing the level
of competence of personnel involved in radiation protection
activities. In this context, RP and AD, BARC is conducting
a number of radiation safety related training and certification
programs in the field of medicine, industry and research, some
of these training programs are conducted by BARC/AERB
approved institutions. Syllabi of all these training courses have
been approved by AERB. Articles 28 and 29 give details of the
radiation safety related training courses conducted by RP and
AD, BARC. These articles also give details regarding various
training courses and the number of personnel certified by RP
and AD till October 2016.

Article 18 provides details of requirements related to the
infrastructure, regulatory consents to be obtained from AERB
for setting up calibration laboratory of radiation monitoring
instruments and qualified personnel required from safety
and security considerations. It is stated that till date six such
laboratories have been recognized by AERB. Article 31 describes
uses of different types of radiation monitoring instruments in
different applications of ionizing radiation in industry, medicine
and research, covering uses of both dose and dose rate meters.
The article also describes the procedure for tests, maintenance
and calibration of monitoring instruments. However, detectors/
instruments used for measuring pulsed radiation fields (e.g.,
pulsed X-ray beams) are not covered. Article 30 describes salient
features of the e-LORA system which is a web-based information

and communication technology application establishing direct
communication channel between AERB and its stakeholders
for exchange of information and communication transaction for
delivering its regulatory services, as well as for achieving higher
efficiency, reliability and transparency in dealings, while ensuring
compliance with all the applicable regulatory requirements. The
system is designed to automate the comprehensive business
processes of radiological application of regulations targeted to a
large number of facilities involved in the use of ionizing radiation.

There are some conspicuous formatting errors, typos and some
other errors of minor nature in the texts of some of the articles,
these are mentioned below:

i. At many places in the text, words have wrongly joined
together, which affect the readability of the text.

ii. Legends of some of the figures are not legible.

iii. For some of the references cited in the articles, year of
publication is neither given in the text nor in the list of
references.

iv. In the article 10, title in the article is different than that
given in the “Table of contents.” In the article 32, there
is something amiss in the title. In article 20, the order of
the authors is different in the article than that given in the
“Table of contents.”

In conclusion, the editors and the contributors of different articles
in the book have done a commendable task in bringing out this
very useful compilation. Inclusion of ionizing radiation hazard
of ultra-high intensity laser beams, in the books on radiation
protection and safety, is probably a recent development. The book
will be an asset to the readers, practitioners of radiation technology
in particular, in terms of providing information on safety, security
and regulatory aspects of radiation sources being used in various
applications, as well as in strengthening the provisions for the
same in different practices using ionizing radiation.
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Implementation of Image-guided adaptive brachytherapy
(IGABT) in India and other developing countries is a major
challenge due to the resources, expertise and financial
constraints. The basis of this thesis was to address various
issues related to transition and successful implementation of
IGABT in clinical routine.!"! Tata Memorial Hospital (TMH),
Mumbai has a long tradition of being active in international
collaborative research. Various fellowship programs for both
clinicians and physicists have been the basis for successful
collaborative research. Within many such projects, TMH is
one of largest participating centers in the ongoing multi-centric
collaborative international study on magnetic resonance (MR)
imaging-guided brachytherapy in locally advanced cervical
cancer. The study was designed to evaluate the dose-effect
relationship on local control/morbidity of the tumor and
toxicities of organs at risks (OAR) when MR images were
used for cervical cancer brachytherapy. This thesis reiterates
that, like any other advanced techniques, [IGABT too requires
systematic clinical implementation taking into account various
technological, dosimetrical, and clinical issues. Systematic
transition and appropriate implementation of IGABT for
locally advanced cervical cancers may result in better outcome.

SpeciFic 0BJecTIVES OF THE WORK UNDERTAKEN IN
THIS THESIS

1. To analyze the dosimetric difference between the
standard loading, manually optimized and inverse
optimized dosimetric plans using Inverse Planning
Simulated Annealing (IPSA) and Hybrid Inverse
Planning Optimization (HIPO) for various applications
in IGABT in gynecological cancers for various types of
applications:

a. Intracavitary brachytherapy — Tandem and Ovoid and
Tandem and Ring applicators

b. Combined intracavitary and interstitial (IC + IS)
Vienna applicator

c. Interstitial template for gynecological applications

Prof. D.D. Deshpande, Department of Medical Physics, Tata Memorial Hospital, Mumbai, India

http://www.hbni.ac.in/students/dsp_ths.html?nm=hlth/HLTH09201104003.pdf

— Martinez Universal Perennial Interstitial Template
(MUPIT).
2. To analyze the inter application variation for

a. Orthogonal Radiograph Image Based Brachytherapy

b. MR image-based brachytherapy using rigid
registration

¢c. MR image-based brachytherapy using deformable
image registration.

This thesis has been divided into five chapters; the first
chapter describes about brachytherapy history, technological
developments, and implantation techniques. The second
chapter describes the conventional methods of treatment
planning, its limitations and the newer developments such
as MR-IGABT, the processes involved in the transition and
its rationale. The third chapter describes the application of
inverse planning for various gynecological applications.
The fourth chapter addresses the uncertainties in IGABT,
especially, organ motion related to inter-application variation
in multi-fractionated brachytherapy in both radiograph-based
and volumetric imaging-based brachytherapy environments.
Finally, fifth chapter summarizes the important findings of
this thesis and also discusses the future direction of research.

INVERSE PLANNING ALGORITHMS

The use of inverse planning algorithms in external beam
therapy is an established procedure and widely accepted in
the clinics, while in brachytherapy, its use is dependent on the
specific application. Interstitial implants with many needles
providing a high degree of freedom have a substantially
different dose distribution compared to intracavitary implants.
The technique has been successfully implemented in prostate
brachytherapy, while its use in gynecological brachytherapy
is unclear. There are certain issues with currently available
inverse planning algorithms, especially for intracavitary
brachytherapy, which need to be clearly understood for
various clinical situations before clinical implementation. For
example, the loading pattern resulting from these algorithms
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has a large deviation from the conventional pattern which may
not be clinically acceptable when substantially changing the
spatial dose distributions and dose gradients within the target
volumes, OARs and healthy tissues. The first part of this
thesis addresses issues related to inverse planning for various
clinical scenarios in IGABT using two commercially available
inverse planning algorithms, IPSA and HIPO.** Dosimetric
and clinical evidence have to be collected to obtain as much
knowledge as possible which may be useful to integrate into
future inverse planning tools.

The major findings of this section are summarized as follows.
For intracavitary applications, inverse planning with HIPO
and/or manual optimization offers improved plans in terms
of OAR sparing while maintaining target coverage when
compared to standard clinical plans. However, the average
loading pattern was found to deviate from a traditional
standard Fletcher loading. The tandem loading was decreased
compared to the ovoids mainly due to high sigmoid dose. For
combined intracavitary and interstitial applicators, inverse
planning with IPSA resulted in plans with higher volumes of
high dose regions. Without help structures, the treatment time
in the needles was high resulting in highly modified spatial
dose distributions, which was significantly reduced when
help structures were included. For interstitial gynecological
implants based on MUPIT template, IPSA resulted in
significant sparing of normal tissues without compromising the
target coverage as compared to geometrically and graphically
optimized plans.

UncerTaInTIES OF ORGAN MoTioN

The second part of this thesis addresses the uncertainties
in IGABT, which have not been adequately addressed so
far.5¢ It is essential to identify these uncertainties, their
magnitude, and their impact on the overall uncertainty of
dose delivery to the patient. This knowledge may provide
correct dose assessment in IGABT, dose-effect modeling, and
subsequently improved clinical outcome when using better
planning aims with dose and volume constraints. In multi
fractional brachytherapy, inter-application/fraction variations
occur between different treatments/applicator insertions,
both in terms of geometric and dosimetric parameters.
These parameters have been identified as bladder and/or
rectal filling, movements of sigmoid colon, and variation
in vaginal packing among others. The current practice of
determining the D, * cumulative dose to OARs during
brachytherapy is based on what has previously been called
“the worst-case scenario,” which is the assumption that the
D, regions are located in the same anatomical part of the
organ in each fraction. This assumption implies that the
cumulated brachytherapy dose can be calculated by adding
D, values for each fraction. This approximation can lead
to OAR dose overestimation when different organ parts are
exposed to a high dose in different fractions. This question
has been addressed systematically for orthogonal radiograph
based dosimetry and IGABT using MR images with rigid and

deformable image registration in this thesis.

The major findings of this section are as follows. For orthogonal
radiograph image-based dosimetry, the inter application dose
variation for the International Commission on Radiation Units
and Measurement (ICRU) rectum and bladder was found to be
10%. ICRU rectal point was more stable as compared to the
ICRU bladder point. Similarly, in MR image-based dosimetry
using rigid registration, the inter application variation of the
spatial location of D, * volumes was found to be most stable
for rectum and to a large extent for the bladder. Minimal to
moderate geometric changes in sigmoid are seen in the majority
of the patients resulting in maximal variation in the spatial
location of D, * volumes which may lead to over estimation
of doses during the direct Dose Volume Histogram (DVH)
addition. The results of dose accumulation using deformable
image registration indicate that the current DIR algorithms
are not robust enough to handle large deformations in rectum
and bladder. For the sigmoid, it was, in general, not feasible
to perform DIR due to significant deformations. DIR based
dose accumulation based on different DIR algorithms resulted
in large discrepancies on the accumulated dose for bladder
and rectum. It is, therefore, recommended to use direct
DVH addition for estimation of total dose, while DIR is not
recommended for dose accumulation.

SummARY AND CoNCLUSION

IGABT has evolved into a high-technology modality of
radiotherapy incorporating modern imaging, advanced
brachytherapy applications using newer applicators and
advanced computational algorithms. Various processes
involved in the implementation of IGABT have been
established while some concerns about uncertainties related
to imaging, treatment planning, dose delivery, and anatomical
variations have been raised. These are current areas of research
by various groups. This thesis is a hallmark for addressing
few of the issues enumerated above and has provided some
insight into the IGABT processes. The significant findings
of the thesis are as follows: (1) Manual dose optimization
significantly improves the dose as compared to standard point
A prescription. (2) Application of inverse dose optimization
has major pitfalls; hence, inverse planning is not recommended
for IGABT for cervical cancers. (3) Dose accumulation across
fractions can be done with a good precision for bladder and
rectum by direct DVH additions. However, the sigmoid
dose may be overestimated with direct DVH addition,
and special care should be taken during plan evaluation
depending on imaging findings for sigmoid. Image-guided
adaptive brachytherapy is a high technology modality within
radiotherapy which can be performed with the promising
outcome and economical gain in India."1%!

Dissemination of this promising technique should be
addressed systematically for a smooth transition from
conventional to IGABT approach in cervical cancer. This
can be achieved through continuing teaching and training
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efforts through national/regional and hospital based hands-on
workshops as well as teaching courses in collaboration
with various national (AMPI/AROI/IBS) and International
societies (ESTRO). This thesis supports the implementation of
high-quality treatment planning and dose reporting for IGABT
in cervical cancer.
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In recent years, stereotactic radiosurgery (SRS) has evolved as
the major radiotherapy modality for brain tumors and requires
very precise radiation dose delivery using state of the art
treatment planning systems. SRS can be delivered by Gamma
Knife, CyberKnife, or XKnife; however, Gamma Knife offers
an efficient treatment to a number of neurological disorders in
the brain, with relatively lower radiation dose fractions, have
a radiobiological advantage on tumor and/or adjacent normal
structures. In this study, RK Bisht under the guidance of
neurosurgeon, medical physicist, and radiation oncologist has
investigated and evaluated the accuracy of the system with the
help of newly developed multipurpose human shaped phantom
and physics support for the patients treated with custom-made
Extend System (ES) on Gamma Knife Perfexion for various
clinical indications.

The work is planned meticulously, executed accurately, the
results obtained are analyzed wisely and presented in very
elaborate and in a well-structured manner in the present thesis.
I enjoyed the reading the thesis as the language used is simple,
and the matter is discussed very extensively with relevant
references. The thesis consists of eight main chapters.

The first chapter deals with historical development and
physics approach of stereotactic irradiation using various
stereotactic radiosurgical machines. Further, the Gamma
Knife methodology for single and multiple fractions with ES
is at the core of this thesis segment. Chapter 2 is devoted to
review of literature, highlighting the background clinical and
experimental work done so far using ES of Gamma Knife
technology. The study believes that the single fraction SRS
of small tumor volumes with cumulative higher radiation
dose may carry additional risks of radiation damage to close
proximal critical structures such as the brain stem, facial nerves
or the optic nerve in the brain. In these cases, hypofractionated
radiosurgery delivered in 3—5 fractions over consecutive days
is an alternative treatment option. With appropriate references
cited in the present study, it is understood that the multiple
fraction SRS has a radiobiological advantage of effectively
killing of distinguished rapidly dividing cells, whereas the
single fraction radiosurgery do not explain the mitotic activity
or inherent radiosensitivity. The repeated session of relatively
lower dose fractions in hypofractions regimen significantly
lowers the dose to adjacent normal tissue.

Raj Kishor Bisht, Department of Neuro-Surgery, AIIMS, New Delhi
Dosimetric evaluation and optimization of fractionated stereotactic radio-surgery
Prof. S. S. Kale, Department of Neuro-Surgery, AIIMS, New Delhi

Chapter 3 of the thesis is dedicated to the description of
research materials, equipment and methods followed by the
candidate for this work. The use and preparation of individual
ES is adequately described with associated tools such as
frame, mouthpiece, patient control unit, the extend indicator,
digital measurement probe, and repositioning tool in this
chapter. Stereotactic imaging was acquired using latest X-ray
computed tomography machine and the DICOM images were
transferred through PACS system to the treatment planning
system for preparation of precise treatment plan. Consistency
in repeated reference positioning is an important factor during
multi-fraction SRS which is described in an immobilization
methodology section of this chapter.

Chapter 4 describes the initial study on evaluation of
fractionated SRS with ES of Gamma Knife technology. The
treatment preparation and clinical outcome of the patient
treated with various clinical indications are discussed in this
chapter. With the suggested approach on patient positioning
technique, reference position recording, and treatment planning
showed an improved clinical outcome. The study includes
positional reproducibility check and dosimetric evaluation
of ten patients treated with ES. In this study, RK Bisht has
shown the improved planning indices, reduced neighboring
structure doses and finally commendable clinical outcome
demonstrating the efficacy of ES for fractionated SRS.

The most remarkable achievement of this work is the design and
development of patient simulating phantom with capability for
dosimetric verification of Gamma Knife ES based fractionated
SRS. The candidate has meticulously and articulately fabricated
a human upper body shaped phantom with thorax part to
simulate fractionated SRS in a real patient. The phantom has
been designed in such a way that it may also be used as a
quality assurance tool for imaging modalities and verification
mold with futuristic equipment and devices in addition to
the traditional treatment verification gadgets such as ion
chamber, thermoluminescent dosimeters/optically stimulated
luminescent (TLDs/OSLs), and films. A patient treatment
plan with fractionated regimen was delivered and identical
fractions were compared using EBT3 films and in-house
MATLAB codes. Gamma index analysis across fractions
exhibited close agreement between LGP and film measured
dose with >90% (max 93%) pixel pass rate at Imm of spatial
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and 1% of dosimetric tolerances. The study finally concludes
that the fractionated SRS with ES of Gamma Knife provided
substantial treatment accuracy and the designed patient
simulating phantom was highly versatile for the dosimetric
verification of hypofractionated regimen.'

The chapter 6 of the thesis is focused on statistical optimization
of SRS treatment. The purpose of this study was to estimate
technical treatment accuracy in fractionated SRS using ES of
Gamma Knife. The study concluded that the quality assurance
oftools such as reposition check tool (RCT), digital probe, and
vacuum supported patient head cushion integrity is essential
for reliable patient positioning using ES. The study predicts
the technical treatment uncertainty in the clinic, whereas
combining the results with explicit medical uncertainties
such as having knowledge of neurological abnormality and
radiation response will be in the scope of future research for
the determination of the treatment accuracy.

The work presented in the form of this thesis covers various
practical approaches in the routine clinic to improvise
the quality of highly conformal SRS. A newly designed
head-neck phantom is a “comprehensive treatment setup
simulation model” for SRS. The phantom is not just limited
to performing film dosimetry, but the provision of placing
various other dosimetric devices such as ion chamber, TLD/
OSLs, chemical gels, and online dosimetry systems makes
it an ideal dosimetric tool for treatment verification. The
superior part of this phantom was designed to establish a
link between Hounsfield unit and physical parameter of
materials with varied density. The imaging information of
this segment with various known/unknown materials with
different physical density and/or dosimetric tools will be
useful in modeling the “planning documents” for various
TPS computation or model/factor based algorithms. In routine
fractionated SRS treatments, the determination of positional
shift with radial difference vector calculations is the only
available “mathematical quality parameter” to quantify the
treatment precision. In this study, the procedural uncertainty
of the treatment was evaluated at calibration, imaging, and
measurement stage. An “absence of medical uncertainties” in
experiments, depends on imaging resolution (AAPM report
no 54) and was believed to be within clinical tolerances.

In conclusion, the present study evaluates similar treatment
regimen with comparable clinical results, however, a modified
dose regimen like a dose per fraction, number of fractions and
cumulative dose might be a clinical advancement in future
research. Tangible future studies of the radiobiological effect
in tumor volume and/or surrounding structures following

routine or improvised hypofractionated regimen will be more
realistic in determining the best possible clinical outcome.
The research material and sequential methods, chosen in
this thesis justify a procedural verification of fractionated
treatment with ES. A statistical study with newly designed
head-and-neck phantom certainly leads a mathematical
optimization on the estimation of optimal uncertainty in routine
fractionated treatment. Although the phantom was designed to
investigate fractionated SRS procedures with ES of Gamma
Knife, however, the model certainly helps in standardizing
other immobilization techniques (using a thermoplastic mask,
skeleton marker) and popular radiotherapy treatments.
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EXPLORER: A FuLL-Bopy PosiTrRoN Emission
TomoGRAPHY SCANNER IN MAKING

Researchers at University of California, Davis, are working
to build a 2-m long total body positron emission tomography
(PET) scanner which could be the first full-body scanner in
making.

The project is under development by a multi-institutional
EXPLORER consortium and likely to provide a whole-body
fast PET scanner which may scan the whole body in single
breath-hold with about 30—40 times more sensitivity than
the current PET scanner despite giving very low dose of 10
MBq (which is about 50 times lower dose than the current
scanning system imparts). The device may have 560,000
scintillator crystals and 90 billion lines of response which is
about 100 times more than the current technology. In place of
sinogram-based reconstruction, EXPLORER uses list-mode
data processing for image construction. The scientists have
tried to reduce the parallax effect between crystal pair in rings
in the long axial field of view (FOV). The first prototype of the
EXPLORER is expected to be available next year.

(Taken from www.medicalphysicsweb.org dated March 7,
2017)

Carson lon DosiveTry Accuracy: THE HEIDELBERG
lon BEam THERAPY CeENTRE oN WORK

Carbon ion therapy is a treatment modality which has certain
advantages over conventional radiotherapy, especially for
radiation-resistant and deep-seated tumors. Despite being
in existence for the last 20 years or so, carbon ion beam
dosimetry needed improvement. The researchers from HIT
and Physikalisch-Technische Bundesanstalt used water
calorimeter for the measurement of absorbed dose from the
carbon ion beam to quantify the accuracy (or uncertainty) in
the dosimetry of the carbon ion beam at the entrance channel
by scanning a 6 cm % 6 cm radiation field of 429 MeV per
nucleon carbon ion. This led to the experimental measurement
of beam quality-dependent K, factor of the chamber. Until
now, this factor was calculated. The researchers could achieve
arelative standard measurement uncertainty of 0.8% which is
about three-fold reduction in uncertainty in the result from the
value arrived at by the calculation method.

(Taken from www.ioppublishing.org dated February 18,2017)

AAPM TG 158: MEeASUREMENT AND CALCULATION
oF Doses Qutsipe THE TREATED VOLUME FROM
ExternNAL Beam RapiaTioN THERAPY

The introduction of advanced techniques and technology
in radiotherapy has greatly improved our ability to deliver
highly conformal tumor doses while minimizing the

dose to adjacent organs at risk. Despite these tremendous
improvements, there remains a general concern about doses
to normal tissues that are not the target of the radiation
treatment; any “nontarget” radiation should be minimized
as it offers no therapeutic benefit. As patients live longer
after treatment, there is increased opportunity for late effects
including second cancers and cardiac toxicity to manifest.
Complicating the management of these issues, there are
unique challenges with measuring, calculating, reducing, and
reporting nontarget doses that many medical physicists may
have limited experience with. Treatment Planning Systems
(TPS) become dramatically inaccurate outside the treatment
field, necessitating a measurement or some other means of
assessing the dose. However, measurements are challenging
because outside the treatment field, the radiation energy
spectrum, dose rate, and general shape of the dose distribution
(particularly the percent depth dose) are very different and
often require special consideration. Neutron dosimetry is also
particularly challenging, and common errors in methodology
can easily manifest as errors of several orders of magnitude.
Task Group 158 was, therefore, formed to provide guidance for
physicists in terms of assessing and managing nontarget doses.
In particular, the report: (a) highlights the major concerns
with nontarget radiation; (b) provides a rough estimate of
doses associated with different treatment approaches in
clinical practice; (c) discusses the uses of dosimeters for
measuring photon, electron, and neutron doses; (d) discusses
the use of calculation techniques for dosimetric evaluations;
(e) highlights techniques that may be considered for reducing
nontarget doses; (f) discusses dose reporting; and (g) makes
recommendations for both clinical and research practice.

(The above-written abstract and full-length report has been
published on August 20, 2017, in Medical Physics, Vol. 44,
e391-e429, DOI: 10.1002/mp.12462).

TReATSAFELY FouNDATION SHARES PRACTICAL

LearNING ViDEOS AND DOCUMENTS

The TreatSafely Foundation runs a website, https://i.treatsafely.
org, which provides free practical learning videos apt for
radiation therapy professionals. It is a peer-to-peer learning
site and it means that videos are shared by the professionals
working in the clinical scenario and about the practical stuff
cropping up in our daily life. The site has a vast arrays of
topics. For example, a video entitled “Setting the isocenter-
Breast field-in-field” by Beth Bottani occupies the label of
most-viewed video. “Intro to Quality and Safety-Overview” by
Derek Brown is another interesting video. Some newer videos
have titles “IMRT Planning in Eclipse” and “Plan Analysis
in Eclipse.” The site also has downloadable documents and
quality assurance (QA)/Safety series. “Monthly TPS QA” is
the most-downloaded document at present, while “Introduction
to quality and safety” is the most-viewed QA/Safety series.
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CompaRISON oF ComPuTED TOMOGRAPHY SCANNERS
AMONG VARIOUS MopELS oF DiFFereNT VENDORS

Imaging Technology News has launched an online chart for
comparison of various models of computed tomography
(CT) scanners across the vendors in terms of technology,
specifications, and other information. According to the site,
the chart is sponsored by Philips. The site provides facility
for the customized search as well. It lists 43 models of CT
scanners spread over six manufacturers and includes even
mobile CT scanners. The user has to register with the site
before getting the help in comparison of the CT scanners.
One may check the following site: https://www.itnonline.
com/content/computed-tomography-systems?eid=4027092
64andbid=1945973.

GuipANcE ON THREE-DIMENSIONAL PRINTING OF
MebicaL Devices FrRom THE Foop AnND DRuG

ADMINISTRATION

The US Food and Drug Administration (FDA) has issued a
new set of guidelines for creating medical products using
three-dimensional (3D) printers. The FDA enumerates its
recommendation regarding design of the devices, their testing,
and the requirements for the quality system. 3D printing has
recently caught the attention of the researchers and has great
potential for the wide range of clinical applications such as
creating accurate replicas of complex anatomical structures,
facilitating surgery simulations for addressing hearing loss,
stroke clot, and hip disorders. Such policy framework from
the FDA would help the manufacturers to bring 3D-printed
models to the market more efficiently. The FDA conducted a
joint workshop with the RSNA’s 3D Printing Special Interest
Group and came up with the recommendations which have
three topics. The first one is design and manufacturing process
which covers the technical aspects of 3D printing process such
as image quality, resolution, image processing algorithm, and
clarity of anatomic landmark during acquiring imaging data
which helps in creating patient-specific models. The second
topic is device testing which deals with testing, characterization,
measurement, biocompatibility, sterilization, etc., of the
3D-printed devices. Labeling is the third part which looks after
the patient identifier, device use, and final design and survey of
the patient for any bodily changes before applying the device.
Details are available at https://www.fda.gov/MedicalDevices/
ProductsandMedicalProcedures/3DPrintingofMedicalDevices/
default.htm.

(Based on the publication at AuntMinnie.com)

Tue US Foop anD Drug AbmINISTRATION APPROVES
FIRsT 7 TesLA Macnetic RESONANCE IMAGING

The Magnetom Terra from Siemens Healthineers has become
the first 7 tesla magnetic resonance imaging (MRI) machine

approved by the US FDA for its clinical use. So far, 3T MRI
is used in clinical practice. A report emanating from the US
FDA Centre for Devices and Radiological Health says that
increasing magnetic field strength more than double will add
to the image quality. The US FDA undertook 510(k) premarket
clearance pathway for clearing Magnetom Terra. It also
reviewed the safety aspect of its radiofrequency subsystem
using simulation, modeling, and experimental measurements.
Such high magnetic strength MRI is indicated for the patient
who weighs more than 66 pounds and is limited to imaging
of extremities. Siemens has informed that such machine has
good potential for neurological and musculoskeletal imaging
with finer details not available earlier at 3T machine. Detail
is available at https://www.itnonline.com/content/fda-clears-
first-7t-mri-system-magnetom-terra?eid=402307001andb
1d=1900080

ICRP PusLication 135: DiagnosTic REFERENCE

Lever IN MepicaL IMAGING

ICRP Publication 135 details comprehensively about the
diagnostic reference level (DRL) in medical imaging. It
addresses the issues connected with definition, determination
of DRL values, interval for re-evaluation of DRL values,
methods to be adopted, application of DRL concept to newer
modalities, etc. The report has been authored by E Vano,
DL Miller, CJ Martin, MM Rehani, K Kang, M Rosenstein,
P Ortiz-Lopez, S Mattsson, R Padovani, and A Rogers and has
been published in Ann. ICRP 46(1), 2017.

CALENDAR OF EVENTS

*  Hands-on Fluoroscopy Testing Workshop, February 24-25,
2018, Wichita, Kansas, US. For details: https:/www.
mtmi.net/course/hands-fluoroscopy-testing-workshop

*  European Artificial Intelligence Innovation Summit,
London, UK, March 5-6, 2018. Details are available at
http://exlevents. com/euro-artificial-intelligence

*  Webinar on Diagnostic and Nuclear Medicine Radiation
Shielding. Three-part webinar of 1.5 h each during
March 6-8, 2018. For details, visit https:/www.mtmi.
net/webinar/diagnostic-and-nuclear-medicine-radiation-
shielding

*  The 3" International Conference on Medical Physics in
Radiation Oncology and Imaging, Dhaka, Bangladesh,
March 10-12, 2018. Details are available at http:/www.
bmpsbd-icmproi.org

* National Symposium on High Precision Radiation
Oncology, AIIMS, New Delhi, India, March 24-25, 2018.
Details are available at http://www.ampi.org.in/?p=3322

*  Society of Breast Imaging/American College of Radiology
Breast Imaging Symposium 2018, The Cosmopolitan
of Las Vegas, Las Vegas, Nevada, US, April 12-15,
2018. Details are available at https://www.sbionline.
org/EDUCATION/CurrentandFutureCoursesMeetings/
2018SBIACRBreastImagingSymposium.aspx
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- AERB recognised calibration laboratory vide letter no. AERB/RSD/
Recog-Cal04/2014/7963 dt. 12.8.2014
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Varian is transforming radiotherapy from every perspective. With the Halcyon™ system,
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