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ABSTRACT

Background: Treatment Planning Systems (TPS) are designed to calculate dose
distributions within the CT imaging field of view. However, the Electronic Portal
Imaging Device (EPID) is positioned outside this area, making it challenging to use
standard TPS for dose calculations at the EPID level.

Objective: The objective of this study is to present an innovative approach to
address the limitations of TPS in calculating dose distribution at the EPID level.

Material and Methods: In this retrospective quantitative study, the CT
image was extended to the EPID level and imported into the TPS. 42 treatments were
planned, and doses were calculated. The TPS doses were then compared with the
measured doses obtained using an Ion Chamber (IC). The study also investigated the
impact of field size, phantom thickness, and air gap for energies of 6, 10, and 15 MV.

Results: The average, minimum, and maximum dose differences were 1.91%,
0.02%, and 5.79% when changing the field size from 5x5 cm? to 20x20 cm?, 3.62%,
0.18%, and 6.91% when the phantom thickness changed from 10 to 30 cm, and 3.5%,
0.4%, and 7.46% when the air gap was varied from 30 to 60 cm respectively. 97% of
all changes in IC values can be predicted through the linear relationship with TPS.

Conclusion: The validated proposed method in this study, as an innovative
approach, effectively addresses the limitation of TPS in calculating dose distribution
at the EPID level. This can be used as a reference for comparing the measured dose
obtained by EPID in dosimetric verification.
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Introduction
ne of the primary challenges in radiotherapy is ensuring the
accurate delivery of the prescribed dose to the treatment tar-
get. Despite significant advancements in radiation therapy
techniques, the potential for errors in dose delivery persists. There-
fore, ensuring quality assurance and treatment verification is crucial to
achieve high accuracy in dose delivery and to provide appropriate pa-
tient care [1-3]. Dosimetric verification plays a critical role in the final
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confirmation of treatment, aiming to vali-
date the accurate delivery of the prescribed
dose to the patient. In this process, the dose is
measured using a detector before and during
treatment, and then compared to the dose pre-
scribed in the treatment plan generated by the
Treatment Planning System (TPS) [4-6].

The Electronic Portal Imaging Device
(EPID) is utilized as an effective method for
verifying the geometric positioning of patients
and is commonly used in dosimetric verifica-
tion [7-11]. Dosimetric verification with EPID
involves two distinct approaches:

1) Transmitted and non-transmitted dosim-
etry methods:

- Non-transmitted dosimetry: In this ap-
proach, there is no attenuating substance be-
tween the radiation source and the detector.
This technique is appropriate for ensuring
quality control [12,13].

- Transmitted dosimetry: With this method,
the radiation penetrates through the patient (or
phantom) and reaches the detector. It is valu-
able for detecting errors associated with the
machine and patient, such as variations in tu-
mor dimensions, patient weight, and internal
organ movement [14,15].

2) Forward and back projection:

- Forward Projection: The comparison be-
tween the measured Portal Dose Images (mP-
DIs) acquired with a calibrated EPID and the
predicted Portal Dose Images (pPDIs) at the
EPID location is conducted to evaluate the
accuracy of dose delivery [16,17].

- Back Projection: The measured dose dis-
tribution captured with the calibrated EPID is
projected back to a specific depth within the
patient’s body or phantom using back projec-
tion reconstruction techniques [18-20].

In the Forward Projection method, the dose
distribution measured at the EPID location is
juxtaposed with the measured dose distribu-
tion derived from the reference EPID. On the
other hand, the Back Projection technique in-
volves comparing the measured dose distribu-
tion within the patient’s body or phantom with

the predicted dose distribution computed by
the TPS [21-23].

Using the Forward Projection method for
dosimetric verification poses challenges when
comparing the mPDI with the dose calculated
by the TPS at the EPID level. The TPS con-
ducts dose calculations within the CT imaging
field of view. Given that the EPID is positioned
at a distance varying from 60-40 cm from the
isocenter and 140-160 cm from the radiation
source, and is outside the CT imaging field of
view, utilizing TPS for dose distribution cal-
culation at the EPID location is difficult and
comes with limitations. Obtaining the calcu-
lated dose distribution at the EPID level using
standard TPS tools is not feasible.

In this study, an innovative approach was
used to overcome the limitations and perform
dosimetric verification at the EPID level us-
ing the Forward Projection method, which has
less complexity compared to Back Projection.
Therefore, the proposed method can provide
a faster and more accurate approach for dosi-
metric verification by comparing the measured
EPID dose distribution with the calculated
predicted TPS dose distribution as a refer-
ence at the EPID level. Moreover, this method
can be employed for quality control in the
radiotherapy department.

Material and Methods

Image processing

This is a phantom-based study. The phan-
toms were imaged using a Hitachi Superia CT
machine at 120 kVp, with a 512x512 matrix
size and a 5 mm slice thickness. The CT imag-
es of a water slab phantom were brought into
the IsoGray treatment planning system (Do-
siSoft® France). The isocenter and radiation
fields were established at the specified angle.
The RTPlan file, containing beam data and
isocenter point coordinates, was extracted and
subsequently imported into 3Dslicer (version
4.11.0) [24]. The steps of image processing of
CT image in the 3D slicer are summarized (as
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shown in Figure 1):

A: The CT image and RTPlan file were im-
ported into the 3D slicer. B: Because the coor-
dinate system definitions in the RTPlan file (in
DICOM format) and the 3D slicer differ, ad-
justments are necessary, including modifying
the gantry angle and jaw positions for rectan-
gular fields. All measurements are specified in
the anterior-posterior (AP) projection. C: The
isocenter point is loaded in 3D Slicer. D: The
EPID model was defined as a rectangular cube
with dimensions of 41x41x5 c¢cm’. E: accord-
ing to the coordinates of the isocenter point and
the gantry angle, a point as the center of EPID
was placed in the correct coordinates. F: The

transfer module was used to move the EPID
model, defined in step D, to the coordinates of
the EPID center point. It was then rotated in
the correct direction based on the gantry angle.
G: The CT image was enlarged to fully encap-
sulate the EPID model. Air CT number (-1000
HU) was assigned to the added pixels. H: The
EPID was transformed from model mode to
volume mode, where CT numbers can be as-
signed to the EPID. This step created a distinct
EPID image separate from the CT image. I:
The EPID model image was temporarily as-
signed a CT number of 1000 HU, while the
areas outside the EPID model were assigned
a CT number of 0 HU. J: To combine two
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Figure 1: Image processing steps in 3D slicer
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images, they must have identical dimensions.
Thus, the EPID image was resized to match
the dimensions of the CT image. K: In the
end, two images were combined, resulting in
a new CT image that accurately positions the
patient phantom and EPID model (as shown in
Figure 2a). During EPID dosimetry, the EP-
ID-captured image is transformed into a dose
distribution in water, with pixels of the EPID
model assigned to the CT number of wa-
ter (0 HU). Additionally, for the other pixels
added, the CT number of air (-1000 HU) was
assigned.
Treatment dose
calculations

The images from the previous step were im-
ported into the TPS. 42 planes were utilized
to analyze the impact of field size, air gap
size (the distance between the lowest part of
the patient phantom and the surface of the
EPID phantom), and phantom thickness at
three different energies (6, 10, and 15 MV)
on the calculated dose by TPS, as shown in
Figure 2a, and Table 1. In these plans, the
surface of the EPID model is positioned at
a constant distance of 160 cm from the ra-
diation source. To validate the dosimetry re-
sults calculated by the TPS, it is essential to

planning and

(Patient)
Phantom

EPID model

compare them with the dosimetry measure-
ment (as shown in Figure 2b).

Ion chamber dose measurements

The dose measurement is performed by an
ionization chamber (IC) of the Farmer type
(PTW) with a volume of 0.6 cm?®, which serves
as the gold standard. To achieve this, we set
up the following arrangement as depicted in
Figure 2b. In this setup, we place 20 water-
equivalent phantoms, each measuring 30 cm
in length and width and 1 cm in thickness,
on the treatment couch to serve as the patient
phantom. An additional 25 slab phantoms are
positioned as EPID phantoms at the EPID lev-
el. Throughout The ionization chamber dosim-
eter is inserted into one of the perforated slabs
at the appropriate depth along the central axis
of the beam. Due to the build-up effect and
the dependence of the maximum dose depth
on energy, selecting the appropriate measure-
ment depth is crucial. In this study, the depth
of measurement selected is 2 cm, according
to a similar study [25]. Following precise
setup, radiation is administered using the Ele-
kta linear accelerator machine type precise in
Imam Reza Hospital, matching the TPS plans
in terms of specific energy, field size, phan-
tom thickness, and air gap, and the dose is

Figure 2: a) The setup of the patient phantom, the Electronic Portal Imaging Device (EPID)
model, and air gap in Treatment Planning Systems (TPS). b) The setup of the patient phantom,
EPID phantom, and air gap in the treatment room.
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Table 1: Variable parameters to evaluate
dose calculations of treatment planning
systems (TPS)

Energy (MV) 6,10,15
Phantom thickness (cm) 10,20,30
Field size (cm?) 5x5, 10x10, 20x20
Air gap (cm) 30, 40, 50,60
measured.

Determination of the dose calcula-
tion depth

The optimal TPS dose calculation depth in
the EPID model should correspond to the IC
dose measurement depth in the EPID phan-
tom. To find this point, dose calculations for
depths ranging from 1 to 5 cm in the EPID
model are conducted for field sizes ranging
from 5x5 cm? to 20%20 cm?, with energies of
6, 10, and 15 MV, SSD of 90 cm, a patient
phantom thickness of 20 cm, and a fixed air
gap of 50 cm using the TPS, normalized to the
standard field size (10x10 cm?). By comparing
the results calculated by the TPS with the re-
sults obtained from ionization chamber mea-
surements under similar radiation conditions
from the EPID phantom, the most suitable
measurement depth is determined. It can be
concluded that this selected depth of the EPID
phantom corresponds to the depth of the EPID
model in the TPS where the dose calculation
and measurement are performed at the same
depth.

Relative dose comparison

After identifying the suitable point, the dose
evaluation will be conducted solely at this lo-
cation to investigate the impact of field size,
patient phantom thickness, and air gap param-
eters at different energies by comparing the
TPS-calculated dose with the IC-measured
dose.

Field size

Variations in field size result in alterations in

scatter, thus causing the dose response along
the central axis to be influenced by the field
size. The effect of field size, in the presence
of an attenuating material (patient phantom),
is being investigated using field sizes ranging
from 5x5 cm? to 20x20 cm? for three energies,
with an SSD of 90 cm, a phantom thickness of
20 cm, and a fixed air gap of 50 cm. The TPS
dose calculations will be compared with the IC
measurements in similar radiation conditions.

Patient Phantom thickness

Variations in phantom thickness can influ-
ence scattering, absorption patterns, and en-
ergy spectrum. The impact of phantom thick-
ness is investigated using phantoms of 10, 20,
and 30 cm for three energies, with a fixed field
size of 1010 cm?. TPS dose calculations will
be compared with IC measurements under
similar radiation conditions. The assessment
is conducted through two distinct methods.
In the first case, only variations in phantom
thickness are considered, with a fixed air gap
of 60 cm. As a result, the SSD for phantoms of
10, 20, and 30 cm in thickness is 90, 80, and
70 cm, respectively. In the second case (SAD
treatment), changes in both phantom thickness
and the air gap are taken into account. For
phantoms of 10, 20, and 30 cm in thickness,
the air gap 1s 55, 50, and 45 cm, and the SSD
1s 95, 90, and 85 cm, respectively. In this sce-
nario, the isocenter point for all measurements
is positioned at the center of the phantom.

Air gap

The transmitted beam comprises both pri-
mary photons and scattered photons from
the phantom. Altering the air gap dimensions
changes the ratio of scattered to primary pho-
tons. Therefore, the variation of this parameter
should also be studied. The effect of air gap
sizes of 30, 40, 50, and 60 cm is investigat-
ed for all three energies, with a field size of
10x10 cm?, a phantom thickness of 20 cm,
and SSD of 110, 100, 90, and 80 cm, respec-
tively. The TPS dose calculations will be com-
pared with the IC measurements under similar
radiation conditions.

J Biomed Phys Eng
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Absolute dose comparison

The absolute dose calculated by TPS and the
absolute dose measured by IC are compared
(without normalizing to the reference point).
In this comparison, the independent investi-
gation of field size, phantom thickness, and
air gap size allows us to determine the level
of agreement between the dose calculated by
TPS and the dose measured by IC using this
analysis.

Equation between the measured dose
and the calculated dose

To determine the optimal equation be-
tween the calculated and measured values, a
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scatter plot was created, depicting the IC val-
ues against the TPS values for all 42 cases. By
examining this plot, it is possible to identify
the linear variation of IC, as defined by the
linear relationship between IC and TPS.

Results

Selecting the best measurement
depth

Figure 3 ( a, b, and c) depicts the compari-
son between TPS dose calculations at depths
ranging from 1 to 5 cm of the EPID model for
three energies and various field sizes, with IC

dose measurements of the EPID phantom. The
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Figure 3: (a, b, c) The correlation between field size and the normalized dose response, calcu-
lated by Treatment Planning Systems (TPS) and measured by the lon Chamber (IC) for different
energies, additionally, the comparison between TPS dose calculations at depths ranging from
1 to 5 cm of the Electronic Portal Imaging Device (EPID) model, with IC dose measurements of

the EPID phantom.

(d, e) The correlation between patient phantom thickness and the normalized dose response,
calculated by TPS and measured by the IC for different energies d) fixed air gap of 60 cm and
e) various air gaps at 55, 50, and 45 cm. (f, g, h) The correlation between air gap size and the
normalized dose response was calculated by TPS and measured by the IC for different energies.
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results were normalized to a field size of
10x10 cm?. The horizontal axis represents the
size of one side of the square field at the iso-
center, while the vertical axis represents the
normalized dose response. The closest agree-
ment was observed at a depth of 2 cm. This
indicates that a depth of 2 cm from the EPID
model in the TPS corresponds to practical
measurements obtained from the IC at a depth
of 2 cm from the EPID phantom. Subsequent
calculations will therefore utilize data related
to this depth. The maximum discrepancies
between TPS and IC values were observed
for small field sizes. However, these errors
decreased for higher energies.

Relative dose comparison

Field size

Figure 3 (a, b, and c) illustrates the correla-
tion between field size and the normalized dose
response, calculated by TPS and measured by
the IC for different energies. The results were
normalized to a field size of 10x10 cm?. The
horizontal axis represents the size of one side
of the square field at the isocenter, while the
vertical axis represents the normalized dose
response. For all energies (6, 10, and 15 MV),
an increase in field size increased the dose re-
sponse in IC and TPS values. The TPS-calcu-
lated dose was compared to the IC-measured
dose. The maximum dose difference is 5.97%
for 6 MV energy and 5x5 a cm? field size. The
minimum dose difference is 0.02% for 6 MV
energy and 20%20 cm? field size. The average
dose difference for 6, 10, and 15 MV energies
are 2.1%, 1.77%, and 1.96% respectively.

Patient Phantom thickness

Figure 3 (d,e) demonstrates the correlation
between phantom thickness and the normal-
ized dose response, calculated by TPS and
measured by the IC for different energies. The
values are normalized based on a phantom
thickness of 20 cm. The horizontal axis repre-
sents the phantom thickness, while the vertical
axis represents the normalized dose response.
Figure 3d pertains to the fixed air gap of

60 cm, while Figure 3e relates to variable air
gaps of 55 cm, 50 cm, and 45 cm. As expect-
ed, there is an exponential decrease in the dose
response as the phantom thickness increases.
For higher energies, the slope of the curve
becomes less steep. The TPS-calculated dose
was compared to the IC-measured dose. The
maximum dose difference between TPS dose
calculations and IC dose measurements is
6.91%, occurring with a phantom thickness of
10 cm for an energy of 10 MV. Conversely, the
minimum dose difference is 0.18%, observed
with a phantom thickness of 30 cm for an en-
ergy of 15 MV. The average dose differences
for setup a (fixed air gap) are 4.41%, 3.83%,
and 2.9% for energies of 6, 10, and 15 MV,
respectively. On the other hand, the average
dose differences for setup b (various air gaps)
are 4.35%, 4.07%, and 2.18% for energies of
6, 10, and 15 MV, respectively.

Air gap

Figure 3 (f, g, and h) depicts the relation-
ship between air gap size and normalized dose
response, as calculated by TPS and measured
by the IC for various energies. The values are
normalized based on an air gap size of 50cm.
The horizontal axis represents the air gap size,
while the vertical axis represents the normal-
ized dose response. The IC response curve
shows a decrease in dose as the air gap size
increases. It is expected that the TPS calcula-
tion would exhibit a decreasing trend in the
dose and air gap relationship compared to
the IC measurements. However, an increase
in the dose is observed at a specific point of
the air gap (50 cm). The TPS-calculated dose
was compared to the IC-measured dose. The
maximum dose difference between the TPS-
calculated dose and the IC-measured dose is
7.46%, occurring with an energy of 15 MV
and an air gap size of 30 cm. Conversely, the
minimum dose difference is 0.04%, observed
with an energy of 6 MV and an air gap size of
60 cm. The average dose differences for ener-
gies of 6, 10, and 15 MV are 1.9%, 3.3%, and
5.5% respectively. It’s important to note that
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the percentage differences in dose are influ-
enced by inaccuracies in the TPS calculations.

Absolute dose comparison

Figure 4 depicts the comparison between the
absolute dose calculated by TPS and the ab-
solute dose measured by IC for various field
sizes, phantom thicknesses, and air gap sizes,
considering three different energies. Accord-
ing to Figure 4, TPS overestimates 3+0.73
cGy on average.

Equation between the measured dose
and the calculated dose

Figure 5 shows a scatter plot for IC measure-
ments and TPS calculations. The regression

V]
o

line equation is:
Eq: IC=(0.969xTPS)-2.385
The coefficient of determination for the re-
gression line 1s 0.967, which shows that 97%
of IC changes are determined through the
linear relationship between IC and TPS.

Discussion

Depth of dose
calculation

The dose calculation point obtained in this
study, at the depth of 2 cm of the EPID model,
was in good agreement with IC measurements
for energies of 6, 10, and 15 MV. Saboori com-
pared IC measurements with values calculated
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Figure 5: The scatter plot for lon Chamber
(IC) measurements and Treatment Planning
Systems (TPS) calculations

for different depths of the EPID model and
reported that the calculated values at a depth
of 2 cm have the closest similarity to the mea-
sured values for energies of 6 and 15 MV [25].
For the energy of 6 MV, Reich et al. used a
depth of 1.5 cm of the EPID model to com-
pare with measured results, and this depth was
found to be appropriate [26]. The maximum
discrepancies between TPS and IC values were
observed for small field sizes, but these errors
decreased for higher energies. It is worth not-
ing that the dose calculated by TPS at a depth
of 1 cm in the EPID model showed less re-
semblance to the IC measurements, likely due
to electron equilibrium not being achieved at
this depth.

Field size

In the present study, it was observed that an
increase in field size from 5x5 cm? to 20%20
cm?’ resulted in a corresponding increase in the
dose response for all energies (6, 10, and 15
MYV) in both the ionization chamber (IC) and
the treatment planning system (TPS) values.
The percentage difference between the TPS
and the IC values ranged from 0.02% to 6%,

and as the field size increased, the percentage
difference decreased. These results are consis-
tent with the study by Bertholet et al., in which
the effect of field size was evaluated by chang-
ing this parameter from 6.6 cm2 to 20x20 cm?,
and the percentage difference ranged from
0.06% to 4.6% [27].

Patient Phantom thickness

In the present study, an exponential reduc-
tion relationship between the phantom thick-
ness and dose response is observed in the dia-
gram. As the energy increases, the slope of the
graph decreases. The percentage difference
between the TPS and the IC values ranged
from 0.02% to 6.91%. This difference decreas-
es with increasing phantom thickness. These
results are consistent with findings from other
studies. In the Saboori study, it was demon-
strated that as the energy increases, the effect
of phantom thickness on dose response de-
creases (the slope of the graph decreases) be-
cause for high energies, scattering is more for-
ward and thickness changes have less effect on
dose changes [25]. In Reich’s study, the maxi-
mum percentage difference related to phantom
thickness was 5%, and the average percentage
difference was less than 2%. They reported
that the percentage difference increased with
decreasing phantom thickness [26].

Air gap

Another crucial factor to consider is the
air gap size, which has not been extensively
studied in previous research. As the air gap
increases, the proportion of scattered beams
to primary beams changes due to fewer scat-
tered rays reaching the detector. In this study,
we investigated the impact of the air gap on
dose response. The TPS-calculated dose was
compared to the IC-measured dose, revealing
a percentage difference ranging from 0.4% to
7.46%. Consistent with the Deshpande report,
an increase in the air gap leads to a decrease
in the percentage difference. Deshpande’s re-
port suggests that as the air gap widens, the
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percentage difference between the TPS-calcu-
lated dose and the dose measured by the cali-
brated EPID decreases [7]. In comparison to
the IC measurements and the study by Saboori
[25], a decreasing trend in the dose and air gap
relationship is expected in the TPS calcula-
tion. However, an increase in the dose is ob-
served at a specific air gap size (50 cm). This
deviation might be due to the lack of clarity in
dose calculations at large distances within the
dose calculation algorithm. In this study, we
evaluated this parameter at a few specific dis-
tances with 10 cm intervals (air gap 30, 40, 50,
and 60 cm). To better understand the behav-
ior of this parameter, it should be evaluated in
smaller increments. Given the lack of precise
predictions for air gap changes, this parameter
needs to be independently and more precisely
studied with smaller increments (e.g., 2 cm) in
subsequent research.

Conclusion

The TPS conducts dose calculations within
the CT imaging field of view. However, due to
the variable distances between the EPID and
the isocenter and radiation source (typically
60-40 cm from the isocenter and 140-160 cm
from the source), the use of TPS for dose dis-
tribution calculation at the EPID location pres-
ents challenges and limitations, as the EPID
is typically positioned outside the CT imaging
field of view. Obtaining the calculated dose
distribution at the EPID level using standard
TPS tools is difficult. Despite these limita-
tions, TPS has the potential to calculate dose
distribution at the EPID level.

In this study, the 3D Slicer software is uti-
lized for the first time to address the limita-
tions of TPS in dose calculation at the EPID
level. The proposed method, validated in this
study as an innovative approach, overcomes
the limitations of TPS in calculating EPID
level dose distribution. This study evalu-
ates the accuracy of TPS dose calculation
at the EPID level. The dose calculated by
TPS can serve as a reference for comparison

with the measured dose obtained by EPID in
dosimetry verification. Additionally, this
method can be utilized for quality control in
the radiotherapy department.
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