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Abstract
The accuracy of a computed tomography (CT)-relative electron density (RED) curve may have an indirect impact on the 
accuracy of dose calculation by a treatment planning system (TPS). This effect has not been previously quantified for input 
of different CT-RED curves from different CT-scan units in the Monaco TPS. This study aims to evaluate the effect of CT-
RED curve on the dose calculation by the Monaco radiotherapy TPS. Four CT images of the CIRS phantom were obtained 
by different CT scanners. The accuracy of the dose calculation in the three algorithms of the Monaco TPS (Monte Carlo, 
collapse cone, and pencil beam) is also evaluated based on TECDOC 1583. The CT-RED curves from the CT scanners were 
transferred to the Monaco TPS to audit the different algorithms of the TPS. The dose values were measured with an ioniza-
tion chamber in the CIRS phantom. Then, the dose values were calculated by the Monaco algorithms in the corresponding 
points. For the Monaco TPS and based on TECDOC 1583, the accuracy of the dose calculation in all the three algorithms is 
within the agreement criteria for most of the points evaluated. For low dose regions, the differences between the calculated 
and measured dose values are higher than the agreement criteria in a number of points. For the majority of the points, the 
algorithms underestimate the calculated dose values. It was also found that the use of different CT-RED curves can lead to 
minor discrepancies in the dose calculation by the Monaco TPS, especially in low dose regions. However, it appears that 
these differences are not clinically significant in most of the cases.
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Introduction

The process of radiotherapy is complex and includes a series 
of steps. The treatment procedure begins with patient diag-
nosis and disease staging and culminates in treatment of 
a determined target volume with proper beam parameters, 
radiation energies and treatment techniques. The accuracy 
in each of these steps has a direct effect on the treatment 
outcome. In order to obtain such accuracy, the discrepancies 
in all the steps of the radiotherapy process must be reduced 
as far as possible [1, 2].

Treatment planning system (TPS) is a main component 
in the radiotherapy process, as its accuracy is essential for 
a treatment success [3]. A factor that can affect the dose 
accuracy calculated by a TPS is the accurate calibration 
of the computed tomography (CT) number to the relative 
electron density (RED) curve [4]. RED is the electron den-
sity of a specific medium related to the electron density of 
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water. This quantity is an important factor in dose calcula-
tion by TPSs and is generally acquired from CT information 
[5]. To describe this effect more precisely, it can be noted 
that pair production interaction is dominant in the range of 
therapeutic energy, and the electron density obtained from 
CT-RED curve can be used for determining compositions of 
materials and the dose is calculated by knowing composi-
tions of materials [6]. Therefore, input of different CT-RED 
curves from different CT scanners may result in different 
estimation of material compositions and therefore in dif-
ferent dose distributions in a TPS. On the other hand, CT 
numbers may vary between various CT scanners [7–12]. In 
some radiotherapy centers, CT images of patients for the 
treatment planning process can be provided by different 
diagnostic centers whose CT-RED is not calibrated for the 
TPS. Subsequently, this issue can affect the dose calculation 
by the TPS, which to the best of our knowledge, has not been 
previously investigated.

A number of guidelines and protocols have been devel-
oped in the past years for the systematic quality assurance 
(QA) of three dimensional TPSs, presenting recommenda-
tions for particular QA aspects of a TPS like dose calcula-
tion, beam description, anatomical characterization, and data 
output and transfer [5, 13–16]. The International Atomic 
Energy Agency (IAEA) has provided a general framework 
and large number of practical clinical tests for TPSs, in 
the form of Technical Reports Series (TRSs) No. 430, to 
help users to verify the dosimetric accuracy of their TPSs 
[14]. Large radiotherapy centers with limited personnel and 
high patient load or small radiotherapy centers with limited 
resources are not always capable of carrying out all tests rec-
ommended in this report. The IAEA has published another 
set of practical clinical tests for TPS users which is a dedi-
cated technical report called TECDOC 1583 [5]. Addition-
ally, there are several TPS commissioning recommendations 
which have discussed CT calibration curve [14, 17, 18] and 
recommended tolerances for Hounsfield unit or RED values 
used in a CT-RED calibration curve [15, 19–21]. In one of 
the reports by the IAEA, it was mentioned that a variation 
of ± 60 Hounsfield units can lead to ± 1% discrepancy in 
calculated dose for a 6 MV energy photon beam passing 
5 cm of a bone equivalent material [5]. Furthermore, a recent 
systematic review reported Hounsfield unit tolerances of 20 
Hounsfield units for soft tissue and ± 50 Hounsfield units 
for air and bone corresponding to 1% or lower change in a 
TPS-calculated dose [22].

Inness et al. [23] calibrated CT-RED data using phantoms 
and evaluated the effect of phantom geometry on electron 
density conversion and dose in a TPS. Their results showed 
that the CT number depended on the type and amount of 
scattering materials. Their conclusion was that a phantom 
used for calibration of CT-RED curve should have sufficient 
water equivalent materials surrounding the heterogeneities 

in the phantom. Cozzi et al. [24] evaluated the effect of a 
calibration table which was provided by a manufacturer on 
dose calculation when the in-center calibration was per-
formed for a TPS. The impact of CT imaging parameters 
was also evaluated. The maximum error in the monitor units 
per Gy was about 2%. The applied voltage had the most 
impact and led to errors in the Hounsfield numbers for high 
density materials. Although these two studies evaluated the 
effect of CT-RED calibration on planned dose, they did not 
evaluate this effect for different CT-scan units. This effect is 
the subject of evaluation in this study.

The Monaco TPS is used in some radiotherapy centers. 
This system provides high-quality radiotherapy treatment 
plans for different radiotherapy modalities. It provides fast 
calculation speed, accurate Monte Carlo algorithm, and 
reduced planning time [25].

Several studies have been carried out previously to 
investigate the dosimetric verification of the Monaco TPS 
[26–30]. However, in these studies, the dosimetric accuracy 
of the TPS has been evaluated for specific treatment plans 
(for example, prostate, head and neck, lung, etc.) or some 
practical clinical tests presented by TECDOC 1583. In this 
study the TPS is evaluated based on TECDOC 1583. Kragl 
et al. [26] compared the dosimetric accuracy of the X-ray 
voxel Monte Carlo code in the Monaco TPS for flattened 
and unflattened photon beams. In their study, they evalu-
ated some practical clinical tests presented by TECDOC 
1583 and intensity modulated radiation therapy (IMRT) 
plans for head and neck, prostate, and cervix. Additionally, 
their results showed that the dose calculation accuracy of 
the TPS in both the flattened and unflattened modes was 
within the agreement criteria for the evaluated test cases 
and IMRT plans. In another study, López-Tarjuelo et al. [28] 
investigated the dose calculation accuracy of the Monaco 
TPS for a test set in water, inhomogeneous phantoms, and 
IMRT verifications. Their findings revealed that dose cal-
culation in a water phantom was in accordance with the 
measurements, as in 95% of the cases, the differences were 
up to 1.9%. Moreover, dose calculation in the inhomogene-
ous phantom demonstrated acceptable results. Li et al. [29] 
evaluated the dose calculation accuracy of the Monaco TPS 
(with finite size pencil beam and X-ray voxel Monte Carlo 
algorithms) in a lung-chest phantom for esophagus cancer 
planned by IMRT technique. They concluded that the Monte 
Carlo-based algorithm had more accurate dose calculation 
in IMRT plans with heterogeneity correction for esopha-
gus cancer. Saenz et al. [30] assessed the dose calculation 
accuracy of the Monaco TPS (with Monte Carlo algorithm) 
for radiosurgery plans in the brain. 3D global gamma analy-
sis (3%/2 mm) for film measurement showed passing rates 
more than 95.0%. Furthermore, 3D global gamma analysis 
(3%/2 mm) by gel dosimetry demonstrated passing rates of 
more than 90.0% for most targets.
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The current study aims to evaluate the dosimetric accu-
racy of different algorithms of the Monaco TPS based on 
all the practical clinical tests presented by TECDOC 1583 
(except for the case No. 5). To this end, the evaluation of 
dosimetric accuracy is performed in the presence of different 
organs such as lung, bone, and soft tissue. In addition, the 
effect of CT-RED curves obtained from different CT-scan 
units is investigated on the dose calculated by the Monaco 
TPS.

Materials and methods

CIRS phantom

As previously mentioned, the dosimetric accuracy of the 
Monaco TPS was carried out based on TECDOC 1583 by 
IAEA [5]. In this document, the recommended phantom 
is the CRIS phantom (CIRS Inc., Norfolk, Virginia). The 
phantom has an elliptical shape with dimensions of 30 cm 
(long) × 30 cm (wide) and thickness of 20 cm. It repre-
sents an average human trunk in density and proportion. 
This phantom is made of plastic bone, lung, and water sec-
tions containing 10 holes to insert an ionization chamber. 
The CIRS phantom was also used to investigate the effect 

of CT-RED curves on the dose calculated by the Monaco 
TPS. Dose measurements were carried out by insertion of 
the calibrated ionization chamber inside various holes of the 
CIRS phantom.

Practical clinical tests

All practical clinical tests presented by TECDOC 1583 
(except for the case No. 5) were applied for the evalua-
tions. These tests consist of eight clinical test cases which 
are described in details in the TECDOC 1583 [5]. Figure 1 
illustrates the positions of measurement points in the CIRS 
phantom as well as sample dose distributions and beam 
geometries for all the practical clinical tests. The reason for 
not performing the test case No. 5 is that there were not 
enough facilities to perform this test case. The aim of the test 
No. 1 is to verify the dose calculation of a TPS for the refer-
ence field (i.e., 10 × 10 cm2). The test No. 2 verifies the dose 
calculation of the TPS in the case of lack of scattering for 
a tangential field. The purpose of the test No. 3 is to verify 
the dose calculation of the TPS for a blocked field. The test 
No. 4 simulates radiotherapeutic treatments such as prostate 
and its aim is to verify the dose calculation delivered with 
an individual beam and total dose from four fields which are 
weighted equally. The aim of the test No. 6 is to verify the 

Fig. 1   Positions of the measurement points in the CIRS phantom for 
practical clinical tests presented by TECDOC 1583. Beam geometry 
and sample dose distribution for all the test cases are also shown. Per-

mission from Rutonjski [35]. It is noteworthy that the parts No. 1 to 
No. 8 represent the test cases No 1–8, respectively
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dose calculation of TPS for irregular fields with blocking of 
the center of the fields. The effect of oblique beam incidence 
on dose calculation accuracy is also evaluated with this test. 
The test No. 7 verifies the TPS dose calculation for wedged 
paired fields and asymmetric collimation. The purpose of the 
test No. 8 is to verify the dose calculation of the TPS with 
rotation of collimator and couch.

It is notable that measurement points for each test case 
are chosen to avoid measurements in the penumbra and high 
dose gradient regions. The total number of measurement 
points in the CIRS phantom was 13 for the seven test cases.

Different CT scanners, the Monaco TPS algorithms 
and dose calculation

Four CT image series of the CIRS phantom were obtained 
by four various CT scanners in four cities of Iran. The CT 
scanners used in the cities of Tehran, Qom, Hamadan, 
and Birjand are GE Lightspeed Pro 16 slice (GE Medical 
Systems, Milwaukee, WI, USA), Neusoft 16 slice (Neu-
soft Medical System Co., Ltd., Shenyang, China), Toshiba 
Aquilion 16 slice (Toshiba Medical Systems, Tokyo, Japan), 
and Siemens Somatom 16 slice (Siemens Medical Solutions, 
Forchheim, Germany), respectively. The other properties of 
the CT scanners are presented in Table 1. These scanners 
were routinely calibrated based on the report by the task 
group No. 12 [31] in their imaging departments. Given that 
the information related to the CT numbers and RED val-
ues of the materials used in the CT calibration phantoms 
have been provided by the companies, hence, the CT-RED 
curves were evaluated using the tolerance provided by the 
relevant standard guidelines [5, 14, 19, 21]. The obtained 
results were within the agreement criteria and the CT-RED 
curves were accepted to be entered in the TPS dose calcula-
tion. However, if the differences obtained for the CT-RED 
curve were greater than tolerance values, the CT scanners 
were re-calibrated. The CT-RED curves obtained from these 
four CT scanners are plotted in Fig. 2. Moreover, CT num-
bers and RED values for the GE Lightspeed Pro (Tehran), 
Neusoft (Qom), Toshiba Aquilion (Hamadan), and Sie-
mens Somatom (Birjand) CT scanners are listed in Table 2. 
These images were transported to the Monaco TPS at the 
Sadra Radiotherapy Center (Qom, Iran) and then treatment 

planning was performed for each of the test cases based on 
the TECDOC 1583. Finally, for each of the test cases and all 
the four CT image series, dose calculation were carried out 
by various algorithms of the TPS in specific holes, which are 
described in details in Table 3 [5]. For dose calculation, cir-
cular regions of interest (ROI) with the diameter of 10 mm 
were specified on these CT images within the specific holes, 
and mean dose values for these holes were obtained by the 
Monaco TPS. It is noteworthy that the ROIs selected for the 
dose value measurements were less than the physical area of 
the holes, and they had sufficient distance to the boundaries 
of the holes.

In the current study, three different calculation algo-
rithms of the Monaco TPS (version 5.10.02, Elekta AB, 
Stockholm, Sweden) were investigated. These algorithms 
are Monte Carlo, collapse cone, and pencil beam. Monaco 
has various algorithms for dose calculation: X-ray vox-
elized Monte Carlo for treatment by photons for differ-
ent modalities, graphical processing unit Monte Carlo 
for treatment by photons for different modalities, col-
lapsed cone convolution treatment by photons, voxelized 
Monte Carlo++ for treatment by electrons, and carbon 
pencil beam spot for treatment by carbon spot. A more 
detailed description of such algorithms is mentioned in 

Table 1   The CT scanners 
properties used in this study

The reconstruction algorithm used in all the scanners is backprojection

CT scanner type Tube voltage (kVp) Current (mAs) Field of 
view (cm)

GE Lightspeed Pro 16 slice (Tehran) 110 110 50
Neusoft 16 slice (Qom) 120 100 40
Toshiba Aquilion 16 slice (Hamadan) 120 100 50
Siemens Somatom 16 slice (Birjand) 110 120 38

Fig. 2   CT-RED curves obtained from the GE Lightspeed Pro (Teh-
ran), Neusoft (Qom), Toshiba Aquilion (Hamadan), and Siemens 
Somatom (Birjand) CT scanners
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the literature [25]. The size of the grid implemented in all 
the algorithms of dose calculation is 2 mm.

Dose measurements

Dose measurements were carried out at the Sadra Radio-
therapy Center by irradiation of an Elekta Synergy Plat-
form linear accelerator (Elekta Ltd, Stockholm, Sweden) 
with nominal photon energies of 6 and 18 MV. A cali-
brated ionization chamber (TM30013-0021 type; PTW, 
Freiburg, Germany) was used for the dose measurements. 
This chamber was calibrated for dosimetric purposes by a 
secondary standards dosimetry laboratory (SSDL) which 
is traceable to the Iranian Atomic Energy Agency. Finally, 
the dose measurements were carried out three times for 
each of the test cases by insertion of the calibrated ioniza-
tion chamber inside the specific holes of the phantom. It 
is noteworthy that for all the dose measurement points, 
the absorbed dose to water was obtained from ionization 
chamber measurements by using the TRS No. 398 dosim-
etry protocol [32].

Data analysis

The calculated (DCalc) and measured (DMeas) doses were 
obtained for the same points in each of the seven clinical 
test cases. The percent differences between DCalc and DMeas 
values (δ (%)) were specified for these points. To have better 
consistency in description of the findings for different points, 
the dose differences were normalized to the measured dose 
at the reference point (DMeas, Ref) for each of the test cases. 
The reference point was a point that received 200 cGy dose 
and it was determined for each test case.

Based on the evaluation of the repeated results of in-
phantom measurements, the uncertainty over all the dose 
measurements was less than 1%. The TPS calculations were 
also repeated two times and the results for the two calcula-
tions were the same. The uncertainties of the dose calcula-
tion and measurements have two major components: type 
A or statistical uncertainty and type B or systematic uncer-
tainty. In the present calculations or measurements, there are 
various components for the type B uncertainty such as the 
grid size implemented in the dose calculation algorithms, 
volume-averaging artifact of dosimeter, measurement of 

Table 2   The CT numbers and 
RED for the GE Lightspeed 
Pro (Tehran), Neusoft (Qom), 
Toshiba Aquilion (Hamadan), 
and Siemens Somatom 
(Birjand) CT scanners

Tissue type Hamadan Tehran Birjand Qom

CT number RED CT number RED CT number RED CT number RED

Air − 1013 0.22 − 993 0.22 − 1004 0.22 − 978 0.22
Soft tissue − 16 0.98 98 1.07 80 1.06 − 21 0.98
Bone 891 1.52 978 1.62 930 1.58 825 1.49

Table 3   Geometries for different test cases used in the current study (extracted from TECDOC 1583 [5])

Test case no. Number 
of beams

Set-up type Refer-
ence 
point

Measure-
ment point

Field size (cm2) Gantry angle Collima-
tor angle

Beam modifiers

1 1 SSD = SAD 3 3
9
10

10 × 10 0 0 None

2 1 SAD 1 1 15 × 10 90 0 45 degree wedge
3 1 SSD = SAD 3 3 14 × 14 shaped to 10 × 10 0 45 Blocks
4 4 SAD 5 5

6
10

15 × 10 Ant
15 × 10 Post
15 × 8 RL
15 × 8 LL

0
180
270
90

0
0
0
0

None

6 1 SAD 3 3
7
10

L-shaped 10 × 20 45 90 Custom block

7 3 SAD 5 5 10 × 12
10 × 6 asymmetric
10 × 6 asymmetric

0
90
270

0 None
Physical wedge 30°
Physical wedge 30°

8 3 SAD 5 5 4 × 16 LL
4 × 16 RL
4 × 4 (table 270)

90
270
30

330
30
0

None
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temperature and pressure, approximations in treatment plan-
ning calculations, and some other factors.

Results

The dosimetric accuracy of different Monaco TPS 
algorithms

Differences between DCalc and DMeas for the different test 
cases and measurement points for all the four CT image 
series of the CIRS phantom obtained by GE Lightspeed Pro 
16 slice, Neusoft 16 slice, Toshiba Aquilion 16 slice, and 
Siemens Somatom 16 slice CT scanners are presented in 
Tables 4, 5, 6 and 7, respectively. The agreement for each of 
the points studied is listed in the third column of the above-
mentioned tables. The agreement criteria in these tables are 
based on the values reported by the TECDOC No 1583 by 
IAEA [5].

Effect of CT‑RED curves on the dose calculated 
by the Monaco TPS

The average absolute dose difference between the calculated 
and measured dose values related to the four CT-RED curves 
and in-phantom measurements is listed in Table 8. Moreo-
ver, in Table 9, dose values calculated by the different algo-
rithms of the Monaco TPS are compared between the four 
CT image series of the CIRS phantom.

Discussion

In radiotherapy treatment planning, CT images are used 
for two key purposes: to allow the accurate contouring 
of the target volume and organs at risk, and to present an 
accurate map of the electron density of different tissues for 
dose calculation by the TPS [22]. The Hounsfield units of 
CT images for various tissue types must not change signifi-
cantly from the values applied in the CT-RED calibration 
curve within the TPS. The reason is that by using the TPS 
calibration, Hounsfield unit values are converted to RED. 
Therefore, if there is a mismatch between the TPS calibra-
tion curve and Hounsfield unit values in the CT image for 
particular tissue types, it will lead to discrepancies in the 
dosimetric calculations performed by the TPS [24, 33]. 
In some radiotherapy centers, it is possible that several 
CT-RED calibration curves are used within the TPS; in 
this condition, there is opportunity to apply various CT 
scanners and CT-scan protocols for various body regions. 
However, there are limitations in the number of CT-RED 
calibration curves in some radiotherapy centers, and also 
in attempt to decrease the risk of incorrect selection of 
these curves and the work associated with their quality 
assurance testing [34]. In the current study, the effect of 
CT-RED curves obtained from different CT-scan units 
was investigated on the dose calculated by the Monaco 
TPS. Furthermore, the dosimetric accuracy of different 
algorithms of the Monaco TPS was evaluated based on 
practical clinical tests presented by TECDOC 1583 [5].

Table 4   The difference between the measured (DMeas) and calculated (DCalc) doses for different algorithms of the Monaco TPS. The CT images 
were obtained by GE Lightspeed Pro 16 slice (Tehran, Iran)

Test case Measure-
ment hole

Agreement 
criteria (%) [5]

6 MV 18 MV

Percentage difference between DMeas and DCalc (δ) Percentage difference between DMeas and DCalc 
(δ)

Monte Carlo Collapse cone Pencil beam Monte Carlo Collapse cone Pencil beam

Case 1 3 2 − 0.3 − 0.3 − 0.3 0.0 0.0 0.0
9 4 − 1.6 − 1.1 − 3.4 − 2.8 − 2.2 − 4.6

10 3 0.0 − 1.0 − 1.9 2.3 0.4 − 0.9
Case 2 1 3 – − 0.6 – – 0.3 –
Case 3 3 3 − 1.3 − 1.3 − 1.3 − 1.7 − 1.7 − 1.7
Case 4 5 3 − 1.1 − 1.1 − 1.1 − 2.8 − 2.8 − 2.8

6 4 − 2.1 − 4.0 − 2.4 − 3.2 − 3.9 − 3.2
10 4 1.4 1.4 2.5 − 2.2 − 1.5 − 1.2

Case 6 3 3 − 0.1 − 0.1 − 0.1 − 1.1 − 1.1 − 1.1
7 4 − 1.3 − 2.4 2.3 − 1.9 0.0 7.8

10 5 − 0.1 0.4 − 3.8 − 0.1 − 0.2 − 1.9
Case 7 5 4 – − 1.3 – – − 2.0 –
Case 8 5 3 0.2 0.2 0.2 − 2.3 − 2.3 − 2.3
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The dosimetric accuracy of different Monaco TPS 
algorithms

Generally, from the data in Tables 4, 5, 6 and 7, it is evident 
that the differences between the Monaco TPS-calculated and 
in-phantom measured dose values are less than the agree-
ment criteria in most of the test cases. The agreement cri-
teria in these tables are based on the values reported by the 
TECDOC No 1583 by IAEA [5]. These criteria vary based 

on the complexity of test cases, and range from 2 to 5%. 
Data corresponding to differences higher than the agreement 
criteria are bolded in these tables. These data points are cor-
responding to the test No. 1, points No. 9 and 10, test No. 
6, and point No. 7. Detailed information on the in-phantom 
locations of these data points and other aspects is discussed 
in the following.

For the test No. 1, differences between DCalc and DMeas 
for all the algorithms of the Monaco TPS were almost 

Table 5   The difference between the measured (DMeas) and calculated (DCalc) doses for different algorithms of the Monaco TPS. The CT images 
were obtained by Neusoft 16 slice (Qom, Iran)

Test case Measure-
ment hole

Agreement 
criteria (%) [5]

6 MV 18 MV

Percentage difference between DMeas and DCalc (δ) Percentage difference between DMeas and DCalc 
(δ)

Monte Carlo Collapse cone Pencil beam Monte Carlo Collapse cone Pencil beam

Case 1 3 2 − 0.3 − 0.3 − 0.3 0.0 0.0 0.0
9 4 − 2.8 − 1.7 − 5.4 − 2.5 − 2.4 − 6.9

10 3 − 4.5 − 3.0 − 1.4 2.0 − 0.5 − 0.2
Case 2 1 3 – − 0.6 – – 0.3 –
Case 3 3 3 − 1.3 − 1.3 − 1.3 − 1.7 − 1.7 − 1.7
Case 4 5 3 − 1.1 − 1.1 − 1.1 − 2.8 − 2.8 − 2.8

6 4 − 1.8 − 1.7 − 2.0 − 1.4 − 2.1 − 2.4
10 4 0.8 1.0 2.2 − 0.9 − 1.8 − 1.2

Case 6 3 3 − 0.1 − 0.1 − 0.1 − 1.1 − 1.1 − 1.1
7 4 − 2.4 − 2.0 1.7 0.1 1.5 6.5

10 5 − 0.4 − 0.6 − 3.7 − 0.8 − 0.2 − 1.9
Case 7 5 4 – − 1.3 – – − 2.0 –
Case 8 5 3 0.2 0.2 0.2 − 2.3 − 2.3 − 2.3

Table 6   The difference between the measured (DMeas) and calculated (DCalc) doses for different algorithms of the Monaco TPS. The CT images 
were obtained by Toshiba Aquilion 16 slice (Hamadan, Iran)

Test case Measure-
ment hole

Agreement 
criteria (%)

6 MV 18 MV

Percentage difference between DMeas and DCalc (δ) Percentage difference between DMeas and DCalc 
(δ)

Monte Carlo Collapse cone Pencil beam Monte Carlo Collapse cone Pencil beam

Case 1 3 2 − 0.3 − 0.3 − 0.3 0.0 0.0 0.0
9 4 − 0.9 0.0 − 4.0 − 0.9 − 5.0 − 5.1

10 3 − 5.1 − 3.1 − 1.5 − 2.0 − 2.0 − 0.2
Case 2 1 3 – − 0.6 – – 0.3 –
Case 3 3 3 − 1.3 − 1.3 − 1.3 − 1.7 − 1.7 − 1.7
Case 4 5 3 − 1.1 − 1.1 − 1.1 − 2.8 − 2.8 − 2.8

6 4 − 0.1 − 2.2 − 2.0 − 0.5 − 3.0 − 3.0
10 4 2.2 0.9 2.3 − 0.6 − 1.8 − 1.2

Case 6 3 3 − 0.1 − 0.1 − 0.1 − 1.1 − 1.1 − 1.1
7 4 1.2 − 1.0 2.7 4.0 2.6 8.6

10 5 − 0.6 − 0.6 − 3.6 − 0.1 − 0.3 − 1.8
Case 7 5 4 – − 1.3 – – − 2.0 –
Case 8 5 3 0.2 0.2 0.2 − 2.3 − 2.3 − 2.3
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within the agreement criteria, except for several points 
which are bolded in Tables 4, 5, 6 and 7. All the differ-
ences range from 0 to 6.9%, as the largest deviation is 
related to the pencil beam algorithm in 18 MV beam 
energy. Because of the simplicity of this test (i.e., verify-
ing the TPS-calculated dose for the reference field), the 
agreement criterion is 2% for the points inside the field 
(the point 3) and it is accurately calculated by all the three 
algorithms of Monte Carlo, collapse cone, and pencil 
beam. Moreover, for low dose regions (the point 9), dif-
ferences between DCalc and DMeas is higher than the agree-
ment criteria (4%) in the bolded points. Our results are 
in line with the findings of Rutonjski et al. [35], as they 
reported that the accuracy of the dose calculation in two 
different algorithms of CMS XiO (Elekta CMS Software, 
St. Louis, Missouri) TPSs was within the agreement cri-
teria, but it was not sufficient for low dose regions. In that 
study, an audit was conducted in three radiotherapy depart-
ments of Serbia by CT scanning and measurements in an 

anthropomorphic phantom and treatment planning was 
performed for eight test cases based on the IAEA report. 
However, Kragl et al. [26] stated that the Monte Carlo and 
enhanced collapsed cone (eCC) algorithms of the Monaco 
TPS passed the agreement criteria within and outside the 
radiation field. In that study, the eCC algorithm in Oncen-
tra Masterplan and XVMC (MC) code in the Monaco TPSs 
was evaluated. Treatment planning was performed for 10 
MV photon energy in the cases of flattening filter and flat-
tening filter free beams. Radiochromic films were irradi-
ated in a solid water phantom and evaluated gamma index 
analysis. A thorax phantom was also used and conformal 
plans were verified by measurement with ion chambers. 
IMRT plans were also verified by measurement inside a 
Delta4 phantom. There are differences between the meth-
ods in the study by Kragl et al. [26] and the methods in 
the present study. For instance, they evaluated the eCC 
algorithm, a 10 MV photon beam, a flattening free case, 
and IMRT plans in a Delta4 phantom.

Table 7   The difference between the measured (DMeas) and calculated (DCalc) doses for different algorithms of the Monaco TPS. The CT images 
were obtained by Siemens Somatom 16 slice (Birjand, Iran)

Test case Measure-
ment hole

Agreement 
criteria (%)

6 MV 18 MV

Percentage difference between DMeas and DCalc (δ) Percentage difference between DMeas and DCalc 
(δ)

Monte Carlo Collapse cone Pencil beam Monte Carlo Collapse cone Pencil beam

Case 1 3 2 − 0.3 − 0.3 − 0.3 0.0 0.0 0.0
9 4 − 2.6 − 2.4 − 2.4 − 3.5 − 3.6 − 3.2

10 3 − 2.5 − 4.0 − 2.4 − 0.8 − 2.0 − 1.5
Case 2 1 3 – − 0.6 – – 0.3 –
Case 3 3 3 − 1.3 − 1.3 − 1.3 − 1.7 − 1.7 − 1.7
Case 4 5 3 − 1.1 − 1.1 − 1.1 − 2.8 − 2.8 − 2.8

6 4 − 1.8 − 1.8 − 2.1 − 0.4 − 2.7 − 2.9
10 4 0.6 1.3 2.3 − 2.7 − 1.8 − 1.3

Case 6 3 3 − 0.1 − 0.1 − 0.1 − 1.1 − 1.1 − 1.1
7 4 1.2 − 1.2 2.2 2.6 1.9 8.0

10 5 − 0.5 − 0.2 − 3.5 0.6 − 0.1 − 1.8
Case 7 5 4 – − 1.3 – – − 1.9 –
Case 8 5 3 0.2 0.2 0.2 − 2.3 − 2.3 − 2.3

Table 8   The average of absolute dose differences (%) between the calculated and measured dose values related to the four CT-RED curves and 
in-phantom measurements

Model of CT-scan unit Type of algorithm

Monte Carlo Collapse cone Pencil beam Monte Carlo Collapse cone Pencil beam

6 MV 18 MV

GE Lightspeed Pro 16 slice (Tehran, Iran) 0.79 1.09 1.48 1.63 1.31 2.29
Neusoft 16 slice (Qom, Iran) 1.21 1.06 1.49 1.30 1.34 2.16
Toshiba Aquilion 16 slice (Hamadan, Iran) 1.05 0.91 1.59 1.28 1.78 2.32
Siemens Somatom 16 slice (Birjand, Iran) 0.94 1.13 1.38 1.42 1.59 2.05
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For the test No. 2, according to Tables 4, 5, 6, and 7, 
differences between DCalc and DMeas for the collapse cone 
algorithm was within the agreement criteria (3%) and the 
deviations for 6 MV beam energy was higher than those 
for 18 MV beam energy (− 0.6% vs. 0.3%). The results 
show that the collapse cone algorithm underestimates dose 
values in 6 MV beam energy but overestimates dose values 
in 18 MV beam energy. These data are consistent with the 
findings of several studies [36–38]. Farhood et al. [36] 
reported that the dose calculation accuracy of TiGRT TPS 
was sufficient for the central axis and off-axis regions for 
a physical wedged field. Venselaar and Welleweerd [37] 
investigated the dose calculation accuracy of seven TPSs 

for 6, 10, and 18 MV photon beams of two modern linear 
accelerators. The beam data were the input in the com-
mercial radiotherapy TPSs. They reported that for most 
TPSs, the dose calculation accuracy in wedged fields was 
within the tolerance limit. Anjum et al. [38] represented 
that the accuracy of Eclipse TPS with enhanced dynamic 
wedges for asymmetric and symmetric fields was sufficient 
in clinical applications. However, the results presented by 
Rutonjski et al. [35] were inconsistent with our data, as 
they reported that for a number of points of the test No. 
2, the accuracy of the dose calculation in two different 
algorithms of CMS XiO TPSs was not within the agree-
ment criteria. The difference between the current study 

Table 9   Dose values (cGy) calculated by the different algorithms 
of the Monaco TPS (Monte Carlo, collapse cone, and pencil beam) 
according to different CT image series of the CIRS phantom obtained 

by the four various CT scanners of GE Lightspeed Pro 16 slice (1), 
Neusoft 16 slice (2), Toshiba Aquilion 16 slice (3), and Siemens 
Somatom 16 slice (4)

It is notable that the reference point received 200 cGy dose, and it was determined for each test case in Table 3

Test case Measure-
ment hole

6 MV

Monte Carlo algorithm Collapse cone algorithm Pencil beam algorithm

1 2 3 4 1 2 3 4 1 2 3 4

Case 1 3 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0
9 21.9 13.0 16.9 23.9 21.0 15.2 18.5 23.5 11.9 7.9 10.7 13.8

10 125.5 116.4 115.0 120.4 123.3 119.5 119.1 117.2 121.4 122.7 122.4 120.5
Case 2 1 – – – – 200.0 200.0 200.0 200.0 – – – –
Case 3 3 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0
Case 4 5 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0

6 26.6 28.6 27.6 28.6 25.6 26.8 26.6 26.8 26.5 26.6 26.6 26.6
10 27.5 27.1 27.8 27.0 27.4 27.2 27.2 27.5 28.0 27.8 27.9 27.9

Case 6 3 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0
7 109.6 107.2 114.5 116.5 107.3 108.0 110.1 109.7 116.7 115.4 117.5 116.6

10 13.1 12.5 12.1 12.2 12.5 12.2 12.1 12.9 6.3 6.0 6.0 5.7
Case 7 5 – – – – 200.0 200.0 200.0 200.0 – – – –
Case 8 5 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0

Test case Measure-
ment hole

18 MV

Monte Carlo algorithm Collapse cone algorithm Pencil beam algorithm

1 2 3 4 1 2 3 4 1 2 3 4

Case 1 3 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0
9 28.3 17.6 20.8 29.8 27.1 17.5 23.3 29.9 13.4 8.9 12.4 16.2

10 142.9 142.0 134.4 136.6 139.0 137.2 137.1 134.2 136.4 137.9 137.8 135.2
Case 2 1 – – – – 200.0 200.0 200.0 200.0 – – – –
Case 3 3 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0
Case 4 5 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0

6 26.2 27.1 28.1 27.6 25.8 26.8 26.3 26.5 26.2 26.6 26.3 26.4
10 27.0 27.7 28.5 26.8 27.4 27.3 27.2 27.2 27.5 27.5 27.6 27.5

Case 6 3 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0
7 110.3 114.4 122.1 119.4 114.1 117.1 119.5 117.7 129.9 127.3 131.6 130.2

10 9.6 8.3 9.5 11.1 9.5 9.2 9.5 9.4 5.9 6.1 6.2 6.2
Case 7 5 – – – – 200.0 200.0 200.0 200.0 – – – –
Case 8 5 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0
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and Rutonjski et al.’s study may be due to the different 
algorithms/TPSs used in these two studies.

For the test No. 3, the results (Tables 4, 5, 6, 7) show 
that differences between DCalc and DMeas for all the three 
algorithms of the Monaco TPS are within the agreement 
criteria (3%) and they were the same for all the algorithms 
in each of the beam energies. The deviations in 18 MV beam 
energy were higher than those in 6 MV beam energy (− 1.3% 
vs. − 1.7%). All the three algorithms underestimated dose 
values for the both beam energies. The dose underestimation 
can be due to the limitations of the Monaco TPS in modeling 
the dose contributions from contaminated electrons originat-
ing from block and the components of linac’s head. These 
data are consistent with the findings of several studies [2, 
26, 35], as they reported that the dose calculation accuracy 
of algorithms/TPSs implemented in their studies was within 
the agreement criterion for the test No. 3.

For the test No. 4, the agreement criteria ranged from 
2 to 4%. The results related to this test (Tables 4, 5, 6, 7) 
reveal that differences between DCalc and DMeas for all the 
algorithms of the Monaco TPS are within the agreement 
criteria. These differences ranged from 0.15 to 4%, and the 
largest deviation is related to the collapse cone algorithm 
in 6 MV beam energy (− 4.0%). For most of the cases, the 
deviations in 18 MV beam energy are higher than that in 6 
MV beam energy. The results presented by Kragl et al. [26] 
confirm these findings. They reported that the dose calcula-
tion accuracy of the algorithms applied in the Monaco TPS 
in the points No. 5 and 6 of the test No. 4 is within the agree-
ment criteria. However, Gershkevitsh et al. [2] and Rutonjski 
et al. [35] reported that the dose calculation accuracy of 
algorithms/TPSs evaluated in their studies was not sufficient 
for some points of the test No. 4.

For the test No. 6, according to Tables 4, 5, 6, and 7, dif-
ferences between DCalc and DMeas for all the algorithms of 
the Monaco TPS are within the agreement criteria, except 
for several points which are bolded in Tables 4, 5, 6, and 7. 
For this test, the agreement criteria range from 3 to 5%, as 
they are 3% and 4% for high and low dose regions within 
radiation fields respectively, and is 5% for the under block 
region. The differences range from 0 to 8.6%, as the larg-
est deviation is related to the pencil beam algorithm in 18 
MV beam energy. It is noteworthy that for the majority of 
the points, the dose calculation accuracy of the pencil beam 
algorithm is worse than the other two. The findings of Krag 
et al. [26] agreed with our results; accordingly, they reported 
that the dose calculation accuracy of the algorithms applied 
in the Monaco TPS in the points No. 3 and 7 of the test No. 
6 was within the agreement criteria.

Our findings (Tables 4, 5, 6, 7) for the test No. 7 demon-
strate that differences between DCalc and DMeas for the col-
lapse cone algorithm are within the agreement criteria (4%), 
but are higher for 18 MV beam energy compared to 6 MV 

beam energy (− 2.0%/− 1.9% vs. − 1.3%). The calculated 
dose values are also underestimated by this algorithm for 
the both beam energies. These data are in line with the find-
ings of Krag et al. [26] and Rutonjski et al. [35], as they 
reported that the dose calculation accuracy of algorithms/
TPSs used in their studies was within the agreement crite-
ria for the test No. 7. However, Venselaar and Welleweerd 
[37] reported that the dose calculation accuracy of seven 
TPSs implemented in their study for asymmetrically wedged 
case was outside the agreement criteria. There are differ-
ences between the current study and the study conducted 
by Venselaar and Welleweerd [37], including: (1) different 
geometries for asymmetrically wedged case, (2) different 
phantoms (water phantom versus CIRS phantom), and (3) 
different algorithms/TPSs.

For the test No. 8, differences between DCalc and DMeas 
values for all the algorithms of the Monaco TPS are within 
the agreement criteria (3%) and they are the same for all 
the algorithms in the both beam energies. The deviations in 
18 MV beam energy are higher than those in 6 MV beam 
energy (− 2.3% vs. 0.2%). These results are consistent with 
the findings of Krag et al. [26] and Rutonjski et al. [35]. 
They stated that the dose calculation accuracy of algorithms/
TPSs implemented in their studies was sufficient for this 
test. However, Gershkevitsh et al. [2] represented that the 
dose calculation accuracy of pencil beam convolution-based 
algorithms evaluated in their work was not satisfactory for 
all photon energies (4–20 MV). That study included 14 dif-
ferent algorithms or inhomogeneity correction methods in 
different TPSs.

It has been accepted that the dose calculation accuracy 
of TPSs in out-of-field regions is poor [39, 40] and because 
of this, the tolerance for these areas is larger (4%) [5, 14]. 
There are several factors which can affect poor performance 
of TPSs in out-of-field regions, including the lack of TPS 
commissioning for out-of-field regions, limitations of TPSs 
in modeling dose contributions from contaminated electrons 
resulting from the collimator assembly, flattening filter, and 
secondary scattering photons from the linac’s head [39–41]. 
The findings presented in Tables 4, 5, 6 and 7 also dem-
onstrate failures of dose calculation in these regions (the 
point No. 9 of the test No. 1), especially for the pencil beam 
algorithm. There are several studies which have quantified 
the dose calculation accuracy of different TPSs in out-of-
field regions [3, 36, 39, 41–43], and these studies reported 
dose underestimation by different algorithms/TPSs. Other 
results of the current study (Tables 4, 5, 6, 7) show that for 
some of the test cases, the dose calculation accuracy of the 
Monaco TPS for inhomogeneities of lung (the point No. 9) 
and bone (the point No. 10) is outside the agreement criteria, 
especially for the pencil beam algorithm and these findings 
are supported by other recent published studies [2, 35]. Gen-
erally, it is suggested that the TPS user should be cautious 
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when dose calculation by the Monaco TPS is performed in 
out-of-field and inhomogeneities cases.

The above-mentioned (Monte Carlo, collapse cone, and 
pencil beam) algorithms for dose calculation are model 
based algorithms. The Monte Carlo algorithm simulates 
the transport of millions of particles and photons through 
matter. This algorithm utilizes fundamental laws of physics 
to obtain probability distributions of individual interactions 
of particles and photons. This issue was discussed in more 
details in some reports (TG-105). The Monte Carlo algo-
rithm is the highest accuracy method for treatment plan-
ning [44]. The collapse cone algorithm is a convolution-
superposition-based method. This method consists of a 
convolution equation that separately considers the transport 
of primary photons and that of the scattered electrons and 
photons emerging from the primary photon interactions. In 
this algorithm, primarily, a point kernel convolution/super-
position model is used and it accounts for density changes 
in the patient. In this method, variations in lateral photon 
and electron transport are approximately modeled [2, 35, 
44]. In the pencil beam algorithm, the dose distribution in 
infinitesimally narrow beams is calculated. In this method, 
the treatment field is divided into a fine grid and the pencil 
beams are located on the grid along ray lines emerging from 
the virtual source location defining the beam geometry. The 
dose distribution in individual pencil beams is calculated, 
considering all the interactions and medium inhomogenei-
ties. Finally, the dose at any point is obtained by summation 
of the dose contribution of all the pencils to the point of 
interest. However, in the pencil beam algorithm, variations 
in photon transport and lateral electrons are not modeled 
[2, 35, 44]. By analyzing the results (Tables 4, 5, 6, 7, 8) 
based on algorithm type implemented on the Monaco TPS, 
it was observed that the dose calculation accuracy of the 
pencil beam algorithm is lower than that of the Monte Carlo 
and collapsed cone ones, especially in the cases of inhomo-
geneities, which can be due to not adequately considering 
changes in electron transport in the bone and lung by the 
pencil beam algorithm. The dose calculation accuracy by the 
Monte Carlo and collapse cone algorithms is approximately 
the same and the results obtained by these two algorithms 
were within the agreement criteria for the majority of the 
test cases.

The task group (TG) No. 105 of American association 
of physicist in medicine (AAPM) has published a report 
on Monte Carlo (MC)-based TPSs for electron and photon 
beams. In that report, it was mentioned that many research 
studies announced that MC calculated accurate dose dis-
tributions for clinical radiotherapy, particularly in hetero-
geneous cases where the electron transport effects could 
not be accurately considered in conventional algorithms of 
dose calculation. However, long calculation times required 
by MC algorithms make them impractical for routine 

clinical treatment planning. Development of faster codes and 
improvements in computer technology have reduced the cal-
culation times to within minutes on a single processor. These 
advances became a motivation for treatment planning pro-
vides to make attention to MC techniques. Several providers 
have already introduced or are releasing such algorithms 
for calculations for photon and electron beams. Therefore, 
application of MC treatment planning algorithms will be 
widespread in the radiotherapy community. The TG-105 
report provides a review on the studies on MC simulation in 
radiotherapy planning, and on the issues related to clinical 
implementation and experimental verification of MC algo-
rithms [45].

Sources of differences between measurements and cal-
culations may arise from a number of factors including: (a) 
uncertainties involved in the measurements, (b) the TPS 
beam data input, (c) fitting of the beam model, (d) the dose 
calculation algorithm, etc. Factors such as inadequacies in 
input data, dose calculation grid size, choice of phantom 
type, etc. may affect the dose calculation accuracy of TPSs.

Effect of CT‑RED curves on the dose calculated 
by the Monaco TPS

According to different guidelines [5, 14, 15, 19–21, 46], 
there are a range of RED values for air, soft tissue and bone, 
and different tolerances of Hounsfield unit values have been 
reported for these materials. Given that there is no unique 
protocol for CT-RED curves, none of the CT-RED curves 
from different CT scanners is considered as the standard. 
Furthermore, different CT-scan phantoms were used to 
obtain CT-RED curves of different CT scanners; hence, we 
were not able to precisely compare different curves. How-
ever, all CT-RED curves were within the agreement criteria. 
As it can be observed from the results of the average of abso-
lute dose differences between the calculated and measured 
dose values related to the four CT-RED curves in Table 8, it 
is evident that the dose calculation accuracy of the Monaco 
TPS for different CT scanners is approximately the same 
in most of the cases and the small variation in the obtained 
data between the scanners is clinically unremarkable. Except 
for the type of the CT scanner and CT calibration phantom, 
all the other factors are similar, and the difference between 
these dose differences can be only attributed to the accuracy 
of the CT-RED curve. To minimize the related uncertainties 
in the process of treatment planning for patients, it is recom-
mended that when using patient images from an external CT 
unit for the purpose of treatment planning, a validation of 
CT-RED curves of that CT unit be performed before clinical 
use of the images.

Table  9 presents a more detailed analysis from the 
results between the four CT image series of the CIRS phan-
tom obtained by the four various CT scanners. For 6 MV 



500	 Australasian Physical & Engineering Sciences in Medicine (2019) 42:489–502

1 3

beam energy and within field regions, 0–4.2%, 0–1.3%, and 
0–0.9% dose difference ranges were found between the four 
different CT image series for the Monte Carlo, collapse 
cone, and pencil beam algorithms, respectively. However, 
for 18 MV beam energy, 0–5.1%, 0–2.3%, and 0–1.7% dose 
difference ranges are obtained between the four different CT 
image series for the Monte Carlo, collapse cone, and pencil 
beam algorithms, respectively. Moreover, for 6 MV beam 
energy and outside field regions, 0–29.5%, 0–21.4%, and 
0–27.2% dose difference ranges were obtained between the 
four different CT image series for the Monte Carlo, collapse 
cone, and pencil beam algorithms, respectively. Yet for 18 
MV beam energy, 0.35–25.74%, 0–2.31%, and 0–29.08% 
dose difference ranges were obtained for the algorithms, 
respectively. These discrepancies can be attributed to dif-
ference in CT-RED curves. To describe this effect more 
precisely, differences in the properties of the CT scanners 
such as tube current, tube voltage, size of field of view, and 
reconstruction algorithms used in the CT scanners may lead 
to different CT numbers and these numbers can affect the 
dose calculated by the TPS [7–12]. In this regard, several 
researchers have studied the dosimetric effect of variation 
in CT numbers on dose calculation in TPSs [10, 23, 24, 
47]. In a study by Inness et al. [23], the dependence of CT-
RED conversion on phantom geometry and its effect on dose 
calculated by Eclipse TPS was evaluated. Cozzi et al. [24] 
reported that when a CT-RED calibration curve presented by 
the manufacturer was utilized instead of performing an in-
house CT-RED calibration, the largest inaccuracy in moni-
tor units per Gy was 2%. In another study, Nobah et al. [10] 
investigated the effect of various geometrical arrangements 
of inserts inside a heterogeneous phantom. They reported 
that tube voltage and geometrical arrangement caused 
remarkable differences in Hounsfield unit values.

Conclusion

In the current study, the dose calculation accuracy of three 
algorithms (Monte Carlo, collapse cone, and pencil beam) 
used in the Monaco TPS is investigated based on practical 
clinical tests presented by TECDOC 1583. The accuracy of 
the dose calculation in the Monte Carlo, collapse cone, and 
pencil beam algorithms is within the agreement criteria for 
most of the points evaluated in this study. Furthermore, for 
the majority of the points, the algorithms underestimate the 
calculated dose values. Generally, it is suggested that the 
TPS user should be cautious when performing dose calcula-
tion by the Monaco TPS in out-of-field and inhomogeneities 
cases, especially for the pencil beam algorithm. It is note-
worthy that knowing the limitations of the Monaco TPS can 
help clinicians to make appropriate clinical decisions (for 

example, in patients with implantable cardiac pacemakers 
or pregnant patients).

It is also determined that use of different CT-RED curves 
can lead to minor discrepancies in the dose calculation by 
the Monaco TPS, especially in low dose regions. However, 
it appears that these differences are not clinically significant 
in most of the cases. To minimize the related uncertainties 
in the process of treatment planning for patients, it is recom-
mended that when using patient images from an external CT 
unit for the purpose of treatment planning, a validation of 
CT-RED curve of that CT unit be performed before clinical 
use of the images.
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