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Abstract

Background: Patient-specific QA is used to evaluate the correlation between the planned and delivered dose distributions,
and the correlation depends on the treatment machine and the patient- specific QA device. Regarding this, we deem it ap-

propriate to evaluate the performance of our patient-specific QA device before the clinical implementation of IMRT.

Methodology: Patient-specific QAs were performed for five (5) cases each for prostate and head- and-neck cancers. The IM-
RT plans were created with a Varian Eclipse TPS (version 13.6) and true composite with all beams at zero gantry verifica-
tion plans were generated with an IBA Dosimetry miniPhantom having the MatriXX (Evolution) 2D array detector inserted
into it. The verification plans were replicated on a Varian Unique Performance linear accelerator, and the dose distributions
along the plane of the ionization chambers within the 2D array detector were measured and compared to those of the TPS
with the aid of the myQA software, using a global gamma index analysis having the following criteria: 95% passing rate with

3% / 3 mm, and 10% low dose threshold.

Results: The passing rate of the prostate IMRT plans ranged from 95.50 to 98.43% (mean of 96.82%; standard deviation of
1.22%), whilst that of the head-and-neck ranged from 94.60 to 97.70% (mean of 96.42%; standard deviation of 1.14%). One
head-and-neck IMRT plan failed the gamma analysis but passed after re-planning. The measured doses compared favourab-

ly with the calculated doses (p-value = 0.029 and 0.030 for prostate and head-and-neck, respectively).

©2023 The Authors. Published by the JScholar under the terms of the Crea-tive Com-
mons Attribution License http://creativecommons.org/licenses/by/3.0/, which per-

mits unrestricted use, provided the original author and source are credited.
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our treatment planning system.

Conclusion: The study affirmed the reliability of the patient-specific QA device earmarked to be used for IMRT pre-treat-
ment verification by our radiation oncology department. This also facilitated the development of a gamma analysis protocol

for our linac and dosimeter, as well as helping to ascertain the adequacy of the acquired beam data used in commissioning
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Introduction

Tumours usually present with very complex
shapes, and coupled with the irregularity on a patient sur-
face at the point of beam entrance as well as tissue hetero-
geneities within the irradiated volume would require the
use of intensity-modulated (IM) beams to conform the dose
distribution to the shape of the tumour (or target volume).
External beam radiation therapy that relies on intensity- mo-
dulated beams is referred to as intensity modulated radio-
therapy (IMRT). IMRT can also escalate doses to a certain
area of the delineated target volume in a single treatment de-
livery phase. The treatment technique provides better dose
sparing for normal tissues or critical structures close to the
target volume. But the benefits of IMRT cannot be realized
without proper and appropriate dosimetry, optimal geomet-
rical tolerance of the treatment machine to be used for the
treatment delivery, minimal uncertainty associated with the
patient set-up and target localization, very accurate delinea-
tion of the target volume and normal tissues, and flawless
transfer of treatment parameters from the treatment plann-
ing system to the treatment machine [1-3]. There is, there-
fore, a need to verify planned treatment parameters before
treatment delivery to minimize uncertainties associated
with some of the treatment delivery steps and enhance the
quality of life of patients undergoing external beam radio-
therapy. To augment the effectiveness and efficiency of this
process, automated systems have been introduced, and have
been widely embraced by the radiotherapy fraternity.
Notwithstanding the acceptance, it is very imperative to
evaluate the performance of these automated systems to ap-
preciate their inherent uncertainties and limitations before
clinical use. These are achievable with the implementation
of efficient and effective quality assurance (QA) procedures
[4,5]. How extensive are the procedures to meet the intend-
ed objectives is dependent on the treatment technique, treat-

ment machine, and available dosimetry equipment to be
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used to fulfill the QA procedures [6]. Proper verification of
QA procedures for the equipment and patient-specific
dosimetry are imperative measures to guarantee that treat-
ment could be delivered per treatment plans [7]. IM beams
are created with the movement of the leaves of the multileaf
collimator system while the beam is on during treatment de-
livery or by the weighted superimposition of segmented
fields created with the leaves. The leaf sequencings are
based on fluence maps generated via inverse planning.
Hence, a realization of fluence distribution across beams be-
fore treatment delivery is paramount to any IMRT treat-
ment [8]. Concerning this, there is a sudden increase in
treatment parameters which are cumbersome if not possible

to verify individually.

Since all the treatment parameters would translate
into a specific dose distribution pattern within a patient,
finding a way of realizing the dose distribution can serve as
a means of verifying the numerous treatment parameters.
Regarding this, template of a patient's IMRT plan is created
and placed on a phantom with appropriate detectors
embedded in the phantom. As the treatment plan with the
phantom is replicated on the treatment machine, the
planned dose distributions are compared to the measured
one facilitating patient-specific quality assurance [2]. There
is also the possibility of verifying the cumulative plan flu-
ence distribution with the electronic portal imager attached
to the opposite side of the treatment head of the linear accel-
erator. The doses are compared both in magnitude and spa-
tial resolution, and a plethora of publications has given rec-
ommendations on the assessment criteria [2,9-14]. Most of
the publications, irrespective of the sites, recommended a
composite analysis having the following criteria: 3% dose
difference, 3 mm distance to agreement (DTA), 10% low
dose threshold (LDT), and 95% pass rate for both tolerance
and action levels. Depending on the complexity of the treat-

ment plan as well as the size of the target volume some liter-
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ature recommends the use of an action level set at a 90%
pass rate [15,16]. Regarding the calculation of the percent-
age difference in dose from the comparison, there are two
types of gamma index methods, namely global and local
gamma index analyses [5]. The global gamma index analy-
sis calculates the percentage differences relative to the pre-
scription dose, and the local gamma index analysis calcu-
lates the percentage differences relative to the doses at each
evaluated point. The local gamma index analysis could over-
state the percentage differences in the low-dose regions,
while the global gamma index method could undervalue the
dose discrepancies in the low-dose regions [5]. There are no
clear guidelines on the choice of the gamma index analysis
method for pre-treatment patient-specific QA in IMRT
treatment delivery [17]. This decision needs to be made by
the clinic intending to introduce IMRT treatment delivery,
as the global gamma index analysis cannot substitute for the
local gamma index analysis or vice versa [17]. The gamma
passing rate is also dependent on the dosimeter used for the
evaluation, as the configuration and the detector resolution
have a great impact on the estimation of the gamma passing
rates [18,19]. Regarding the reservations associated with the
gamma passing rates, it is clear that the tolerance levels
suggested by earlier studies or international guidelines
might not always be appropriate for a particular institution

dosimeter [17].

The gamma passing rates are, therefore, depen-
dent on the types of gamma analyses, dosimeters, and linear
accelerators (linacs) to be used [17]. Regarding the above, it
is necessary for institutions wishing to introduce IMRT to
appreciate limitations with their dosimeters for patient-spe-
cific QAs as well as their linacs, and circumspectly establish
their own gamma analysis protocol by determining the type
of gamma index analysis and the gamma criteria suitable

for their linacs and dosimeter.

Therefore, we find it necessary to thoroughly evalu-
ate the performance of our patient-specific QA devices and
the adequacy of the commissioning data to be able to estab-
lish gamma analysis protocol for our institution before clini-

cal use of the IMRT technique.
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Materials and Methods

A miniPhantom with a MatriXX Evolution 2D ar-
ray detector (IBA Dosimetry Gmbh, Germany) inserted in-
to it, earmarked for patient-specific QA by the radiation on-
cology department, was scanned with a Discovery RT 590
CT-simulator (General Electric, USA) as shown in Figure 1.
The scanning parameters were selected following depart-
mental protocol for patient CT data acquisition for comput-
erized treatment planning. Inscription lines placed on the
surfaces of the miniPhantom by the phantom manufacturer
and the lasers (patient position system) within the imaging
room were used to align the phantom within the aperture of
the CT scanner. Where the inscription lines crossed each
other was set as the reference point for the imaging, and this
reference point was defined as the origin for the computer-
ized treatment planning with the miniPhantom. The axial
CT data set of the miniPhantom and detector were exported
to an Eclipse treatment planning system (version 13.5;
Varian Medical Systems, Palo Alto, USA). Samples of the

axial CT slices of the miniPhantom are depicted in Figure 2.

Five cases each of patients with prostate and head-
-and-neck cancers who had had their treatment with 3D
conformal radiotherapy, such that the treatments were
planned with the Eclipse TPS, were selected and IMRT
plans created for them. For the prostate cases, the plans
were created using seven fields that were evenly distributed
in coplanar directions with the sliding window technique.
The same irradiation geometry approaches were used for
the head-and-neck cases, but the fields ranged from seven
to nine depending on the achievable dose optimization. The
optimization goal was to ensure that at least 95% of the vol-
ume of the targets received the prescribed dose and that the
maximal dose of the targets would not exceed 109% of the
prescribed dose. The IMRT plans were evaluated such that
each one satisfied the adopted departmental dose tolerances
and constraints for organs at risk (or normal tissues) dis-
played in Table 1 [20]. After the optimization processes,
dose calculations were performed using anisotropic analyti-
cal algorithm (AAA) version 13.6 with a grid size of 2.5
mm. For each IMRT plan, a verification plan was generated
with the mini Phantom for a single fraction dose. A true
composite with all beam gantry angles set at zero degrees

was used for each verification plan. Figure 3 shows a plann-
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ing window of the TPS for a prostate IMRT plan and its veri-
fication plan. All the treatment simulations were performed
with single energy (6 MV) Unique Performance medical lin-
ear accelerator (Varian Medical System, Palo Alto, USA)
equipped with the Varian Millennium 120- leaf MLC
(Varian Medical System, Palo Alto, USA). The radiotherapy

Y

4

plan doses in a DICOM format (RTDOSEs) for the
miniPhantom for the various IMRT plans were exported to
a folder created on the TPS desktop and then transferred on-
to a dedicated pen drive. The RTDOSEs on the pen drive
were transferred onto a folder created on the desktop of a

laptop having the myQA software (IBA Dosimetry Gmbh,

Germany).

Figure 1: CT scanning of the miniPhantom with the MatriXX 2D array detector embedded in it

Figure 2: Axial CT slice of the miniPhantom and 2D array detector
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Table 1: Dose Volume Objectives/ Constraints to critical organs

Head and Neck Prostate
Critical organ Dose (EQD2)/ Volume | Critical organ Dose (EQD2)/ Volume
Brain V60 Gy < 30 % Small Bowel | Dmax = 46 Gy Daverage < 30 Gy
Lens Dmax =4 Gy
Eye Dmax = 45 Gy Rectum V50Gy < 502;\;6{)5;5 40 9%V75-
Esophagus and Lacrimal Daverage < 34 Gy
gland
Chiasm and Optical nerve V54Gy <2 % Bladder Daverage < 62 Gy
Cochlea Daverage < 40 Gy Penile bulb Daverage < 50 Gy
Brain stem V60Gy <2 % Testicle Dmax = 8 Gy
Spinal cord Dmax = 48 Gy Ovaries Dmax =2 Gy
Parotid gland Daverage < 26 Gy Femoral head Dmax = 55 Gy
Larynx V50Gy < 30 % Sacrum Daverage < 50 Gy

Figure 3: TPS planning window: A. prostate IMRT plan, B. Verification plan

The mini Phantom setup for the plan verifications
was reproduced on the Unique Performance linear accelera-
tor such that the source-to-detector distance was 100 cm.
The 2D array detector within the mini Phantom was con-
nected to the laptop having the myQA software via Ethernet
cable. The clinic and the treatment machine were set up and
selected from the menu of the myQA software. The detector
was also selected from the menu. The 2D array detector was
pre-irradiated with a field size of 24 cm x 24 cm for 500
MU, and then calibrated against a Farmer-type ionization
chamber having a calibration coefficient traceable to the se-
condary standard dosimetry of IBA Dosimetry Gmbh, Ger-
many. The calibration was based on the IAEA-TRS 398 pro-
tocol [22]. The detector calibration procedures recommend-
ed by the detector manufacturer were also followed [21].

The calibration of the 2D array detector was affirmed by si-
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mulating with the TPS a 2 Gy dose delivery along the beam
central axis for a field size of 10 cm x 10 cm with the mini
Phantom setup and replicating the dose delivery on the lin-
ear accelerator. The correlation between the measured and

the TPS calculated doses was then evaluated.

For the patient-specific QAs, anonymous names
were used to create the respective patients within the myQA
software and then a project was created for each patient.
The appropriate RTDOSE for a specific patient was import-
ed into the created project for the patient, and the process
was repeated for all of the patients. The verification plan for
each patient was replicated on the Unique Performance lin-
ear accelerator, and in the measurement mode of the myQA
software, the dose distribution along the plane of the detec-

tor perpendicular to the beam central axis was measured
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with the detector using a single shot continuous acquisition
mode, such that the measurement was initiated and stopped
manually. At each time of measurement, it was ensured that
the detector had been pre-irradiated with the required field
size and number of monitor units before the commence-
ment of the measurements. The setup for the patient-specif-
ic quality assurance is depicted in Figure 4. For each patien-
t's dose comparison, the project explorer window of the
myQA software was accessed; from the measurement folder
the measured data was dragged to the compare pane, and
from the import folder the dose plan (corresponding to the
calculated dose distribution along the plane of the detector)
was also dragged to the reference pane. The images in the
reference and compare panes were aligned so that they were
superimposed perfectly as much as possible using tools pro-
vided within the menu of myQA software [21]. A dose com-

parison window of the myQA software is shown in Figure 5
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for one IMRT plan for the prostate. Gamma index calcula-
tion was then performed for each patient using the fol-

lowing

criteria: 3% dose difference (at 5% threshold), 3
mm distance to agreement, and 95% passing rate with a
10% low dose threshold. The verification results within the
result pane of the software were recorded for each patient.
The patient-specific quality assurance for each patient was
repeated three consecutive times on different days to check
the constancy in response to the detector. This also served
as a means of checking the performance of sensors within
the detector for monitoring environmental air-density varia-
tions, which are used by the detector to automatically cor-
rect for the effects of temperature and pressure on the read-
ings of the various vented ionization chambers within the

detector.

g |
Wi

Figure 4: Treatment delivery with the miniPhantom having the MatriXX detector inserted into the phantom

JJ Oncol Clin Res 2023 | Vol 4: 104



TReference] Dose XY 020

£ Standard Histogram -
b=t | umber of Picels
-

h“"lh

D46 063 'l:‘d 'I1 10‘
Signal [I

Data Mo. Pixels  Mir
[Gamenaingdex] of Diose X030/ Frame 00001 | 18375

=

[Result] [Gammalndex] of Dose XY.020 / Frame 00

Ylem)

Figure 5: Dose comparison window of myQA software

The dose measurements with the 2D array detec-
tor for all the IMRT plans were repeated with a Farmer-type
ionization chamber (FC65-G; IBA Dosimetry GmbH, Ger-
many) held in a dedicated insert (provided by the manufac-
turer of the mini Phantom) which was used to replace the
2D array detector within the mini Phantom. During the
measurements, the ionization chamber was connected to a
UNIDOS electrometer (PTW-Freiburg, Germany) which
was set to measure charges in radiation trigger mode with a
bias voltage of +400 V. Before these measurements with the
ionization chamber, the mini Phantom with the ionization
chamber was also scanned with the CT simulator and the
axial images exported to the TPS. The sensitive volume of
the ionization chamber was contoured (delineated), and
each verification plan dose was prescribed to the contoured
sensitive volume of the ionization chamber. The verification
plans generated for the mini Phantom and the ionization

chamber were replicated on the linear accelerator.
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Results

In Table 2 is listed the ionization chamber mea-
sured doses and their corresponding calculated doses by the
TPS for the various IMRT plans verified with the mini Phan-
tom and the ionization chamber. The difference between
the measured and the calculated doses for each IMRT plan
is also presented. Each difference in a dose per IMRT plan/
patient is expressed as a percentage of the respectively mea-
sured dose for each case and presented in Table 2. The Gam-
ma passing rates of the various prostate and head-and-neck
IMRT plans verified on the three consecutive days are listed
in Table 3. Also presented is the mean gamma passing rate
for each IMRT plan for the consecutive days. The mean
gamma passing rate for each IMRT plan for the consecutive
days per patient is illustrated as bar charts for prostate and
head-and-neck cases in Figure 6. The uncertainties associat-
ed with the passing rates are shown as error bar captions on
the various bars representing individual gamma passing
rates. The blue bars represent gamma passing rates for pa-
tients and the red bars are used to denote recommended

gamma passing rates.
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Table 2: Comparison of ionization chamber measured and TPS calculated doses for the IMRT plans

Case Patient Dose (Gy) Percentage dose difference (%)
TPS calculated | Measured | Difference

Prostate 1 3.08 3.07 0.01 0.43
2 3.08 3.06 0.03 0.90

3 4.47 4.46 0.01 0.16

4 3.37 3.34 0.02 0.70

5 2.58 2.58 0.00 0.17

Head-and-neck 6 2.72 2.73 0.01 0.24
7 2.85 2.85 0.00 0.16

8 3.41 3.40 0.01 0.36

9 2.24 2.22 0.02 0.71

10 3.11 3.11 0.00 0.07

Table 3: Gamma passing rates for the various IMRT plans and different verifications

Case Patient Pass rates (%)
1st verification 2nd verification 3rd verification Mean + SD
Prostate 1 97.50 97.20 98.10 97.60 £ 0.46
2 95.40 95.40 96.60 95.80 £ 0.69
3 96.10 96.80 97.40 96.77 £ 0.65
4 98.30 97.90 99.10 98.43 + 0.61
5 95.40 96.00 95.10 95.50 £ 0.46
Head-and-neck 6 93.70 95.00 95.10 94.60 + 0.78
7 96.50 96.90 96.90 96.77 £0.23
8 96.50 97.10 96.80 96.80 £ 0.30
9 96.30 95.80 96.60 96.23 £ 0.40
10 97.10 97.80 98.20 97.70 £ 0.56
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Figure 6(a): Gamma passing rates of IMRT plans for (a) prostate
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Figure 6(b): Gamma passing rates of IMRT plans for (b) head-and-neck cases

Among the limitations of the study are the inacces-
sibility of different types of 2D detector arrays and corre-
sponding software to compare measured dose distributions
recorded with MatriXX for a variety of relevant information
on detector response to the measured dose distributions.
The restriction to one type of medical linear accelerator also
limited the study to only a Varian linac, as well as the limita-
tion of GI method in which it only determines the number
of points out of tolerance without giving any information

about their spatial location.

Discussion

A 5% uncertainty in dose calculation tends to re-
sult in 20% changes in the local tumour control probability
and 30% changes in the normal tissue complication proba-
bility [23-25]. Regarding this, accurate dose calculations are,
therefore, essential for radiotherapy treatment planning,
and the error in dose calculation must be less than 3%
[25-26]. Concerning these and our experience with IMRT
treatment delivery informed our decision to use the gamma
analysis criteria of 3%/ 3 mm for this study. Many steps are
involved in external beam radiotherapy, and each comes

with some uncertainty. Regarding this, reducing the error
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margin for the dose calculation would make room for the in-
clusion and relaxation of stringent requirements of some of
the steps involved in the treatment delivery, such that when
the associated errors of the several steps are summed up in
quadrature, the resultant error will be within the recom-
mended tolerance [27]. From the gamma analyses, the high-
est gamma passing rate was recorded for a prostate IMRT
plan, and also, the gamma passing rates for the prostate IM-
RT plans were better than those of the head-and-neck IM-
RT plans. The average gamma passing rates for the consecu-
tive verifications ranged from 95.50 to 98.43% (mean of
96.82 + 1.22%) for the prostate IMRT plans and 94.6 to 94.6
to 97.70% (mean of 96.82 + 1.15%) for the head-and-neck
IMRT plans. These can be attributed to the complexity of
the head- and-neck target volumes and the tissue density
heterogeneities within the head-and-neck region compared
to those of the prostate and the pelvic region, respectively
[25]. Also, for most of the head-and-neck cancer cases, large
field sizes were used for the treatment planning owing to
the size of the target volumes and the need to apply angular
collimation to the beams to minimise the tongue-and--
groove effect on the dose distributions [28]. The large fields
with a width greater than 14 cm were split into two or more
carriage movements (or split-fields) during the dose calcula-
tions process as the modulation travel distances of the
MLCs were exceeded by the large fields. The segmentation
of the large fields is known to reduce the accuracy of the cal-
culated dose distributions for IMRT plans [29,30]. From
Table 3, although the gamma passing rates of the IMRT
plans were very encouraging, we had anticipated that they
would have ranged between 97 to 100% based on the results
of other studies performed with a similar detector [31-33].
Beam data used to commission the treatment planning sys-
tem such as dynamic leaf gap (DLG) and MLC leaf transmis-
sion parameters can influence dose accuracy in IMRT treat-
ment delivery thus impacting the gamma passing rate
[34-38]. Regarding this, the measured DLG for the treat-
ment machine had been upwards adjusted via alterations to
obtain an optimal value that would improve the dose accura-
cy, but no adjustments had been applied to the measured
leaf transmission parameters. The tweaking of the DLG was
done before this study. It is recommended that during the
commissioning of a medical linear accelerator specifically

for IMRT treatment delivery, beam data should be acquired
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for field sizes ranging from 1 x 1 to 40 x 40 cm?2 and lower
depending on the TPS vendor requirements (Das et al,
2008). But during the commissioning of the linear accelera-
tor that was used for this study, beam data were acquired
for field sizes ranging from 2 x 2 to 40 x 40 cm2 due to the
non-availability of appropriate detectors to measure the
dosimetric parameters below the field size of 2 x 2 cm2 and
the need not to under or overestimate the relative dose fac-
tors of field sizes below the minimum field size for beam da-
ta acquisition which will have ramification on the accuracy
of IMRT plan doses [36]. However, [39] had shown that in-
cluding field sizes below 2 x 2 cm2 in beam data acquisi-
tions during commissioning would not have any significant
impact on the dose accuracy of IMRT plans [39]. Hence to
improve the gamma passing rates we should focus on also
tweaking the leaf transmission parameters. Concerning th-
ese, results of the ionization chamber measurements listed
in Table 2, and the illustrations provided in Figure 6, we can
affirm that the commissioned beam data are adequate and
reliable for IMRT treatment delivery. The ionization cham-
ber measured doses compared very well to their calculated
counterparts by the TPS with a standard error of less than
1%. This shows that the jonization chamber measurements
cannot be used as surrogates for the gamma indexes, but
may be used to verify high dose deviation point/ region
within a comparison dose map for gamma analyses. The
consecutive verification measurements with the 2D array de-
tector have an error of less than 1%, and this attests to the
constancy and stability of the detector for patient-specific
quality assurance. The MatriXX 2D array detector is, there-
fore, suitable for IMRT dosimetric verification, but there is
also the need for us to study its angular dependence as it is
always good to use true composite with gantry angles at the
required angles as planned for the IMRT dosimetric verifica-

tion.

Gamma indexes of 95% pass rate at 3%/ 3 mm are
currently accepted as the departmental protocol for patien-

t-specific quality assurance.

Conclusion

The piloted patient-specific quality assurance of-
fered us the opportunity to verify the adequacy and reliabili-

ty of beam data acquired during the commissioning of a
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medical linear accelerator earmarked for IMRT treatment
delivery. This study has also affirmed the suitability of the
MatriXX 2D array detector for patient-specific quality assur-
ance, and the development of gamma analysis protocol for

the detector and the linear accelerator.
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