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Introduction.  The volumetric modulated arc therapy technique (VMAT) is now widely used in radiotherapy. Verifica-
tion of the dose delivered to the patient is performed prior to the treatment (pre-treatment mode). However, during 
the therapeutic session, only the patient’s position is verified and monitored. AnEPID’s (electronic portal imaging device) 
matrices can measure the intensity of radiation passing through the patient, but the calculation of the dose distribution 
from this measurement is limited due to the lack of reliable algorithms and software. Therefore, it seems promising to 
develop a method to estimate the dose in the patient’s body based on the measured calibration units (CU) values. 
Material and methods.  The material consists of 53 patients treated for prostate cancer with the VMAT technique. The CU 
signal is measured during the treatment and its value is then transformed according to the self-developed algorithm 
into a dose. This delivered dose is then compared with the planned dose in the target.
Results.  The performed measurements of the CU and preliminary calculations indicate that it is possible to estimate 
the dose that the patient receives during the therapeutic session. The mean difference between the prescribed and me-
asured dose values is less than 1%, however, there are differences of 17%.
Conclusions.   The proposed method can be used in clinical practice for actual dose estimation. The uncertainty 
of the proposed method was estimated at 5%. In the event of differences above 10%, the treatment realization should 
be verified by additional tests including patient positioning and technical tests of accelerator, such as verification of kV 
and MV isocenter compatibility.
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Introduction
An important milestone in improving the quality of radiothe-
rapy worldwide was the development of the multi-leaf colli-
mator (MLC). The original intention of the MLC was to define 
the shape of the therapeutic beam only, but it significantly 

increased the protection of critical organs. The full use of all 
the possibilities of MLC was possible thanks to the concept 
of inverse planning proposed by Thomas Bortfeld (at the turn 
of the 20th and the 21st centuries), which led to the imple-
mentation of dynamic radiotherapy techniques (IMRT, VMAT). 
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Dynamic techniques were introduced primarily to increase 
the protection of critical organs, but their capabilities also 
allowed for the generation of intentional inhomogeneities 
in the irradiated area (in particular in the target) [1–9].

Contemporary techniques used in radiotherapy are charac-
terized by a very high conformality. This means that the dose is 
delivered very precisely, using steep dose gradients between 
the target area and the surrounding tissues. Any abnormality 
(e.g., incorrect patient positioning or changing anatomical 
conditions as a result of bladder filling) may result in incorrect 
irradiation. Therefore, it is essential to use the IGRT technique 
[10–12]. Accurate positioning of the patient and precise re-
construction of the therapeutic position in each fraction is 
a necessary condition for treatment. The verification of the po-
sitioning is mainly carried out on the basis of kV imaging, 
before or after irradiation (sometimes also during a therapeutic 
session). Imaging methods allow for checking the geometry 
of the irradiation. The methods make it possible to increase 
the local tumor control probability (TCP). Each geographical 
error will reduce the TCP and increase the probability of com-
plications [13].

Unfortunately, the success of radiotherapy depends not 
only on the precise positioning of the patient. Another issue 
is the compliance of the delivered dose with the planned one 
[14–18]. Before the era of dynamic techniques, in vivo dosi-
metry was widely used in radiotherapy for dose monitoring 
[19–21]. Dynamic techniques have made this method of dose 
verification very difficult to use as the dose at the measuring 
point changes dynamically. The typical dosimeters used, i.e., 
thermoluminescent ones, unfortunately cannot cope with me-
asurements in which the beam intensity changes and the dose 
differs at the neighboring points. The known methods of in vivo 
measurement were burdened with very high measurement 
uncertainty. Modulation of dose distribution made it neces-
sary to verify the dose for the entire irradiated plane, not only 
in the beam central axis (CAX). Due to technological reasons, 
the verification of dynamic techniques is currently carried 
out without the participation of the patient and is limited to 
checking whether the therapeutic device implements the tre-
atment plan correctly [22–29].  

During more than twenty years of the use of dynamic 
techniques in radiotherapy, many recommendations for qu-
ality control have been developed [30–34]. However, they 
only consider pre-treatment verification without the patient. 
It is assumed that if the plan is correctly implemented on 
the measuring phantom, it will be correctly performed with 
the patient. Increasingly, an independent system for calculating 
the dose distribution (number of monitor units) is used instead 
of the measurement. In many countries, checking the dose 
distribution before the first fraction is a formal and legal re-
quirement [35, 36].

Recently, there has been a rapid development of systems 
for detection of the fluence of megavoltage radiation. For 

example, EPID (electronic portal imaging devices), which have 
been used in radiotherapy for many years, are used for this 
purpose [37]. They appeared as additional equipment for ac-
celerators before the appearance of the devices dedicated to 
imaging and IGRT implementation, known to us today. Over 
time, they have become an integral part of treatment units. 
EPID and CBCT systems, as imaging tools, are used to verify 
the patient’s position during a therapeutic session and to 
assess the repeatability of treatment in subsequent fractions 
[38-44]. Many years ago, attempts were made to correlate 
the signal read by EPID expressed in so-called calibration units 
(CU) with the dose during the therapy session [45]. Currently, 
the literature on the use of this device (EPID) for dose esti-
mation and distribution is very extensive [46–52]. Numerous 
attempts have been made to calculate the dose in a patient 
(in space) from the measurement of the signal in a plane, 
in matrix of semiconductor detectors [46, 53, 54]. The proposed 
algorithms are usually very complicated and have unit-related 
limitations (e.g. they relate to a specific therapeutic accelerator) 
that make their application difficult. They are used only in radio-
therapeutic centers that have great scientific and experimental 
potential. Therefore, the question arises whether they have 
matrix semiconductor detectors integrated with the acce-
lerator (EPID), it is possible to estimate the dose at the point, 
placed in the patient.

Aim
The aim of this study was to create a method of estimating 
the dose at the target area (tumor) received by a patient during 
a therapeutic session in the VMAT technique. The parameter, 
which is measured directly, is the signal recorded by the EPID 
matrix directly behind the patient (acquired image). This method 
of dose measurement is often called transit dosimetry. On its basis, 
withreference to the data obtained in the phantom experiment, 
the average dose received by the patient in the tumor area will 
be estimated. A low level of complexity of the method is assumed 
in order to enable its popularization in other radiotherapeutic cen-
ters. The parameter describing the quality of the procedure will be 
the deviation of the estimated dose delivered to the patient (from 
EPID), compared to the expected value read from the treatment 
planning system (TPS). As the measurement is performed in real 
time, it can be considered an in vivo method.

Material and methods 
The experiment was carried out on Edge, a C-Arm biomedi-
cal accelerator (varian medical system, Palo Alto, US) equip-
ped with an aS 1200 EPID detector. We limited the study to  
6 MV FFF therapeutic beams only. The control group consisted 
of patients with diagnosed prostate cancer who underwent 
radiotherapy at the Radiation Therapy Department of Maria 
Sklodowska-Curie National Research Institute of Oncology, Gli-
wice Branch, in Poland. Radiotherapy planning was performed 
using TPS Eclipse v.16.1 (varian medical systems, Palo Alto, USA).
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The measurement system was calibrated using the TMR 
method. The purpose of the procedure was to correlate the CU 
value read by the EPID with the actual absorbed dose deposi-
ted in the patient’s body at the isocentric point. The influence 
the distance of the matrix from the phantom bottom-surface 
(DEP) and the dose deposited in the isocenter (Diso) have on 
the value of the signal recorded by the EPID was checked.

During the experiment the EPID (detector) was positioned 
at a constant distance of 160 cm from the source (source 
imager distance – SID). It should be noted here that the dose 
estimation at the isocenter is performed only for the VMAT 
technique with full gantry rotation around the patient (phan-
tom). Due to the rotation of the gantry, the distance DEP 
fluctuates as a function of the arm position and depends on 
the dimensions of the patient (phantom).

First, the linearity of the EPID response (CU reading) was 
checked against the dose deposited in the isocenter. The check 
was done using a phantom made of PMMA plates with dimen-
sions of 30 x 30 cm2 and a thickness of 1 cm, which formed 
a cuboid with the dimensions 30 x 20 x 20 cm3. The dose pre-
scription point was always located in the center of the phantom, 
at the isocenter, at a depth of 10 cm (SSD = 90 cm). Measu-
rements were performed for a 6 MV-FFF beam with dimen-
sions of 10 x 10 cm2, with a 0° gantry position. The CU readings 
were performed at the SID = 160 cm position, i.e., at a distance 
of 50 cm below the lower surface of the phantom (the influence 
of the therapeutic table was considered negligible). The dose 
value at the isocenter varied from 0.5 Gy to 5.0 Gy.

In the next stage, it was checked what influence DEP 
distance has on the value of the signal recorded by EPID. 

The dose at the bottom surface of the phantom Dout can be 
calculated as a function of Diso and the phantom thickness 
AP using the TMR function. We treat the point on the lower 
surface of the phantom where Dout is defined as the source 
of the radiation recorded by the EPID. 

It is obvious that for different phantom thicknesses there is 
a relationship: if AP1 > AP2 then DEP2 > DEP1. With a fixed Dout 
value, CU1 will be greater than CU2. This is in line with the prin-
ciple that an increase in the distance between the radiation 
source and the detector reduces the intensity of the recorded 
radiation. Figure 1 shows the assumptions of this measure-
ment.

It should be noted that the accelerator arm rotates during 
the procedure, which means that the DEP in the case of a real 
patient, as well as the depth of the isocentric point are not 
constant in time (fig. 2).

The dependence of CU on the DEP distance was investiga-
ted using the possibility of adjusting the thickness of the pla-
te phantom (AP). The AP thickness was varied in the range 
of 6–30 cm, which gives the DEP a variation range of 45–57 cm. 
Using the TMR function, the dose Diso was prescribed in such 
a way as to maintain a constant Dout value for each set of AP 
and DEP distances.

It should be noted that in the phantom experiment 
the depth of the dose prescription d (d = 0.5 AP) is similar to 
the equivalent path length dEPL [55], as the density of the phan-
tom material is similar to the density of water. The physical 
depth d (or davg) is needed to determine DEP and dEPL

 to 
calculate Dout for a known Diso. In the case of the PMMA phan-
tom, these two values   are equal. However, in the case of a real 

Diso 1

Dout 1

CU1

DEP1

AP1

SAD SID

Diso 2

Dout 2

CU2

DEP2

AP2

Figure 1. The method of investigating the relationship between the CU value and the Dout for different patient thicknesses (phantom dimensions). 
Explanation of symbols in the text
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To calculate the dose at the isocenter point in the patient 
(Diso

EPID), the following formula is used:

 Diso
EPID = Dout ×

TMR(2dEPL)
TMR(dEPL)

 (5)

and considering that DEF = SID–SAD + davg = 60 + davg, we get:

 Diso
EPID =

TMR(2dEPL)W1 × CU + W3
TMR(dEPL)TMR(dEPL)

×  (6)
 
where:
• CU – mean value of the signal registered in the central 

part of the EPID matrix, a set of points located at a distance 
of no more than 1 cm from CAX,

• davg [cm] – average depth of the dose prescription point 
(isocenter), value determined from the treatment planning 
system resulting from the rotation of the head around 
the patient,

• SID – source imager distance (consider fig. 1 and fig.2).
The deviation between the Diso

EPID dose value (calcula-
ted from the CU measured during the therapeutic session) 
and the DTPS

iso dose in the isocenter (calculated in the tre-
atment planning system) was calculated using the formula:

 %Δ =
Diso

EPID – Diso
TPS

Diso
TPS × 100% (7)

In order to verify the correctness of the model, cal-
culations of the dose distribution were performed for 

patient, the radiological depth differs from the geometric 
depth due to the non-uniform density. In calculations for 
actual patients at full gantry rotation, the mean geometric 
depth davg and the mean dEPL, avg should be used. The values 
of davg, dEPL,avg and Diso can be read from the treatment plan. 
Dout can be derived knowing the DEP and the CU value read 
from the EPID matrix. It was assumed that this correlation can 
be derived as follows:

 Dout ~ CU (1)
 
 Dout ~

1
DEP2  (2)

 Dout ~ – W4
W1 × CU

W2 × DEP2 + W3
 (3)

Formula (3) is an empirical formula resulting from the re-
flections of researchers. So we get:

 CU =
(Dout + W4) × (W2 × DEP2 + W3)

W1
 (4)

Formula (4) will be used to calculate the coefficients W1, 
W2, W3, and W4 in phantom measurements. The values    will 
then be used to calculate Diso in the patient during transit 
dosimetry.

In the case with a real patient, the EPID detector records 
the CU value during a therapeutic session. Thus, the Dout at 
surface in the first step and then the Diso within the body 
can be calculated using the mean depth value and the TMR 
value.

Diso 1

Dout 1

CU1

DEP1

AP1

SAD SID

d

d1
d2

d3

dj

CU

Figure 2. The method of Diso determination: SAD – source axis distance, defines the position of the isocenter, the point at which the dose was prescribed; 
d1, d2, d3, and d4 – depths of isocenter for selected angles (gantry positions). The dose at the isocenter (Diso) is dependent on the average depth (davg)
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a cuboid-shaped polystyrene phantom in the TPS system. 
The phantom was then irradiated by setting the calculated 
number of MUPMMA. EPID recorded radiation passing thro-
ugh the phantomCUPMMA. The PMMA phantom was then 
changed to a CIRS Thorax (lungs) and the exposure was 
repeated with the same settings (including MUPMMA). This 
time CUCIRS was registered. For both cases (CUPMMA and CUCIRS)  
the  Diso

EPID was determined. Two phantoms with different 
density homogeneity were used. The PMMA phantom has 
uniform densities throughout the volume. The CIRS phantom 
has a very heterogeneous density in the tested volume (lung 
tissue, bone, soft tissue). If dose was calculated for of PMMA 
phantom but irradiated was phantom CIRS (slightly different 
in density) the difference in the measured EPID signal should 
be “pronounced”. And the described method is to ensure, 
above all, the detection of a significant error. 

The clinical material consists of 53 patients treated for prostate 
cancer. The VMAT technique (full rotation) was used, a fractionation 
of 5 fractions at 7.25 Gy (isodose 98%) per fraction, up to a total dose 
of 36.25 Gy. Dose distribution calculations were performed using 
Eclipse treatment planning system (Varian Medical Systems) with 
the Acuros v.16.1 algorithm. Imaging examinations dedicated to 
treatment planning were performed on a Somatom go.Open Pro-
/S or Somatom Definition AS CT-scanners from Siemens AG Ger-
many. The treatment was carried out on the Edge v.2.7 accelerator 
(Varian Medical System), equipped with the EPID aS 1200 detector.  
6 MV-FFF beams were used for all patients.

Results
Phantom measurements
Figure 3 shows the relationship between the dose (Dout) 
and the CU value for different DEP values   (40, 50, and 60 cm). 
In the dose range: 0.24 Gy it is a linear relationship, the R2 
coefficient is equal to unity. Thus, we consider the measured 
CU signal to be directly proportional to the radiation dose.

Table I shows the correlation between CU and dose Dout. 
For selected clinical situations (differing in the Dout and DEF 
values), the CU measurement was performed and then com-
pared with a value calculated in accordance with formula 4.

Analyzing table I, it can be seen that the dispersion of dif-
ferences %∆ between the calculated and measured CU value 
ranges from –1.92% to 3.17%. Therefore, the uncertainty of this 
method can be assumed to be ≈5% (3.17 – (–1.92) = 5.09). 
The Wilcoxon test for these sets showed no statistically signi-
ficant differences (p > 0.05).

Validation 
As part of the method validation, the treatment plan was 
prepared for PMMA homogeneous phantom, which was then 
irradiated. We recorded the output signal with EPID and then 
the PMMA phantom was replaced with the CIRS Thorax phan-
tom. It was then irradiated with the same beam parameters as 
a homogeneous phantom.

The reconstructed Diso
EPID dose value for the PMMA phantom 

differed from the ordered Diso by –5.39%, while the repla-
cement of the phantom with the CIRS caused a significant 
difference of 164.44% (!) of the expected value. 

Measurements with the patient
For each patient, the CU measurements were performed using 
the EPID device during all fractions. The detector was always 
set at SID = 160 cm. The basic parameters of the treatment 
plan for the patients are presented in table II.

The average number of arcs is 3. The minimum number 
of MUs for a plan is 1803 MU and the maximum is 4232 MU, 
which gives an average value of 2966 MU.

The mean difference between the planned dose (Diso
TPS) 

and the measured one (Diso
EPID) for the 53 patients analyzed is 

less than 1%, the maximum noticed difference is 17%. In 64% 
of the analyzed cases, the difference between the planned 

0
0

0.2

0.4

0.6

0.8

1.2

1

CU

0.5 1.5

DEP = 60 cm
DEP = 50 cm
DEP = 40 cm

2.5 3.51 2

Dout [Gy]

3 4

Figure 3. Dependence of the CU value on the dose (Dout) and the DEP 
value, for the 6 MV-FFF beam, with a size of 10 x 10 cm, SID = 160 cm

Table I. Deviation of the calculated CU value from the measured value for 
selected clinical situations 

DPE (cm) Dout (Gy) CU measured CU 
calculated %∆

60 0.367 0.080 0.080 0.10%

60 0.734 0.161 0.160 –0.47%

60 1.451 0.322 0.316 –1.92%

60 3.670 0.806 0.798 –0.93%

50 0.367 0.092 0.095 3.17%

50 0.734 0.184 0.190 2.85%

50 1.451 0.369 0.374 1.18%

50 3.670 0.924 0.944 2.10%

40 0.367 0.107 0.107 0.09%

40 0.734 0.214 0.213 –0.35%

40 1.451 0.428 0.421 –1.81%

40 3.670 1.072 1.063 –0.85%
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and measured dose was lower by 5%. In 28% of cases, the dif-
ference ranged from 5–10%, in the remaining 7% (four patients) 
it exceeded 10% (fig. 4).

Since in a few cases the difference %∆ exceeded 10%, 
the relationship between the complexity of the plan and the in-
vestigated parameter %∆ was analyzed. Plan complexity was 
defined as the number of monitor units per arc. No such 
correlation has been found.

The mean difference between the planned dose 
and the measured dose is 0.9%. However, the maximum va-
lues   of the differences were 17%. Statistical tests (Wilcoxon) 
did not show a statistical significance between the set of doses 
in the ISO, both the planned and measured one.

Discussion
The proposed method of dose verification does not require any 
additional procedures. It does not extend the time of the pa-
tient’s preparation for the therapeutic session and the total time 
spent in the therapeutic room. The method allows to estimate 

the actual dose that the prostate cancer patient receives during 
the VMAT therapy. We denote the uncertainty of the method as 
5%. Reducing this uncertainty in the future can be achieved by 
introducing into the formulas dependencies on the dimensions 
of the fields, which change significantly in dynamic techniques. 
Undoubtedly, the lack of this value in the calculation method 
affects the results. Discrepancies may occur when the dose 
prescription point does not coincide with the beam CAX. As 
described, the CU is read from the center of the matrix through 
which the CAX passes. We suspect that the method may be less 
accurate if the dose prescription point is in the area of     significant 
heterogeneities, where small absolute differences between 
calculated dose and the measured one translate into relatively 
large percentage differences.

The phantom experiment has shown that using the wrong 
treatment plan or irradiating the wrong patient will result 
in differences that far exceed the uncertainty of the method. 
Such large differences, in this case, are explained by significant 
differences in the geometry of the phantoms and their density.

However, for over fifty patients, the sets of planned and me-
asured doses do not show a statistically significant difference. 
The average error is around 1%. 

In 4 out of 53 cases, the differences in planned and me-
asured doses were greater than 10%. This happened despite 
the fact that each patient had IGRT applied, so it is necessary 
to assume the correct reconstruction of the therapeutic 
position (geometry). As already mentioned, we found no 
correlation between the number of MUs per arc and the %∆. 
However, it is true that with a %∆ greater than 10%, the num-
ber of MUs per arc was as much as 20% higher than where %∆ 
was less than 5%. Therefore, although this has not been clari-
fied, it is worth considering the complexity of the treatment 
plan when assessing the differences between calculated 
and measured doses.

Of course, this method can be considered complementary 
to the verification process, but in its current form it cannot be 
considered as an in vivo method in the VMAT technique. Howe-
ver, combining it with the treatment repeatability assessment 
presented in [39], it can be successfully used to verify the dose 
delivered during a therapeutic session.

Conclusions
The developed method of comparing the dose in a patient 
measured by EPID and the planned one can be used in cli-
nical practice to estimate the dose that a patient receives 
during therapeutic sessions. The uncertainty of the method 
is at the level of 5%. Unfortunately, there are situations where 
the differences between the planned and measured dose 
are greater than 10%. In this case, the first step is to assess 
the complexity of the treatment plan (e.g. the number of mo-
nitor units per arc).

Conflict of interest: none declared

Table II. Basic parameters describing treatment plans included in 
the experiment

  Number 
of arcs

sum 
of MU’s davg [cm] dEPI, avg [cm]

average 3 2966 17.3 15.9

max 4 4232 19.6 18.0

min 2 1803 14.6 13.3

% ∆ <5%

% ∆ >10%

% ∆ (5%–10%)

34

15

4

Figure 4. The number of cases for the deviation between the planned 
and measured dose using the proposed method based on EPID 
measurements. For over 60% of cases, the difference was less than 5%
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