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Validation and comparison of intensity modulated radiation
therapy patient plans with Octavius 4D Phantom using the
Gamma Index analysis in 2D and 3D
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Purpose: The aim of this work is to investigate the dose verification of
common conventional Intensity Modulated Radiation Therapy (IMRT) Quality
Assurance (QA) performance metric using verisoft software. Based on Gamma
index analysis we performed a comparison between 2D and 3D of the
delivered and planed dose for complex geometry, Gamma index passing rate
(GP%) is calculated using different criteria 3%/3 mm, 3%/2 mm and 2%/2mm
dose difference/ distance-to-tolerance criteria (DD/DTA) to check the quality
the plan before starting the treatment .

Materials and methods: Ten complex Intensity Modulated Radiation Therapy
(IMRT) (80 beams) plans for two different pathologies are calculated using
the Eclipse Treatment Planning System (TPS), Pre-treatment verifications were
performed for all patients plans by acquiring planar dose distributions of each
treatment field with 2D-diode array Octavius 4D cylindrical phantom that is
matrix composed of 1500 ionisation chambers with a size of 4.4 x 4.4x
3 mm3, whose centres are separated two by two by 7.07 mm. Measured
dose and calculated dose were compared by using Gamma index method,
and pass/failed test were generated foe each pair of planar doses using the
following acceptance criteria 3%/3 mm, 3%/2 mm and 2%/2mm. During the
pre-treatment verification we acquired the dose distribution with DICOM RT
plan, RT stricter set, and RT dose file from TPS, and then we loaded all plans
into the verisoft softwar to analyse each individual plan.

Results: Overall, a good correlation was observed between the measured and
calculated doses in most of the beams with success agreement of the Gamma
index for 3D analysis being 99% compared to 2D which was 97.11% for the
3%/3mm criterion. The average difference in the percentage of passing pixels
between the 2D and 3D analyses ranged from 0.9% to 2%.
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INTRODUCTION

Intensity Modulated Radiotherapy (IMRT) by modulating
the beam intensity across each treatment field allows for better
dose conformation particularly to concavely shaped contours
of the target volume which is enough to control tumour cells,
while reducing doses to normal tissues by modulating photon
beam intensities by varying the Multi-Leaf Collimator (MLC)
positions [1]. IMRT can produce highly conformal radiation
dose distributions and enhance treatment localization. These
complex treatment techniques also place higher demands
on delivering dose treatment in terms of both accuracy and
verification of treatment plans [2].

The verification of treatment plans in Intensity Modulated
Radiation Therapy (IMRT) is focused on the linear accelerator
and in particular the MultiLeaf Collimator (MLC). It involves
evaluating and comparing the parameters of the treatment plans
delivered by the linear accelerator with those planned. Complex
treatment plans such as those developed in IMRT cannot be
controlled by in vivo dosimetry. Verification in IMRT consisted
mainly of the use of 2D measurements, but technological
advances in medical physics have led to the use of new 3D
measurement phantoms [1-3].

To control these types of treatments, more complex solutions
are implemented, based on the use of a PTW Octavius 4D
phantom by checking a Gamma index (y) introduced by
Low et al. [4]. In this case, a 4D system is used to carry out
the verification of the treatment plans. The special feature of
this system is that it allows a quick and direct analysis. The
verification of the 3D measurement is an extension of the 2D
measurement with another dimension, allowing later on an
evaluation and verification of the volumetric distribution of
the dose along the x, y and z axes to be taken into account by
verifying the superposition of isodoses and profiles.

In this work we compared the measured dose distribution with
the calculated dose distribution, the y assessment method is
adopted in this study, which quantifies both the absolute Dose
Difference (DD) and the Distance-to-Tolerance Criteria (DTA)
[5]. The DD represents the positional deviation between the
two calculated and measured dose matrices [6]. DTA is used to
compare doses in areas of high gradients, where only a deviation
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is of little interest, because a small positional deviation results in
a large dose difference. The y Index analysis is based on DTA
and DD, and is designed to check regions of low and high dose
gradient. This test is only successful when the DD and DTA
criteria are all valid. This index is formulated so that when the
value < 1, the patient's plan is accepted and when the y value is
greater than one, the plan is rejected [7-8]. Thus, the y index is
a measure of the quality of the treatment plan that presents the
percentage of dose points that meet the acceptance criteria [9].

The aim of this study is to ensure the quality of treatment plans
by the IMRT using sophisticated analysis software such as
Verisoft which offers many options such as y index comparison.

MATERIALS AND METHODS

We studied 10 patients from two localizations Head and Neck
(HN) and Prostate treated at the Department of Radiotherapy,
University Hospital Hassan II Fez in Morocco. HN localization
was stabilized in supine position, with thermoplastic mask
attached at five fixation points to a carbon-fiber plate support
(CIVCO Radiotherapy Coralville, Iowa, USA). For Prostate
cancer, we used a knee and foot support as immobilization
device. CT simulation was performed in 3 mm slices using
Siemens Somatom Sensation Open CT (Siemens, Erlangen,
Germany).

In this work all the treatments were carried out with a Varian
2300 DHX linear accelerator (Varian, Palo Alto, CA, USA)
equipped with a dynamic MLC, with a width of 1 cm projected
at the isocentre. Two energies are available in the photon mode
(6 MV and 18 MV). For the IMRT, 6 MV X-photons were
used for Head and Neck tumours and prostate tumours. The
calculation and optimisation of the dose were performed by
an Eclipse treatment planning system using the Analytical
Anisotropic Algorithm (AAA) (v.10.0.28).

The quality control checking the fluence is carried out with the
help of an Octavius 4D phantom by PTW. This is a 2D matrix
of ionisation chambers, which is inserted into a motorised
homogeneous cylindrical phantom. The cylindrical phantom is
made of acrylic with a density of 1.05 g/cm?®. The system rotates
synchronously with the rotation of the accelerator arm by using
an inclinometer attached to the accelerator. This ensures that the
beam incidence is always perpendicular to the plane detector
inserted in the phantom (Figure 1).

Fig.1. Presentation of the LINAC phantom and the 2D Array

This matrix is composed of 1500 jonisation chambers with a size
of (4.4 x 4.4 x 3) mm?, whose centres are separated two by two
by 7.07 mm. The matrix therefore has 27 rows of 27 chambers.

Phantom Octavius Linac and Octavius CT

Two types of phantoms are used for the quality assurance of the
treatment plans shown in Figure 2 by a slice section to observe
their internal structure.

The CT phantom: This is a cylindrical phantom made of plastic
materials equivalent to water with a density of 1.05 g/cm’. It
has a rectangular opening and has a detector array or perforated
inserts that can accommodate one or more cylindrical chambers.

The LINAC phantom: Also a cylindrical phantom with the
same characteristics as the CT phantom with the difference that
it also has a semi-cylindrical air cavity in its lower part to correct
the non-water equivalence of the matrix.

Fig.2. Internal view of the CT and LINAC phantoms

The measurements are taken and sent to PTW's analysis software
Verisoft V4.1. Calculation-measurement consistency is evaluated
by the y index test, proposed by Low, et al. [4] to perform a
global analysis of a dose distribution. This y index combines
Dose Difference (DD) in % for low gradient areas and distance
Distance-to-Tolerance criteria (DTA) in mm for high gradient
areas.

Gamma index

The y index is a comparison tool that takes into account both the
difference in dose as well as the difference in distance between
the two distributions. The principle is as follows: the calculated
dose/measured dose difference is evaluated for each point. A
deviation of less than 3% is considered acceptable. However,
if the deviation is greater than 3%, the measurement software
searches around the point in question for points that receive the
same dose. If the distance between these points is less than 3
mm, this is considered correct. Overall, 95% of the pixels must
meet these criteria for the treatment plan to be validated by the
physicist (Figure 3). It gives a picture of the physical differences
between the calculated and measured dose distributions [4, 10-
12]. The definition of the y index is defined by the following

equation:

. AD? Ar?
= min ( + |——=)=1
ADmax DTAZ

ADmax is the criterion that represents the maximum

accepted dose difference in percentage (applied to regions
with a low dose gradient).

DTA (Distance-To-Agreement) is the criterion that
represents the maximum accepted distance difference
(applied to regions with a high dose gradient) in mm.
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* Ar, the distance between the reference point and the
measured point in mm.

* AD, the dose difference between the reference point and
the measured point in %.

« Mesured dose wm= Calculated dose  Zone or Gamma index value > 1

Fig. 3. Evaluation principle of the Gamma function

RESULTS

The validation of treatment plans requires the comparison of
calculating and measured dose distributions. Displaying a two-
dimensional distribution is the most commonly used methods.
Qualitative validation is usually performed by superposing
calculated and measured isodoses and profiles. Currently,
analyses are performed on computers with sophisticated
software called Verisoft, which offers many options such as y
index comparison.

Superposition

Superposition of isodoses: For the comparison of calculated
and measured isodoses, it seems difficult to establish a
quantitative verification criterion, so the results are quite
qualitative. However, the superposition of the isodose lines was
carried out by the dotted calculation and the measurement,
which allows an immediate overview of the similarity of the two
isodoses (calculation and measurement) with the help of verisoft
software. The tools at our disposal allow us to superpose the
results obtained in the three directions (Transversal, sagittal and
coronal). In addition, the results of the comparison of isodose
lines are shown in Figure 4.

Trnsverse pne- . Gorons pane

This strictly visual study makes it possible to show the good
general correlation between the calculated and measured dose
plans. Thus, deviations could be observed for certain isodoses
(calculation and measurement) during the verification of
superposition. These differences were due to a problem of
dose rates. Sometimes, the speed of leafs failed to meet the
modulation constraints imposed on the accelerator. This

parameter is therefore to be considered if the correspondence is
not adequate.

Superposition of profiles: Several profiles were measured by
our Octavius 4D phantom to compare the profiles in order to
validate treatment plans. Whatever the technique, the profiles
measured in the transverse, sagittal, coronal and also diagonal
planes are globally superposable with the calculated profiles.
Our objective in this study was to show the capacity of the
machine during the delivery of the treatment, but also to prove
the feasibility of the controls with the Octavius 4D phantom. To
illustrate this, below the dose profiles are presented comparing
the calculation and the measurement profiles as shown in
Figure 5.

NB: Calculated profile in blue and the measured
profile in orange.

Transverse plane Coronal plane

Sagittal plane Diagonal plane

Fig. 5. Dose profiles for the transverse, coronal, sagittal and diagonal planes

Overall, the calculated dose distribution is accurately measured
with the Octavius 4D phantom. However, there may be
differences between the calculated and measured profiles in
several directions. It is therefore possible to quickly identify the
areas most affected by significant errors. Above all, it is possible to
differentiate the observed differences according to whether they
appear in a high or low dose area or whether they are contained
in high or low gradient. In this way the planning console
calculates a smooth profile, which is certainly less correct than
the measurement that it represents high gradients. Also on the
superposition of two dose profiles, one can identify deviations in
amplitude and deviations in distance. In this case, always check
for resetting and normalization. If a discrepancy persists, then
the Multi Leaf Collimator may be involved as shown in Figure 6.

Other causes may be involved: the direction of movement of
the blades, at the junction between two leaves, discrepancies are
often observed between the calculation and the measurement.
These differences are certainly due to the modelling of the

leakage between leaves in the calculation algorithm.
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Fig. 6. Diagram of the overlap between the MLC of 5 mm and the ionisation
chambers of the 2D-Array matrix for a collimator rotation of 0° and 30°
degrees. The dotted line indicates the central axis

Angle du collimateur a 30°

Study of the Gamma (y) index

The y index provides a quantitative study or analysis of the
correlation between the calculated and measured dose, the
calculation of this index is based on the concept of Low [4].
Tables 2 and 3 show the results obtained in a population of ten
patients planned with a 2D and 3D analysis. As an example,
Figure 7 shows the results of the y index analysis for the pass/fail
test. This test displays images of the three planes (Transverse,
Sagittal and Coronal) in which pixels with y less than 1 are
shown in green and pixels with y greater than 1 in red and blue.

Fig. 7. Results of a pass/fail test for the calculation of the y index in a
transverse, sagittal and coronal planes

We performed a comparison of the DD as well as the DTA
for our 10 patients with malignant neoplasms using different
criteria: 3%/3 mm, 3%/2 mm and 2%/2mm DD/DTA. The

Tab. 1. Results of the y-index

choice of these criteria was made to obtain and observe as much
information as possible about the correlation between the
calculated and measured dose plans. We then evaluated the DD

between the doses delivered by the Varian machine and the dose
predicted by the TPS.

When analysing the y index for the pass/fail test, we obtained
the following results for the 3%/3mm criterion: 97.11% and
99%. For the 3%/2mm criterion, the y index results were
95.42% and 96.81%. For the last criterion of 2%/2mm, we
found 92.01% and 93.66% of accepted points for 2D and
3D analysis respectively as shown in Tables 1 and 2. For all
10 patients considered, the vy index varied between 0.13 and
0.46; between 0.13 and 0.46; between 0.17 and 0.62 for the
3%/3mm, 3%/2mm and 2%/2mm criteria respectively as
shown in Table 2.

These results show that quantitatively, the use of the Octavius
4D Phantom allows a better comparison between calculation
and measurement. Indeed, the results obtained with the
3%3mm criterion are perfectly comparable to those obtained

with the TPS.

When analysing the v index for the pass/fail test, we obtained
the following results for the 3%/3mm criterion: 97.11% and
99%. For the 3%/2mm criterion, the y index results were
95.42% and 96.81%. For the last criterion of 2%/2mm, we
found 92.01% and 93.66% of accepted points for 2D and
3D analysis respectively as shown in Tables 1 and 2. For all
10 patients considered, the vy index varied between 0.13 and
0.46; between 0.13 and 0.46; between 0.17 and 0.62 for the
3%/3mm, 3%/2mm and 2%/2mm criteria respectively as
shown in Table 2.

These results show that quantitatively, the use of the Octavius
4D Phantom allows a better comparison between calculation
and measurement. Indeed, the results obtained with the

3%3mm criterion are perfectly comparable to those obtained

with the TPS.

y-index passing rates (%)

sw/smm sw/amm 25/2mm
analysis. P Trans Sagi Coro Trans Sagi Coro Trans Sagi Coro
1 97.2 95.9 96.5 97.8 94.6 95.7 94.7 90.7 91.1
2 97.6 95.4 96.2 97 93.3 94 94.5 87.7 89.5
3 96.8 96.7 96.8 94.2 94.2 95.4 90.5 89.1 91.2
4 98 97.7 98.74 97.6 96.6 95.3 95.8 93.1 92.7
5 97.7 96.7 96.4 96.3 94,2 93.8 94.1 86.4 89.6
6 97.2 97.2 97.3 95.5 95,7 94.9 92.4 90.9 91.6
7 97.7 97.8 97.9 97.1 97.2 97.8 95.8 96.8 95.1
8 97 96.6 96.6 91.4 93,1 94.2 91.1 90.4 91.2
9 97.5 96.3 95.7 95.1 94,7 92.9 90.5 90.5 89.5
10 98 98.2 97.9 97,2 96.8 96.2 93 95.5 95.2
Mean 97.47 96.85 97.00 95.78 95.45 95.02 93.24 91.11 91.67

M(T,S,C) 97.11 95.42 92.01
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Tab. 2. Results of the success rate in

% and the y-index values obtained P 3%/3mm
when comparing the calculated and
measured plans for a sample of 10 1 98.70
Patients in our center with 3D analysis. 2 97.30
3 98.30
4 99.60
5 99.10
6 99.40
7 99.80
8 99.10
9 98.90
10 99.80
Mean 99.00

DISCUSSION

In this study, a criterion of 3%/3mm was established as a
standard for verification of intensity modulated treatment
plans based on a v index [13-15]. We presented the results of
the v index assessment for IMRT treatment, according to the
3%/3mm, 3%/2mm and 2%/2mm criteria. The y assessment
with 3%/3mm has been successfully applied for patient-specific
quality assurance before treatment in our institution for two
years.

Several studies have recently shown that the percentages of
accepted points in the 2D v Index test are not relevant, in
contrast to the 3D dose parameters [16,17]. The information
from the 2D y assessment is not sufficient to detect errors in
the administered doses that are 3D in the patient's body [18].
Furthermore, y evaluation is a comprehensive tool for checking
the whole plan and not the doses delivered to each organ
individually, the accuracy of dose delivery to each structure,
including target volumes and OAR, cannot be checked
individually with y evaluation [19].

However, as initial measurements and quality assurance of the
treatment plans showed that the MLC movements were larger
than expected, it is necessary to find conditions that meet the
standard v index criterion in line with other studies that have
analyzed the sensitivity of IMRT with v indices of 3%/3 mm,
3%/2 mm and 2%/2 mm [20]. Thus, the various DD and DTA
controls were performed to see to what extent the criteria could
be reduced to simultaneously achieve a success rate of more than
97% for IMRT treatments and still be strict enough to allow for
the containment of execution errors of plans that do not meet
the selected v index criteria.

In the present study, we compared the results of the 2D and 3D
analysis for a variety of DD and DTA criteria. For all parameters
assessed, the differences between the 2D and 3D results were
slightly different. In terms of average, in all conditions evaluated
in this study, the percentage of success for a 3D analysis was 99%
compared to 2D which was 97.11% of pixels for the y index.
On the other hand, larger analysis errors were expected in the
2D results than in 3D because the 2D analysis is more sensitive

y-index passing rates (%)

y-index 3%/2mm y-index 2%/2mm y-index
0.28 96.40 0.28 91.90 0.41
0.40 93.90 0.40 87.70 0.57
0.42 95.20 0.43 89.9 0.60
0.34 98.10 0.39 95.10 0.55
0.46 95.90 0.46 91.30 0.62
0.38 97.20 0.38 93.40 0.55
0.09 99.40 0.09 98.80 0.11
0.32 96.10 0.32 92.60 0.47
0.28 96.70 0.28 93.70 0.43
0.13 99.20 0.13 98.40 0.17
0.31 96.81 0.31 93.66 0.45

to dose gradients perpendicular to the measurement plane (as
there is no data above and below the plane to allow for a DTA
analysis to compensate for these errors in that dimension). This
would result in an even greater difference between the y index in
2D and 3D, as shown by Sanghangthum, et al. [21] for IMRT
treatment plans. Although the literature and current clinical
practice indicate that y measurement success rate, whether in 2D
or 3D form, is commonly used for routine IMRT QA, it should
be noted that the literature raises the question of whether or
not y measurement success rate alone is useful in IMRT QA for
detecting plan errors. Indeed, two independent studies by Kruse
[22] and Nelms, et al. [23] have shown that 2D y measurement
has a low sensitivity for detecting clinically relevant plan errors.

Our study also shows another problem with current QA practices
in IMRT, namely the higher y index success rate associated with
the low dose thresholds commonly used by the medical physics
community. A survey of QA practices in IMRT by Nelms and
Simon [24] showed that all responding facilities used a low dose
threshold between 0 and 15%, most commonly a low dose
threshold of 5-10%. These low-dose thresholds include a large
number of low-dose pixels, which may result in an inflated pass
rate when assessed using an overall dose difference criterion.
This is consistent with our results which showed an increasing
pass rate for 2D and 3D y with a decreasing low dose threshold
(2D and 3D being 95.2% and 97.1% with a low dose threshold
of 15%, compared to 98.06% and 99% with a threshold of 5%).

In general, there are many differences between planar and
volumetric analysis for checking treatment plans. Individual
plans in 2D analysis may miss problems that would be identified
with 3D analysis, but may also highlight areas where problems
exist.

CONCLUSION

Before the start of treatment of each new patient with intensity
modulated conformal radiotherapy, a time slot is set aside to
validate the dosimetry, and to ensure a good correlation between
calculation and measurement [25]. Based on the results of
the evaluation, we conclude that the Octavius 4D System is a
suitable device for patient-specific quality assurance. The ability

-9
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of the system to reconstruct the volumetric dose distribution
in the phantom provides additional information compared to
conventional 2D detectors [26].

The results obtained confirm its ability to assure the quality
of intensity modulated beams. The results of the correlation

between the calculated and measured planes, i.e. the y analysis
results, indicate that the Octavius 4D Systems has a better

well as with the volumetric vy analysis pass rates. This system

allows for a quantitative assessment of design complexity and

can provide more information on treatment delivery and control

of beam parameters such as arm rotation and blade speed. This

could be useful throughout the treatment planning and quality

assurance process. Finally, it appears that the Octavius 4D is fast

and reliable and still has a very important role to play in patient

correlation between the planes (calculated and measured) as Mmanagement.
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