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Abstract The True beam linear accelerator is a state-of-the-art device widely used in cancer treatment for its ability to deliver
flattening-filter-free (FFF) and flattened photon beams. Despite its clinical significance, detailed information on its dosimetric
characteristics remains limited. This study systematically evaluated dosimetric parameters for photon beam energies of 6 MV, 6 MV
FFF, and 15 MV using high-resolution diode detectors and ion chambers. Measurements were conducted at a source-to-surface
distance of 100 cm for field sizes ranging from 10×10 cm2 to 40×40 cm2 and depths of Dmax, 5 cm, 10 cm, 20 cm, and 30 cm
in water. Key metrics, including percentage depth doses (PDDs) and beam profiles, were analyzed to assess the effect of beam
energy, field size, and depth on dosimetry. Comparisons of measured data from NORI Cancer Hospital and Shaukat Khanum
Memorial Hospital demonstrated consistent and accurate performance across systems. These findings provide valuable insights into
the dosimetric behavior of TrueBeam accelerators, contributing to the optimization of treatment protocols and ensuring improved
patient outcomes.

1 Introduction

Indeed, cancer is a terrible illness that affects millions of people globally. One cancer treatment that is currently available is radiation
therapy, which uses high radiation doses to kill cancerous cells and reduce tumor size. This medication can be taken either on its own
or in conjunction with other therapies like chemotherapy or surgery [1]. The principle behind radiotherapy is to minimize damage
to healthy tissue while using radiation to target and kill cancerous cells. This is accomplished by applying high-energy radiation
to the tumor site using a device known as a linear accelerator (LINAC). Careful measurement and monitoring of the dosimetric
characteristics of the treatment units are necessary to guarantee the safe and accurate delivery of radiation [2]. Dosimetry plays a
crucial role in radiotherapy treatment as it provides the data necessary for treatment planning. Radiation physicists use dosimetry
data to optimize treatment plans and calculate the dose for specific plans. Accurate dose calculations are essential for effective
external beam radiation therapy [3–5]. The dosimetry assurance procedure for the linear accelerator is designed to ensure that the
dose is delivered to the patient precisely that is intended. Even small variations in dose can have a significant impact on treatment
outcomes. Correct dose estimation is essential to target cancer and neighboring tissues for the survival of adjacent organs, especially
radiosensitive organs. This is crucial to avoid any serious changes in the body that could lead to the development of a second cancer
[6–8]. Numerous publications in the literature discuss beam-matching result for linear accelerators [3, 9], demonstrating good
dosimetric matching between similar machines [10–12]. However, similar studies specifically involving true beam accelerators are
not readily available or reported in the literature.

This work presents a comparison of the percent depth dose (PDD) curves and beam profiles for photon energies (6MV, 6MV
FFF, and 15MV) at five depths (Dmax, 5 cm, 10 cm, 20 cm, and 30 cm) in water at a 100 cm SSD (Source to Surface distance). The
analysis was done across field sizes from 10×10 to 40×40 cm2. The MLC (Multileaf Collimators) transmission factor is a critical
parameter used to calculate the dose distribution in radiation therapy. In this study, the MLC transmission for a TrueBeam machine
is 1.50%±0.05% for 6 MV photon energy, 1.72%±0.06% for 10 MV photon energy and 1.94%±0.07% for 15 MV photon energy.
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Fig. 1 Complete setup of
TB-LINAC for dosimetry

The comprehensive dosimetric data collected from the two TB-LINAC units are indeed valuable and provide a reliable analysis of
the characteristics of the new treatment system. As far as we are aware, this is the first time that the data from NORI Cancer Hospital
and Shokat Khanum Memorial Hospital TB-LINACs of the same category have been compared.

2 Materials and methods

Measurements of the PDD’s and Profiles have been done in two hospitals and compared by finding their standard deviation and
percentage difference.

2.1 TB-linear accelerator

True beam linear accelerator is installed at NORI Cancer Hospital and Shokat Khanum Memorial Hospital (SKMH) for the treatment
of cancer. The true beam linear accelerator is a medical device used in external beam radiation treatments for cancer patients. True
beam linear accelerator (Fig. 1) which delivers high-energy photon beams to the targeted area with great precision, while minimizing
exposure to surrounding healthy tissue. True beam is a radiotherapy machine with cutting-edge technology. It is used to deliver
precise radiation therapy treatment with some millimeter’s accuracy in a very short treatment time and treat tumors as large as a
human body and it can be used to kill tumors as small as a few millimeters. The true beam linear accelerator featured respiratory
gating with optical guidance, kV/MV imaging with CBCT (cone-beam computed tomography) capability, 120 MLC, and real-time
imaging during treatment delivery is used in this work [13].

2.2 Scanning water phantom

Scanning water phantoms is commonly used to collect scanned beam data in radiotherapy. It can be seen from Fig. 2 that these
phantoms consist of a plastic tank filled with water, which is deep enough to allow for central axis PDD and profile measurements
to be taken up to a depth of 40 cm and 40 cm in width. The photon beam scanning system needs to be able to scan in the x and
y directions to avoid any problems that may arise due to tank rotation. This ensures accurate and precise scanning results [14].
Symmetry calibration for photons (and electrons) was performed in a water phantom at energies of 6MV, 6MV FFF, and 15MV,
at five different depths (Dmax, 5 cm, 10 cm, 20 cm, and 30 cm) in water, with a source-to-surface distance (SSD) of 100 cm.
The analysis was conducted across field sizes ranging from 10×10 cm2 to 40×40 cm2. Symmetry calibration is performed to
adjust beam steering and achieve optimal symmetry values. The tissue phantom ratio (TPR) was also used for energy matching and
symmetry calibration.

2.3 Ion chambers

Ionization chambers have been used in radiation measurement since the discovery of radiation, and they remain a popular choice
today due to their consistent response to energy, dose rate, dose, and reproducibility. Figure 3 shows an ion chamber that we have
used for data collection. They work by measuring the electrical charge produced when ionizing radiation passes through a gas-filled
chamber. This charge is then measured and used to calculate the dose of radiation delivered. Ionization chambers are widely used in
clinical settings to ensure accurate and consistent radiation dosimetry. Ion chambers are indeed a cost-effective and easily accessible
option for radiation detection [15]. They come in different shapes such as spherical, cylindrical, and parallel plate, and sizes like
standard, mini, and micro, making them versatile for various applications. Some types of ionization chambers are Semi-flex for
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Fig. 2 Water phantom for LINAC
dosimetry

Fig. 3 Ionization chamber used in
dose measurement

field sizes above 4×4 cm2, Diode/Pinpoint for small field sizes 2×2 to 4×4 cm2 and Farmer chamber. In the dosimetry of true
beam LINAC, two chambers that are used for dose monitoring are the main chamber and the reference chamber. Both are ionization
chambers for effective radiation therapy treatment delivery. Both the main chamber and reference chamber play an essential role.

2.4 Diodes detectors

Diode detectors are the preferred choice for beam data commissioning, as they provide several remarkable advantages. They offer
high sensitivity, excellent spatial resolution, and quick response time in microseconds, without any external bias. These characteristics
make them a good device in the field of radiation detection and measurement [16]. By using diode detectors, data collection becomes
more accurate and reliable, which is crucial for successful external beam radiation therapy. The response of diode detectors is affected
by various factors such as SSD or wedge, temperature, dose rate, and energy. Therefore, it is essential to consider these factors when
selecting and using diode detectors for radiation detection and measurement.

2.5 Beam generation

Electrons are accelerated to high energies using a sequence of accelerating structures in a linear accelerator (LINAC) and then they
are directed toward a target composed of a high atomic number material, like gold or tungsten. Bremsstrahlung radiation is the term
for the high-energy photons that are produced when electrons collide with a target. Then in order to target cancer cells with the
least amount of exposure to healthy tissue, this photon beam is shaped and directed toward the patient. The photon beam’s energy
is meticulously regulated to guarantee that it is adequate to eradicate cancer cells while causing the least amount of harm to the
surrounding healthy tissue. The energy of the photons can be adjusted by changing the energy of the accelerated electrons and the
thickness of the target material [17].
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2.6 Beam collimation

Beam collimation is the process of shaping and restricting the size of the radiation beam according to the size and shape of the
cancer. This is done to minimize the effect of radiation to healthy tissues that are exposed to the radiation and to maximize the dose
to the cancer. Collimation is achieved by using a series of collimators, which are devices that can be adjusted to shape and restrict the
size of the beam. The primary collimator, located close to the target, shapes the beam to match the size and shape of the cancer. The
secondary collimators, located further away from the target, further restrict the size of the beam and shape it to match the desired
treatment field. Wedges, flattening filters, and MLCS are also used to shape the beam [18].

2.7 Percentage depth dose (PDD)

The percentage depth dose (PDD) is a crucial factor in radiation therapy treatment planning. At each depth, the PDD indicates the
percentage of the maximum dose delivered to that depth, and it varies for different organs. A PDD curve is generated by plotting the
percentage dosage against depth, providing valuable information on the dosage distribution within the substance as a function of
depth. This curve helps determine the amount of dosage delivered at different levels and how deeply the radiation penetrates. PDD
curves ensure that the recommended dose is accurately delivered to the target while minimizing damage to nearby healthy tissue
[8]. To calculate the maximum delivered dose of a radiation beam at a specific depth within a material, such as the human body, the
percentage depth dose formula is typically used,

PDD � Dd

Dmax
× 100%

where dose at the depth Dd is the exact dose administered at the depth of interest and maximum dosage Dmax is the highest dosage
of radiation that can be delivered by the radiation beam, usually at the material’s surface.

2.8 Beam profiles

To guarantee that the radiation beam is evenly distributed and conforms to the required shape, it is crucial to assess the spatial
distribution of radiation dose across the treatment area. Specialized detectors or film positions are used in the therapy beam path
to distribute the beam uniformly. These measurements help to guarantee that the treatment is administered precisely and safely by
offering important information about the distribution of radiation doses [8].

2.9 Off-axis factor

Off-axis factor is an important parameter in radiation therapy as it helps to determine the dose distribution of the radiation beam
away from the central axis. The OAF is affected by various factors such as the energy of the beam, the distance from the source, and
the size of the field.

Mathematically:

OAF � Doff axis

DCentral axis

Doff axis is the dose at the off-axis and the Dcentral axis is the dose at the central axis.

2.10 Data comparison of two hospitals

The PDD’s and profiles of both NORI Cancer Hospital and Shaukat Khanam Memorial Hospital (SKMH) using true beam linear
accelerator data have been calculated. Further, the data are compared from both hospitals to evaluate the performance of the linear
accelerators. The percentage difference between the two hospitals’ data are also calculated, which is a useful metric to determine
the level of agreement between the two datasets. Additionally, this study also calculated the standard deviation (S.D) of SKMH data
from NORI data, which can provide insight into the variability of the data.

2.10.1 Standard deviation (S.D)

One important statistical tool for assessing how much variation or dispersion there is in a set of values is the standard deviation [19].
A high standard deviation signifies the values are distributed over a wider range from the mean, whereas a low standard deviation
implies that the values are concentrated around the mean or average value. The formula for standard deviation is:

S.D �
∑

√
(xi − µ)2

N

where N is the total number of values in the data set, µ is the mean of the data set, and Xi is each value in the data set.
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Fig. 4 PDDs comparison of SKMH and NORI Hospital for 6MV, 6MV FFF, and 15MV

2.10.2 Percentage difference

It is the relative difference between two values that can be expressed as a percentage of one of those values.
Mathematically:

Percentage difference � (Value1 − Value2)

Value1
× 100

where value1 is the reference value and value2 is the value, we want to compare with the reference value.

3 Results and discussion

Figure 4 shows that the dose decreases as the depth increases, and as a result, the maximum dose will be delivered at the surface.
The area where the dose value is maximum is known as the buildup region. Before and after the buildup region, the dose will be
less. It is also clear from Fig. 4 that with the increase in field size, the dose increases.

The percentage difference of Shaukat khanum from NORI hospital for 6MV for field size 10×10 (cm2) values before Dmax (1.5)
and after Dmax (1.5) is 1.07±0.93 and 0.80±0.32, respectively. The values for other field sizes and energies are given in Table 1.

Typically, the central axis of the beam profile represents the maximum dose, also known as the peak dose. This peak dose is
dependent on both the beam energy and the field size, higher peak doses being produced by beams with higher energy and smaller
field sizes.

6MV FFF (Flattening filter free beam) graph shows that removing the filter will result in the delivery of more doses at the center
of the axis and less at the periphery. However, using a filter can help obtain a uniform dose profile.
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Table 1 PDDs of 6MV, 6MV FFF,
and 15MV percentage difference
and standard deviation of SKMH
from NORI Hospital

Percentage depth dose (PDD) 10×10 (cm2) 20×20 (cm2) 30×30 (cm2) 40×40 (cm2)

6MV

Before Dmax (1.5) 1.07±0.93 1.88±0.24 1.59±0.26 1.94±0.39

After Dmax(1.5) 0.80±0.32 0.68±0.26 0.69±0.20 0.78±0.23

6MV FFF

Before Dmax(1.2) 0.30±0.13 1.02±0.34 1.02±0.80 1.83±0.33

After Dmax(1.2) 1.12±0.46 1.04±0.47 1.10±0.55 1.08±0.62

15MV

Before Dmax(2.8) 1.64±0.02 2.47±1.57 2.15±1.46 2.21±1.48

After Dmax(2.8) 0.36±0.11 0.43±0.23 0.32±0.20 0.38±0.24

Table 2 6MV, 6MV FFF, and
15MV profiles percentage
difference and standard deviation
of SKMH from NORI Hospital at
Dmax

Parameters 10×10
6MV

10×10
6MV FFF

10×10
15MV

Out of field 6.24±2.50 6.09±2.46 3.36±1.60

Penumbra 6.35±2.51 6.24±2.49 5.24±2.08

In-field 0.23±0.27 0.22±0.11 0.17±0.10

Fig. 5 Comparison of SKMH and NORI Hospital for 6MV, 6MV FFF, and 15MV at Dmax depth

Out of field, Penumbra, and in-field percentage difference and standard deviation values for 6MV beam profile for 10×10 cm2

at Dmax are 6.24±2.50, 6.35±2.51 and 0.23±0.27, respectively, and the other values for different energies are given in Table 2.
Penumbra refers to the area where the dose falls off quickly and it is also called the transition region as shown in Fig. 5. In-field
refers to the region where data points are within the treatment field, and out of field refers to the area where data points lie outside
of the treatment field (Fig. 5).

It can be seen in Fig. 6 that, as we move off-axis in an open field, there can be little horns on the edge that go up a bit. However,
as we move deeper into the phantom, these profiles become more rounded off and smoother, resulting in a more uniform beam.
It shows that the increase in field size contributes to the improved uniformity of the beam. Out of field, Penumbra and in-field
percentage difference and standard deviation values for 6MV for 10×10 cm2 at 5 cm are 3.02±1.47, 5.70±2.38, and 0.32±0.02,
respectively, and the values for other energies and field sizes at 5 cm are given in Table 3.

Fields are almost overlapping, which means that both hospitals’ beam profile data is almost the same, as can be seen in Fig. 7.
Out of field, Penumbra, and in-field percentage difference and standard deviation values for 6MV FFF for 10×10 cm2 at 10 cm

are 1.93±0.27, 3.48±1.86 and 0.22±0.13, respectively, and the values for other energies and field sizes at 10 cm are given in
Table 4. It is clear that the standard deviation values are not too high which means that both hospital data are almost similar.

In small field sizes, the penumbra width can be relatively small. Due to the relatively steep penumbra, it can be difficult to achieve
a steep dose gradient at the field borders in small fields, which makes it more difficult to precisely target cancers while protecting
nearby healthy tissues. Large penumbra is present in larger field sizes. A major section of the field undergoes the transition from
high to low dose. The wide penumbra of large fields can be advantageous when treating larger target volumes because it allows
for a more gradual dose falloff at the field’s boundaries, reducing the possibility of excess dose or insufficient dose delivery to the
surrounding tissues.

Figure 8 shows out of field, Penumbra, and in-field percentage difference and standard deviation values for 6MV FFF for 10×
10 cm2 at 20 cm are 2.69±0.91, 2.64±1.62, and 0.20±0.13, respectively, and the values for other energies and field sizes at 20 cm
are given in Table 5.
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Fig. 6 Comparison of SKMH and NORI Hospital for 6MV, 6MV FFF, and 15MV at 5 cm depth

Table 3 6MV, 6MV FFF, and
15MV profiles percentage
difference and standard deviation
of SKMH from NORI Hospital at
5 cm

Parameters 10×10 cm2 20×20 cm2 30×30 cm2 40×40 cm2

6MV

Out of field 3.02±1.47 2.83±1.29 3.66±1.91 3.73±1.38

Penumbra 5.70±2.38 5.18±1.79 7.25±2.17 8.89±2.98

In the field 0.32±0.02 0.18±0.09 0.28±0.13 0.19±0.09

6MV FFF

Out of field 1.97±0.17 2.40±0.24 6.16±2.48 2.59±0.19

Penumbra 4.85±2.20 1.83±0.35 2.85±0.68 1.15±0.44

In the Field 0.26±0.07 0.24±0.14 0.13±0.07 0.11±0.06

15MV

Out of Field 2.37±1.38 1.79±1.22 1.98±0.18 2.48±1.39

Penumbra 2.58±0.48 0.67±0.38 2.51±0.57 5.44±1.92

In the Field 0.23±0.18 0.13±0.08 0.20±0.03 0.42±0.18

Fig. 7 Comparison of SKMH and NORI Hospital for 6MV, 6MV FFF, and 15MV at 10 cm depth

As we can see from Fig. 9, with the increase in depth beam uniformity increases and higher energy beams radiation often
penetrates tissues more deeply.

Out of field, Penumbra, and in-field percentage difference and standard deviation values for 15MV for 10×10 cm2 at 30 cm are
4.02±1.41, 2.03±0.71, and 0.17±0.04, respectively, and the values for other energies and field sizes at 30 cm are given in Table 6.
The standard deviation is less than 10% for all the values which increases the authenticity of data. Small standard deviation values
mean fewer data are deviating from the mean value and large standard deviation means more data are deviating from the mean value.
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Table 4 6MV, 6MV FFF, and
15MV profiles percentage
difference and standard deviation
of SKMH from NORI Hospital at
10 cm

Parameters 10×10 cm2 20×20 cm2 30×30 cm2 40×40 cm2

6MV

Out of Field 3.09±1.46 2.58±1.25 3.36±1.74 3.59±0.79

Penumbra 4.51±2.12 3.90±1.60 4.91±2.12 9.38±3.49

In the field 0.41±0.25 0.15±0.09 0.26±0.14 0.33±0.13

6MV FFF

Out of Field 1.93±0.27 2.42±0.83 5.40±2.32 2.91±0.71

Penumbra 3.48±1.86 1.30±0.36 2.23±0.49 0.70±0.82

In the Field 0.22±0.13 0.26±0.12 0.19±0.08 0.21±0.09

15MV

Out of Field 2.18±1.18 1.21±0.75 2.18±1.12 1.46±0.70

Penumbra 1.95±0.33 0.96±0.32 1.76±0.71 10.57±3.25

In the Field 0.18±0.06 0.10±0.07 0.26±0.13 0.24±0.03

Fig. 8 Comparison of SKMH and NORI Hospital for 6MV, 6MV FFF, and 15MV at 20 cm depth

Table 5 6MV, 6MV FFF, and
15MV profiles percentage
difference and standard deviation
of SKMH from NORI Hospital at
20 cm

Parameters 10×10 20×20 30×30 40×40

6MV

Out of Field 0.40±0.19 3.44±1.03 4.93±2.22 3.36±1.83

Penumbra 1.06±0.75 1.94±1.20 9.43±3.07 3.85±1.96

In the field 0.17±0.10 0.20±0.13 0.41±0.27 0.67±0.23

6MV FFF

Out of Field 2.69±0.91 3.15±0.81 4.48±2.11 3.17±0.70

Penumbra 2.64±1.62 0.89±0.39 2.04±0.42 0.57±0.28

In the Field 0.20±0.13 0.25±0.08 0.14±0.07 0.49±0.19

15MV

Out of Field 2.59±1.20 2.25±1.05 2.74±0.97 0.60±0.50

Penumbra 2.22±0.76 0.59±0.27 1.49±0.59 6.71±2.59

In the Field 0.17±0.11 0.17±0.08 0.25±0.13 0.24±0.14

4 Conclusion

In this study, the PDD’s and profiles of true beam LINACs from two hospitals of the same category were measured and compared
to ensure accuracy. This comparison is crucial for identifying any discrepancies and ensuring uniformity in the measurements. All
the measured data fall within the specified limits provided by Varian, with a standard deviation below 10% for 6MV, 6MV FFF, and
15MV. These results demonstrate that the LINACs in these two hospitals are suitable for clinical practice. Proper selection of these
parameters is essential to ensure the safe and effective delivery of rasdiation therapy while minimizing the risk to healthy tissues.
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Fig. 9 Comparison of SKMH and NORI Hospital for 6MV, 6MV FFF, and 15MV at 30 cm depth

Table 6 6MV, 6MV FFF, and
15MV profiles percentage
difference and standard deviation
of SKMH from NORI Hospital at
30 cm

Parameters 10×10 cm2 20×20 cm2 30×30 cm2 40×40 cm2

6MV

Out of Field 5.31±1.14 5.40±1.01 11.25±2.57 5.73±0.55

Penumbra 2.69±0.86 2.09±0.35 7.67±2.76 3.73±1.21

In the field 0.24±0.12 0.40±0.37 0.50±0.33 0.59±0.18

6MV FFF

Out of Field 3.69±0.79 4.42±0.57 9.38±2.64 4.96±0.59

Penumbra 2.64±1.09 0.70±0.45 1.88±0.37 0.48±0.28

In the Field 0.21±0.04 0.17±0.11 0.15±0.09 0.62±0.24

15MV

Out of Field 4.02±1.41 2.87±0.84 6.49±1.19 0.83±0.39

Penumbra 2.03±0.71 0.67±0.28 3.31±1.34 4.64±2.15

In the Field 0.17±0.04 0.08±0.01 0.35±0.10 0.51±0.18
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