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ABSTRACT

Aim: To validate and implement PTW diamond secondary check software (SCS) in a routine
clinical use.
Background: The secondary independent monitor unit or dose calculation verifications have
led to a significant increase in the workflow associated with QA treatments. Modelling,
validation and commissioning are necessary steps thereby making it a useful tool for QA.
Materials and methods: PTW Diamond SCS is capable of calculating VMAT fields, based on
modified Clarkson integration, accounting for multi-leaf collimators (MLC) transmission and
measured collimator scatter factors. Validation for heterogeneity corrections is made using
circular phantom with inserts of various density materials. 150 VMAT plans were com-
pared using (i) plans calculated in homogeneous cylindrical phantom and (ii) VMAT plans
calculated with heterogeneity corrections using electron density values for each organ.
Results: Diamond SCS calculated dose for homogeneous cylindrical phantom resulted in
average deviation of (0.1+2.14%) with Eclipse TPS calculated dose and (—2.0 + 1.66%) with
absolute measured dose. PTW’s OCTAVIUS-4D phantom with 729 ion chamber detector array
measurements agreed well with Eclipse TPS calculated dose showing an average deviation of
(—1.69+1.56%). Diamond SCS dose calculations were performed with heterogeneity correc-
tions for 124 VMAT plans with isocentre at a region above —350 HU. The overall MU variations
between Diamond SCS and TPS Acuros-XB algorithms were within +5%.
Conclusion: Hence, the Diamond SCS can be used as an additional tool along with phan-
tom measurements for patient specific quality assurance of VMAT plans with heterogeneity
corrections having isocentre at a region above —350 HU.
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1. Background

The main goal of a secondary MU (monitor unit) calcula-
tion is to prevent serious errors during the MU calculation
by Treatment Planning System (TPS). In radiotherapy, a sig-
nificant proportion of errors are related to TPS.! Potential
errors affect not only conventional 3D treatments, but also all
other treatments, even though the ultimate source of error
remains the same (errors on data input for modelling, on
the geometric parameters of the unit, wedge factors, tray,
multi-leaf collimator (MLC) transmission, etc.). An alterna-
tive calculation method is therefore recommended in order
to verify the accuracy of the TPS, regardless of a treatment
technique used. In the case of complex 3D (3-dimensional)
conformal or intensity modulated radiation therapy (IMRT)
or volumetric modulated arc therapy (VMAT) treatments, the
manual method of MU calculation is too complicated and
time consuming. Therefore, subsequent quality control (QC)
requires the use of tools that minimize the time necessary
for MU calculations.’ Algorithms used for such independent
monitor unit calculations are simpler and make it possible
for most calculations of conventional 3D fields to be manu-
ally performed using dosimetric data from radiation units.”
In contrast, independent monitor unit verification calculation
(MUVC) for complex MLC shaped 3D fields,® sliding win-
dows, step and shoot IMRT’'° and tomotherapy'''*> must
be performed with the aid of software applications, commer-
cial or in-house developed. Some publications describe the
modelling based on measured geometric and dosimetric data
before the implementation of MUVC in clinical use. Validation
of independent dose calculation software with dose differ-
ences should fall in the range +3%. Similar research describing
point dose calculation methods for validating independent
dose calculation software for both conventional and VMAT
fields are published.'*'> In our work, validation of indepen-
dent secondary dose calculation (Diamond, Secondary check
software, version-6, PTW, Germany) was used to calculate MU
for clinically approved VMAT plans. PTW’s diamond secondary
check software (SCS) uses modified Clarkson’s integration
technique’® to calculate MUs for irregular MLC field segments.
Percentage depth dose (PDD), total scatter factor (Scp), col-
limator scatter factor (Sc), phantom scatter factor (Sp), off
axis factor (OAF) were measured and modelled in Diamond
SCS.

2. Aim

The aim of the present work is also to perform patient spe-
cific QA using independent dose calculation software with and
without heterogeneity corrections for VMAT plans.

3. Material and methods

VMAT plans were generated in a treatment planning sys-
tem (TPS) Eclipse version-11, for TrueBeam linear accelerator
supplied by VARIAN. The dose calculation algorithms used
were AAA (analytical anisotropic algorithm) and Acuros-XB.
Secondary, independent dose calculations were performed

using Diamond SCS version-6 provided by PTW. Acuros-XB
algorithm calculates dose by implementing linear Boltz-
mann transport equations. Dose distributions calculated by
Acuros-XB have been reported to be accurate and to be in
good agreement with BEAMnrc¢/DOSXYZnrc Monte Carlo dose
calculations.” In the literature, comparisons between AXB
and AAA algorithms have been reported by Bush et al.'” and
Kroon et al.’® Prakash et al. developed an in-house excel
spread sheet based MUVC program for volumetric modulated
arc therapy (VMAT) using Clarkson’s integration technique'®
with water equivalent depth (WED), calculated using the
isocentre CT image section and an in-house developed MAT-
LAB program was used for each segment.

3.1.  Diamond SCS - modified Clarkson’s integration
calculation algorithm

Diamond SCS provides two algorithms as a function of com-
plexity of the field. In conventional photon fields, a simple
algorithm is used, based on equivalent squares and TPR/TMR
tables obtained from PDD and S./Sp data. For IMRT/VMAT field
calculations, integration was performed using the Clarkson
method.’® A ‘point-eye-view’ algorithm was used to integrate
scattering from the linear accelerating head to the calcula-
tion point. This algorithm includes the source and flattening
filter position, and the aperture modified by the MLC, using
Sc measurements.?° Points-eye-view refers to the calculation
method of S¢ by projecting back into the collimation elements
the view of the source, primary collimators, flattening filter
and ion chamber as seen by the point taking into account
the upper and lower collimators and the shaping effect of the
MLC. This method is described in the literature as detectors-
eye-view (DEV).?! Diamond SCS integrates the head scatter
through an algorithm that takes into account the unique
scatter from the collimator jaws and the MLC by the use
of measured scatter values. For collimator (or) jaw configu-
ration in Diamond SCS, the Cunningham and Johns (C and
J) penumbra model?” is used. The coefficients for jaws are
al, a2 and source diameter are used to describe the penum-
bra with an analytical curve. The source size for the linear
accelerator is the size of the beam at the flattening filter. Coef-
ficient al described the slope inside the field and a2, under
the collimator or block. When the MLC is used, the collima-
tor and jaw calculation under the MLC is replaced by the
MLC leaf transmission. The AcuTrack algorithm is a unique
MLC profile model that allows precise tracking of the mea-
sured MLC profile (MLC shape), which is particularly important
for small field segments. In Diamond SCS, MLC Leaf param-
eters were modelled using the jaw profile and MLC profile
measured in True Beam linear accelerator which are partic-
ularly important for small field segments. The values input
into the software for both jaws and MLCs are adjusted to
exactly align the measured profile. In Eclipse TPS, the ‘isocen-
tre’ or a ‘reference point’ is the point of calculation for monitor
units. This ensures that the correct point coordinates are con-
tained in the exported DICOM file. The RT plan is exported
using the DICOM export functionality within Eclipse, which
contains all necessary plan information for Diamond SCS cal-
culations.
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3.2.  Validation of conventional fields

It is essential to perform a validation of Diamond SCS for con-
ventional fields prior to any procedure for VMAT fields. This
will allow the detection of substantial errors in modelling. The
set of fields used includes simple symmetrical fields defined
by collimators with depth Dmax of up to 30 cm, following the
guidelines recommended in ESTRO documentation.'® For dose
measurements, PTW, TN 30013 Farmer Type (0.6 cc) ioniza-
tion chamber, PTW UNIDOS-E electrometer were used. A slab
phantom of 40cm x 40cm created in Eclipse, assigning CT
value equivalent to water was used for calculations. Fields
were generated with the isocentre (corresponding to the cal-
culation point) placed at the centre of the sensitive volume
of chamber, at a depth of Dmax, 5, 10, 15, 20, 25 and 30cm.
The next step involved exporting and calculating these fields
in Diamond SCS. The plan was exported generating a DICOM
file which was imported directly by Diamond SCS. Finally, all
experimental measurements were compared with the calcu-
lations performed using Diamond SCS.

3.3.  Validation of heterogeneity corrections

It is also essential to perform a validation for heterogene-
ity corrections of Diamond SCS prior to any procedure for
VMAT fields, which allows the detection of substantial errors
in modelling. The phantom used includes a circular cylindrical
phantom sized 25 cm x 25 cm x 19 cm having insets of various
densities material equivalent to the bone, perspex, muscle and
air as shown in Fig. 1. The phantom was CT scanned with a
slice spacing of 1.25mm and the CT data were exported to
Eclipse. Different types of beam entry, such as ANT, AP/PA,
4F, 7F IMRT, 9F IMRT and VMAT were generated for the cir-
cular phantom consisting of various density material inserts
with the isocentre (corresponding to the calculation point)
placed at the centre of the sensitive volume of the chamber.
The next step involved exporting and calculating these fields

Muscle

Perspex

e

((3))((3»

Fig. 1 - The tissue equivalent circular phantom with bone,
muscle, perspex and air cavity insert for investigation of
dose variation due to the use of the TPS Acuros-XB
algorithm.

in Diamond SCS. The plan was exported generating a DICOM
file which was imported directly by Diamond SCS. Finally, all
experimental measurements were compared with the calcu-
lations performed using TPS. For dose measurements at the
isocentre section, PTW, TN 30013 Farmer Type (0.6 cc) ioniza-
tion chamber, PTW UNIDOS-E electrometer were used. The
perceptive of the dose changes due to the presence of the
bone, muscle, perspex, air and its variation with increasing
field numbers. A tissue equivalent circular phantom was con-
structed to investigate the dose calculations due to Acuros-XB
algorithm. The dose variations in the middle of the bone, mus-
cle, perspex and air from a single small field of 10cm x 10cm
were calculated and compared between AXB (vs.) Diamond,
AXB (vs.) Measured. Each heterogeneity cavity and the sur-
rounding tissue equivalent material with 5mm margin were
subsequently contoured as different organs. The ratio of mean
dose to each heterogeneity material calculated by AXB to that
by Diamond was estimated for plans with increasing num-
ber of fields, ranging from 1 to 4, using the same field size
(10cm x 10 cm) from evenly distributed directions. The same
ratio was also calculated for 7 field and 9 field IMRT plans and
one RA plan for the circular phantom. The isocentre of each
plan was located at the centre of the bone material below the
phantom surface. The dose variation due to muscle, perspex
and air were also studied by repeating the same procedures by
replacing the bone cavity.

3.4.  Diamond SCS calculations for homogeneous
cylindrical phantom

For the plans under consideration, absolute dose measure-
ments were performed as part of patient specific quality
assurance using PTW Octavius-4D phantom with 729 ion
chamber array detector. In all VMAT plans, dose calculations
were done at the isocentre using the Acuros-XB algorithm. The
phantom was CT scanned with a slice spacing of 2mm and
the CT data were exported to Eclipse TPS. A total of 150 clini-
cally accepted VMAT plans were recalculated and exported in
DICOM format to Diamond SCS and point dose calculations
at the isocentre were carried out. Results were analyzed for
Diamond SCS calculations versus measured dose, Eclipse TPS
versus measured dose and Diamond SCS calculations versus
Eclipse TPS calculations in the homogeneous phantom.

3.5.  Diamond SCS calculations for VMAT plans with
heterogeneity corrections

In this study, 150 VMAT (Rapid Arc) plans were grouped into
the head and neck, thorax and pelvic regions, consisting of
50, 39 and 61 plans, respectively. All these clinically accepted
plans were calculated in Eclipse TPS version 11 and exported
in DICOM format to Diamond SCS. It includes two features
related to the algorithm, (i) body contour importation and
(ii) heterogeneity corrections. The option to import the body
contour for VMAT plans makes it possible to assign a source to
surface distance (SSD) and depth of calculation to each control
point (a VMAT field is composed of 177 or 178 control points),
otherwise averaged values of SSD and depth must be assigned
to all control points. In the previous studies®'>?> using PTW'’s
Diamond software (version 5.01.02.131 or higher), the
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Table 1 - The CT values of each structure with their mass density and relative electron density values obtained from TPS.

S. No. Structure CT value Mass density Relative electron density
1 Bone 1000 or more 1.86 1.87

2 Muscle (skeletal) 45-100 1.05 1.0505

3 Adipose tissue 0-50 0.92 0.8867

4 Air 0 0.0012 0.0074

5 Prespex 100-150 1.07 1.0701

6 Couch surface —300HU 0.0071 0.0071

7 Couch interior —1000 HU 0.0011 0.0011

heterogeneity corrections were made by setting an effective
depth different from the geometric one. For IMRT and 3D
plans, it can be done easily by using values obtained from
TPS and setting them manually in Diamond SCS. For VMAT
this is not possible as TPS only gives an averaged effective
depth for the 177 or 178 control points, and if this value is set
for all control points, an averaged SSD is used thereby losing
all information relating to the body contour. Similar papers
for 3D and IMRT plans use the same approximation.®?*
In our present work, using Diamond SCS, version-6, the
heterogeneity corrections were done by assigning relative
electron density values to each organ. The structure sets are
imported from TPS along with the RT plan into Diamond.
Each structure set referring to particular organs is assigned
a particular relative density value which is obtained from the
CT calibration curve inbuilt in TPS and are shown in Table 1.
The geometric and effective depth for the 177 control points
is obtained from relative electron density values of each
organ for the point dose measurements. In this work, using
Diamond SCS, version-6, dose calculations were performed
for VMAT plans with heterogeneity corrections.

3.6.  Statistical analysis

To appraise the difference between the techniques, descrip-
tive statistics and Analysis of Variance (ANOVA) statistical test

were done. ANOVA is a kind of parametric method for means
comparison and is an extension of a t-test. When there are
more than two groups to be compared, a pairwise t-test is
not appropriate and ANOVA should be used. ANOVA requires
normality and equal variance.

4, Results

4.1. Conventional field calculations

The results of conventional field calculations Diamond SCS
showed good agreement (within +0.5%) with measured and
Eclipse TPS (Acuros-XB algorithm). For large field sizes, the
deviations were within +1%. The percentage depth dose (PDD),
tissue phantom ratio (TPR), collimator scatter factor (Sc), phan-
tom scatter factor (Sp) and off-axis factor (OAF) for different
field sizes at various depths were calculated in Diamond SCS.
The calculated doses in Diamond SCS were compared with the
measured ones and the Acuros-XB algorithm for TrueBeam
linear accelerator.

4.2.  Heterogeneity corrections calculations

Heterogeneity corrections calculations were made using a cir-
cular cylindrical phantom made-up of paraffin wax material

Percentage variations of different density materials
for different techniques in circular cylindrical phantom
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Fig. 2 - Percentage variations of different density materials using for heterogeneity corrections calculations between
absolute dose measured (vs.) eclipse TPS calculated dose, Diamond SCS calculated dose (vs.) eclipse TPS calculated dose.
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with various inserts having different densities equivalent to
the bone, perspex, muscle and air. The validation results
of heterogeneity correction calculations using Diamond SCS
showed a good agreement (within +5%) with measured and
Eclipse TPS (Acuros-XB algorithm) for a homogeneous cylin-
drical phantom, air and muscle inserts. Since Diamond SCS
uses modified Clarkson’s integration algorithm, results of dose
calculations for the perspex and bone inserts showed higher
variation with dose measurements and the TPS Acuros-XB
algorithm. The percentage variations between measured dose
(vs.) TPS dose and Diamond dose (vs.) TPS dose are shown in
Fig. 2.

4.3.  Diamond SCS calculations for homogeneous
cylindrical phantom

For the 150 VMAT plans, the comparisons of Eclipse TPS
(vs.) Absolute dose measurements, Diamond SCS (vs.) Abso-
lute dose measurements, and Eclipse TPS dose (vs.) Diamond
SCS dose are made in a homogeneous phantom as shown
in Fig. 3. For VMAT plan calculations with a homogenous
cylindrical phantom, Diamond SCS showed reasonable agree-
ment with Eclipse TPS. Overall percentage variation between
measured dose and Eclipse TPS calculated doses for all sites
were between —4.92% and 4.26% with mean deviation of
—1.47 +£2.13%. The overall percentage variation between mea-
sured dose and Diamond SCS calculated doses for all sites
were between -4.99% and 3.82% with mean deviation of
—2.00% =+ 1.66%. The overall percentage variation between Dia-
mond SCS dose and Eclipse TPS calculated dose for all sites
were between —4.60% and 4.67% with mean deviation of
—0.10£2.14%.

4.4.  Diamond SCS calculations for VMAT plans with
heterogeneity corrections

Dose calculated by Diamond SCS software version-6 for
VMAT plans with heterogeneity corrections, when compared

Percentage variations of 150 VMAT plans verification
] caleulations using homogeneous cylindrical phantom

6 Max

] Max Max
4
: ooz 1 P

18D

% of variations

A B Cc

MEASURED (vs.) TPS
MEASURED (vs.) DIAMOND SCS
[][[]] TPS (vs.) DIAMOND SCS

Fig. 3 — Percentage variations of VMAT plans calculated in
homogeneous cylindrical phantom for all sites between
absolute dose measured (vs.) eclipse TPS calculated dose,
absolute dose measured (vs.) Diamond SCS calculated dose
and eclipse TPS calculated dose (vs.) Diamond SCS
calculated dose.

with the Acuros-XB algorithm, showed similar higher varia-
tions when the isocentre was at a region below —350HU. 34
head and neck, 35 thorax and 55 pelvic plans had isocen-
tre at a region above —350HU. For this group of plans,
the overall MU variations between Diamond SCS and TPS
Acuros-XB algorithms were within +5% and are shown in
Fig. 4. For the remaining 26 plans, isocentre was at a region
below —350HU. For some of these plans Diamond SCS cal-
culated much higher doses up to 18.52% compared to TPS
dose.

Percentage variations of TPS dose (vs.) Diamond SCS dose using heterogeneity corrections for
VMAT plans having isocentre at a region above -350 HU and below -350 HU.

VMAT plans with isocentre at a region
above -350 HU

VMAT plans with isocentre at a region
below -350 HU
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Fig. 4 — Percentage variations between eclipse TPS calculated dose (vs.) Diamond SCS calculated dose with heterogeneous
corrections for patient anatomy plans with isocentre at a region above —350 HU and below —350 HU.
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5. Discussions

In this study, the results of conventional field calculations
Diamond SCS showed good agreement (within +0.5%) with
measured dose as well as TPS calculations. For plan verifica-
tion using homogenous cylindrical phantom, Diamond SCS
calculations resulted in a variation of +5% compared to mea-
sured values and Eclipse TPS calculations. For the clinically
approved VMAT treatment plan verification with heterogene-
ity corrections using electron density values and isocentre at
aregion above —350 HU, the variations between Diamond SCS,
dose measurements and TPS calculations were also found to
be within £5%.

But for plans with isocentre at a region below —350HU,
it has been shown by Bush et al.?® and Kroon et al.?! that
the Acuros-XB algorithm is more accurate in low density
regions. However, in a low density region similar to Prakash
etal.,?? verification calculations by Diamond SCS showed large
variations of —8.90% and 18.52% when compared with TPS
Acuros-XB algorithm calculations. Diamond SCS dose calcu-
lation using modified Clarkson’s integration algorithm cannot
predict doses atlow density regions accurately. Hence, the Dia-
mond SCS cannot be justified for verification for plans with
isocentre at regions below —350HU. The statistical analysis
of Diamond dose (vs.) TPS dose calculations show that VMAT
plans with isocentre at a region above —350HU, the popula-
tion means are not significantly different, but for isocentre
at a region below —350HU the population means are signif-
icantly different. Furthermore Diamond SCS cannot be used,
if the isocentre is near the edges of the PTV, where there is a
rapid dose fall off, or at the low dose regions outside the PTV.
If the isocentre lies at any of the above stated regions, a suit-
able off-axis reference point may be chosen for MU verification
according to ICRU reference point selection guidelines.

6. Conclusions

In this study, TrueBeam linear accelerator was modelled in
Diamond SCS and validated. The validation results are in good
agreement with Eclipse TPS data and hence it was accepted
for routine clinical use. The results show that the Diamond
SCS can be used as an additional tool along with phantom
measurements for patient specific quality assurance of VMAT
plans with heterogeneity corrections having isocentre at a
region above —350 HU. The study can be further extended by
comparing the dose map of Diamond SCS with TPS for further
detailed analysis of plans.
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