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Abstract
Background: Accurate dose calculations in radiotherapy are essential, especially in complex 
anatomical areas such as the nasopharynx, where heterogeneous tissue compositions can greatly 
influence treatment outcomes. This study assesses the accuracy of the full scatter convolution (FSC) 
algorithm within the TiGRT treatment planning system by comparing it to the BEAMnrc Monte 
Carlo  (MC) simulation using a head phantom. Methods: EBT3 film was strategically placed in 
the nasopharyngeal region to enable direct comparisons between experimental results and those 
derived from the FSC and MC methods. Various metrics, including the dose difference index, 
two‑dimensional gamma index, and horizontal and vertical dose profiles, were employed for the 
analysis. The heterogeneous regions were classified into bone, air, and soft‑tissue components. 
For dosimetric evaluation, the irradiated areas were segmented into four regions based on isodose 
values: Field region  (FR), irradiated region  (IR), penumbra region  (PR), and out‑of‑FR  (OOFR). 
Results: The greatest computational discrepancies observed between the FSC algorithm and MC 
simulations in the air region of the FR were  −5.12% ± 1.10% and 1.93% ± 1.45%, respectively. 
Notable underestimations occurred in the air and soft‑tissue regions of the IR, PR, and OOFR 
when using the FSC algorithm, with a minimum discrepancy of  −9.33% ± 5.51% and a maximum 
of  −77.28% ± 8.19%. Conversely, doses calculated for the bone region were overestimated by 
53.64% ± 5.65%. In comparison, the MC calculations in the IR region revealed discrepancies 
of 1.90% ± 1.55%  (air), including a maximum underestimation of  −8.82% ± 1.18% in the bone 
area within the PR. The gamma pass rates for different tissue types under local and global modes, 
using 3%-3 mm gamma criteria, demonstrate that the MC method consistently outperformed the 
TiGRT method across all tissue types, especially in the air  (99.9%) and bone  (99.8%) regions. 
Conclusions: The findings reveal that the FSC algorithm tends to underestimate doses in soft tissue 
and air while overestimating doses in bone. In contrast, there was excellent agreement between MC 
calculations and experimental measurements, highlighting the FSC algorithm’s lower consistency.
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Introduction
In radiotherapy, dose calculation algorithms 
are employed to estimate the radiation dose 
delivered to target tissues and organs at risks. 
The rapid advancements in computational 
technology have led to the development of 
various algorithms designed to accurately 
model dose distributions. To ensure that 
these algorithms yield reliable results, it 
is essential to evaluate their performance 
across diverse media  (such as air, soft 
tissue, lungs, and bones) and different 

modalities of ionizing radiation  (including 
photons, protons, and electrons). An 
effective algorithm should comprehensively 
account for both primary and secondary 
dose contributions, particularly in 
the transport of secondary electrons 
through heterogeneous environments. 
Understanding the inherent uncertainties 
of these algorithms and validating their 
accuracy in dose computations is critical 
for establishing their clinical credibility.

The head‑and‑neck region, particularly 
the nasopharynx, presents the unique 
challenges for accurate dose calculation 
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due to its complex anatomy and heterogeneous tissue 
composition.[1‑5] A significant limitation of many algorithms 
is their inability to adequately model changes in electron 
transport, leading to discrepancies of 10% or more in low/
high‑density regions such as air cavities and bones.[6,7] Such 
variations can result in clinically significant differences in 
treatment plans when comparing different algorithms.

Previous studies have examined the accuracy of dose 
distribution calculations using the pencil beam algorithm in 
the TiGRT treatment planning system (TPS) across various 
radiation fields  (in‑field, penumbra, and out‑of‑field) with 
different dosimetric tools, such as thermoluminescent 
dosimeter (TLD), ion chamber, and film.[8,9] However, 
these analyses have primarily focused on one‑dimensional 
evaluations or limited point‑by‑point comparisons, with 
comprehensive two‑dimensional  (2D) or three‑dimensional 
assessments being relatively rare.[4,10,11]

One of our objectives is to discern the strengths and 
weaknesses of the full scatter convolution  (FSC) algorithm 
in comparison to Gafchromic film  (GF) measurements and 
Monte Carlo  (MC) calculations. The novelty of our study 
lies in the segmentation of various regions  (air, soft tissue, 
and bone) and the assessment of the accuracy of TiGRT 
and MC dose distribution computations against practical 
measurements. This is achieved by isolating the segmented 
regions and analyzing them according to the specified 
isodose areas.

The present study aimed to rigorously evaluate the 2D 
accuracy of the FSC dose calculation algorithm in the 
TiGRT TPS against BEAMnrc MC simulations within 
a heterogeneous nasopharyngeal region. By employing 
practical measurements from GF in an anthropomorphic 
head‑and‑neck phantom, we conducted a detailed analysis 
of irradiated areas, utilizing various indices  (dose 
difference  [DD] index, vertical and horizontal dose 
profiles, and gamma index) to assess dose distribution 
accuracy. All irradiated areas within a slice of the 
nasopharyngeal heterogeneous region, including the 
field area, penumbra region  (PR), and areas outside the 
radiation field, were examined in the context of air, soft 
tissue, and bone heterogeneity. In addition, dosimetric 
parameters for each heterogeneous region were analyzed 
separately.

In summary, the primary objective of this study is to 
comprehensively evaluate the 2D accuracy of the FSC 
algorithm in the TiGRT TPS by comparing it to BEAMnrc 
MC simulations within a heterogeneous nasopharyngeal 
region.

Materials and Methods
TiGRT treatment planning

A heterogeneous head‑and‑neck phantom, designed to 
replicate human anatomical features, was utilized for the 

treatment planning. This phantom was incorporating soft 
tissue, air, and bone heterogeneities. Plexiglass plates with 
a mass density of 1.18  g/cm3  were employed to simulate 
soft tissue, while Polytetrafluoroethylene plates with a 
density of 2.18 g/cm3 were representing bone.

The treatment plan was performed using the forward 
planning technique with TiGRT software  (Targeted 
Image‑guided Radiotherapy, LinaTech Co., Sunnyvale, 
CA, USA), version  1.0.10.573. Treatment protocols 
for nasopharyngeal carcinoma recommend a definitive 
radiotherapy dose of 70  Gy for high‑risk clinical target 
volumes (CTV) and 50–60 Gy for low‑to intermediate‑risk 
CTVs, typically delivered in daily fractions of 2  Gy.[12‑14] 
Given that high doses exceed the effective range of GFs, 
we applied a reduced dose of 600 cGy for our study, as 
lower doses have a higher error rate.[15] The isocenter was 
positioned within the soft tissue of the phantom, with the 
prescribed dose of 600 cGy administered at this point 
using a 6 MV linear accelerator  (Oncor, Siemens AG, 
Erlangen, Germany). Two radiation fields, each measuring 
15  cm  ×  15  cm, were applied at gantry angles of 90° and 
270°, with equal beam weights. The dose calculations were 
performed using the FSC algorithm, and a voxel size of 
1 mm3  was selected for the dose matrix. The calculated 
monitor units for the right and left lateral fields were 349 
and 343, respectively. An axial image of the phantom, 
illustrating the radiation fields at the isocenter slice, is 
presented in Figure 1b.

Monte Carlo simulation

The BEAMnrc code was utilized to simulate the 
radiotherapy machine, which was subsequently employed 
for dose distribution calculations following validation 
and verification procedures. The validation of our study 
simulations followed the methodology described by 
Sheikh‑Bagheri et  al.,[16] which involved comparing 
percentage depth dose and lateral dose profile curves across 
various field sizes. Our simulation results demonstrated a 
strong agreement between the curves derived from MC 
calculations and the experimental measurements.[5] The 
parameters for the incident electron energy and beam width 
were determined to be E = 6.2 MeV and full width at half 
maximum  =  0.09  mm, respectively.[5] Each radiation field 
received irradiation from 1 × 109 electron particles directed 
at the accelerator target. A  phase space file was generated 
at a distance of 70  cm from the target, resulting in a file 
size of 140 GB, containing 4.9 × 109 particles.

For dose computations in the MC simulations, DICOM 
computed tomography  (CT) images  (with a resolution of 
1 mm3) were processed using the DOSXYZnrc code via the 
CTCREATE program. Each radiation field irradiated the 
phantom’s surface with 35 × 109 particles, totaling 70 × 109 
particles for the entire phantom head. The uncertainty 
in the MC calculations was  <0.5%  (1 SD) based on the 
number of particles used in the simulation.
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Variance reduction techniques were employed in the MC 
simulations to enhance computational efficiency and reduce 
processing time. The total cutoff energies for photon and 
electron particles were set at 0.01 MeV and 0.7 MeV, 
respectively, with energy saving parameters configured to 
2 MeV. In addition, directional bremsstrahlung splitting 
was implemented to increase the photon yield from the 
linear accelerator target, with the number of bremsstrahlung 
splitting set to 1000.[17,18]

Practical measurements with EBT3 film

To obtain experimental planar dose distributions, an EBT3 
film sheet was positioned axially at the isocenter within 
the phantom. The outer edges of the one sheet of GF were 
trimmed to conform to the shape and external dimensions 
of the phantom for the specified slice. To prevent any 
movement or rotation of the GF within the phantom, four 
holes were drilled at the center of the GF, allowing it to 
be secured in place using cylindrical rods embedded in the 
head phantom. The phantom was then irradiated according 
to the planned two lateral radiation fields [Figure 1a]. After 
irradiation, the GF was removed and stored in darkness. 
Following a 48–h period to allow for polymerization of the 
sensitive layer, the GF was scanned. Figure 1c displays the 
scanned GF after irradiation.

To convert the optical density  (OD) of the irradiated GFs 
into absorbed dose, a calibration curve derived from GFs 
was utilized. Calibration GFs were cut into 5  cm  ×  5  cm 
pieces and irradiated under the reference conditions 
(radiation field size of 10 cm × 10 cm, distance of 100 cm 
from the phantom surface, and a depth of 5  cm in solid 
water). The GFs were exposed at the intervals of 0.5  Gy, 
ranging from 0 to 10 Gy. The netOD values were measured 
using a Microtek 9800XL scanner with a spatial resolution 
of 127 dpi  (0.2  mm). The netOD values were then 
converted to absorbed doses using the calibration curve in 
the red channel. To ensure the reproducibility of each dose 
level on the calibration curve and the dose distributions 
obtained from phantom irradiation, measurements were 
repeated three times. The propagation of these uncertainties 
resulted in a netOD uncertainty of < ± 1%.

After acquiring the 2D dose distributions from the GF 
and MC simulations, horizontal and vertical dose profiles 

traversing heterogeneous tissue environments  (soft tissue, 
air, and bone) were selected for comparison with the 
TiGRT dose profiles. We employed the gamma index 
to evaluate the concordance between the measured 
and calculated dose distributions. This index offers 
a quantitative measure of how closely the delivered 
dose aligns with the planned dose, factoring in both 
spatial and dosimetric variations with parameters called 
distance‑to‑agreement  (DTA) and DD,[19] respectively. The 
gamma index is classified into two categories: local and 
global. The local gamma index assesses the agreement at 
each specific point within the dose distribution, comparing 
the dose at a given location in the measured distribution 
with the corresponding dose in the calculated distribution. 
In contrast, the global gamma index evaluates the overall 
agreement between the two dose distributions across the 
entire volume of interest, taking into account the complete 
dataset rather than focusing on individual points. A  2D 
gamma index was employed to analyze the data, evaluating 
all planar dose distributions relative to the reference dose 
distribution  (EBT3 Film) using the standard acceptance 
criteria of 3%-3 mm in both global and local modes. The 
PTW VeriSoft software (MEPHYSTO software version 5.1, 
PTW, Freiburg, Germany) was utilized to calculate the 
gamma index, and the %DD index was also employed to 
assess dose discrepancies.

Results
%Dose difference index

For both quantitative and qualitative data analysis using 
the %DD index, the irradiated areas within the different 
regions (air, soft tissue, and bone) were categorized into 
four sections based on isodose levels:
•	 Field region (FR): Isodose areas exceeding 80%
•	 Irradiated region (IR): Isodose areas exceeding 20%
•	 PR: Isodose areas between 80% and 20%
•	 Out‑of‑FR (OOFR): Isodose areas below 20%.

Table 1 provides the details on each heterogeneous area and 
the percentage representation of each section within the four 
defined regions. The number of evaluated points in the FR, 
IR, PR, and OOFR was 23,084, 25,054, 1970, and 5499, 
respectively. In total, 30,553 points were assessed, with 

Figure 1: View of the head phantom on the treatment table (a). Computed tomography image of anthropomorphic head phantom with two opposite lateral 
fields (b) and scanned image of the irradiated Gafchromic film (c)

cba
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contributions from air, soft tissue, and bone areas amounting 
to 4863, 20923, and 4767 points, respectively. A  2D map 
illustrating the %DD, which quantitatively and qualitatively 
expresses the percentage difference between the calculated 
doses from the MC code and the FSC algorithm compared 
to the measured dose distribution, is shown in Figure 2. For 
a more detailed analysis of the data in each heterogeneous 
region and to investigate DDs across the four defined 
irradiated areas, %DD index values were calculated between 
MC and GF calculations, as well as between TiGRT and 
GF calculations, using MATLAB software  (R2015a). The 
equation used for calculating %DD is as follows:

 ×100cal Ref

Ref

D  D
%DD=

D


� (1)

In this equation, Dcal represents the calculated dose (MC or 
TiGRT) and Dref denotes the reference dose.

Figure  3 illustrates the %DD index values for both the 
MC method and the TiGRT algorithm in heterogeneous 
tissues. The analysis of the four defined regions 
presented in Figure  3 indicates that the TiGRT dose 
calculation algorithm significantly underestimates doses in 
heterogeneous regions characterized by air and soft tissue, 
particularly in the IR, PR, and the OOFR. In contrast, 
the FSC algorithm tends to overestimate doses in the 

bone region across these areas, leading to considerable 
discrepancies in the OOFR. Despite the claims made in 
the TiGRT user manual, which asserts that the system 
comprehensively accounts for the transport of all primary 
and secondary particles, including scattered particles such 
as secondary electrons, our findings suggest that the FSC 
algorithm falls short in accurately modeling beam behavior 
and exhibits the limitations in calculating dose distributions 
within heterogeneous environments, particularly concerning 
electronic equilibrium considerations. In addition, 
histogram graphs were generated for each area individually 
to illustrate the distribution of dose density [Figure 4].

Gamma index

The gamma index serves as another parameter for 
evaluating dose distribution maps, incorporating the DTA 
criteria alongside the %DD index. In this study, the gamma 
index was utilized not only to assess the overall dose 
distribution but also to evaluate the agreement of dose 
distributions within each heterogeneous region separately. 
The air, soft tissue, and bone regions were analyzed 
independently [Figure  5], and the dose distributions from 
both MC and TiGRT were compared to the reference 
dose distribution using a 3%-3 mm acceptance criterion 
in global and local modes. Figure  5 illustrates the gamma 
pass rate (GPR) in local mode for various inhomogeneous 
areas  (both separately and collectively). The results of the 
data analysis are summarized in Table 2.

Vertical and horizontal dose profiles

From the dose distributions obtained through GF, MC, and 
TiGRT, four dose profiles along the horizontal and vertical 
directions, all incorporating heterogeneities, were selected 
for examination. The graphs of these profiles are presented 
in Figure 6. A summary of the results from the comparison 
of dose profiles is provided in Table 3. The data in Table 3 
indicate a strong agreement between the MC calculations 

Table 1: Surface area of different tissues (cm2) and their 
percentages in different irradiated areas

Air (%) Soft tissue (%) Bone (%) Sum (cm2)
Total area 48.6 (15.9) 209.2 (68.5) 47.7 (15.6) 305.5
FR 35.4 (15.3) 158.4 (68.6) 37.1 (16.1) 230.9
PR 2.7 (13.7) 14.5 (73.6) 2.5 (12.7) 19.7
IR 38.1 (15.2) 172.9 (69) 39.6 (15.8) 250.6
OOFR 10.5 (19.1) 36.3 (66.1) 8.1 (14.8) 54.9
FR – Field region; PR – Penumbra region; IR – Irradiated region; 
OOFR – Out-of-field region

Figure 2: %Dose difference map for Monte Carlo and TiGRT
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and the empirical measurements in the evaluation of the 
dose profiles.

Overall, our results indicate that the MC method 
significantly outperforms the TiGRT’s FSC algorithm in 
accuracy, particularly in heterogeneous environments, 
highlighting the need for improved modeling of complex 
tissue interactions and particle transport in TiGRT TPS.

Discussion
In this study, to evaluate the accuracy of dose 
computational systems  (TiGRT and MC), we employed a 

GF with a sufficient number of measurement points  (with 
a spatial resolution of 1  mm) to obtain reliable results. 
However, the use of vertical and horizontal dose profiles 
alone may not adequately reflect the computational 
accuracy of dose calculation algorithms or determine 
their over/underestimation in heterogeneous tissues, so we 
evaluated the 2D dose distribution. In fact, with the help 
of the gamma index tool, we were able to analyze dose 
fluctuations in each heterogeneous area independently.

As illustrated in Figure  3a and b, the differences between 
the MC calculations and measurements in the FR and IR 
across all three disparate regions were consistently about 
1.93% ± 1.45%. The smallest discrepancies were observed 
in soft tissue, while the greatest deviations were noted in 
the air (overestimation) and bone (underestimation) regions. 
In contrast, the differences between the TiGRT calculations 
and measurements in the FR and IR for these regions 
ranged from −9.33% ± 5.51% to 4.61% ± 2.69%, with the 
minimum difference again found in soft tissue, and most 
discrepancies occurring in the air region.

According to Figure  3c, the differences in MC 
calculations within the PR for air and soft tissue were 

Table 2: Gamma pass rate of different parts of tissues in 
local and global modes

Air Soft tissue Bone Total
Local

MC 99.9 94.4 99.3 98.6
TiGRT 66.2 85.2 79.8 78.6

Global
MC 99.9 95.7 99.8 99.2
TiGRT 81.6 99.0 92.3 91.7

MC – Monte carlo; TiGRT – Targeted image guided radiotherapy

Figure 3: % Dose difference index values of Monte Carlo (MC) and TiGRT in the heterogeneous tissues. The color bars represent the relative differences in 
the mean absorbed dose (± SD) between MC and TiGRT relative to the Gafchromic film measurements for air, soft tissue, and bone regions in field region 
(a), irradiated region (b), penumbra region (c), and out‑of‑field region (d)

dc

ba
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<1.38% ± 2.75%, but the discrepancy for the bone reached 
to  −8.82% ± 1.24%. Conversely, the FSC algorithm 
exhibited substantial differences in the same region, with air 
showing a maximum underestimation of −65.51% ± 6.74% 
and soft tissue at −57.57% ± 1.16%.

Data presented in Figure 3d indicate that the computational 
differences in the OOFR for the MC method were 
significantly smaller than those from the TiGRT’s point 
kernel algorithm. In the MC calculations, the largest 
discrepancies were observed in the bone regions, with 
differences reaching  −7.63% ± 0.20%. For the FSC 
algorithm, the maximum and minimum discrepancies were 
noted in soft tissue  (up to  −77.33% ± 8.25%) and bone 
(up to 53.68% ± 5.66%), respectively. Previous studies 
by Huang et  al. and Howell et  al. have reported similar 
significant underestimations in other TPSs, such as Pinnacle 
and Eclipse, with discrepancies reaching 40%–50% in areas 
outside the radiation field.[20,21] This trend can also be seen 
in the histogram charts [Figure 4].

From the data in Table 2 and Figure 5, it is evident that the 
GPR index showed excellent agreement between MC and 
GF measurements in both local and global modes. However, 
the agreement between the FSC algorithm calculations and 
experimental measurements was acceptable in the global 

Table 3: The results of analysis of the horizontal and 
vertical dose profile diagrams related to Monte Carlo 
and targeted image guided radiotherapy (full scatter 

convolution) compared to gafchromic film by separating 
inhomogeneous regions

Air Soft tissue Bone
MC (profile A) 2.15±3.67 −2.81±2.27 −1.37±1.84
FSC (profile B) −3.71±4.15 2.10±3.14 2.55±3.45
MC (profile C) 0.14±1.94 0.29±1.72 −1.68±2.08
FSC (profile D) −13.24±5.55 −3.56±3.47 −3.38±3.63
Values are reported as the average percentage difference±SD. 
FSC – Full scatter convolution; MC: Monte Carlo; SD – Standard 
deviation

Figure 4: Histogram diagrams for the air (a and b), soft tissue (c and d), and bone (e and f) regions were derived from Gafchromic film measurements, 
Monte Carlo simulations, and full scatter convolution calculations

dc

b

f

a

e
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mode but considerably weaker and unacceptable in the local 
mode. The results in Figure 5 indicate that the lowest GPR in 
the MC dose distribution occurred in the bone region (94.4%), 
while for TiGRT, the lowest and highest agreements were 
found in air (66.2%) and bone (85.2%), respectively.

Several factors contribute to the observed lower GPR in 
the TiGRT system compared to MC calculations in the 
heterogeneous areas, particularly in air. FSC algorithm 
face challenges in accurately modeling complex tissue 
heterogeneities, which can result in inaccuracies in dose 
distribution, especially in regions with varying densities 
(modeling limitations). In addition, dose calculations 
often rely on the assumption of electronic equilibrium, 
a condition that may not be met in heterogeneous 
environments, particularly at the interfaces between 
different tissue types (electronic equilibrium).

Furthermore, insufficient modeling of the transport of 
secondary particles, such as scattered electrons and photons, 
can lead to significant underestimations or overestimations 
of dose in specific regions  (secondary particle transport). 
Inconsistent calibration of treatment machine, along with a 
lack of comprehensive validation against clinical outcomes, can 
introduce the errors in dose delivery (calibration and validation).

The presence of air pockets or cavities within or adjacent 
to treatment sites can also create substantial discrepancies 
in dose calculations, as the low density of air compared 
to surrounding tissues affects the accuracy of predictions 
(air‑tissue interfaces). Finally, the limited accuracy of 
measurement techniques for air dose can impede the 
validation of dose calculation algorithms, given the 
challenges associated with obtaining direct measurements 
in air (measurement techniques).

Figure 5: Images of different assorted zones (air, soft tissue, and bone) were segmented as gray scale dose maps (top row), and their related gamma pass 
rate s for the two‑dimensional dose distribution map of Monte Carlo and TiGRT were compared with the experimental dose distribution of the Gafchromic 
film with 3%-3 mm gamma criteria in local mode (second and third rows)
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The analysis of the four defined regions in Figure 3 reveals 
a significant underestimation in the TiGRT dose calculation 
algorithm in heterogeneous air and soft‑tissue regions, 
particularly within the IR, PR, and OOFR. Conversely, 
the FSC algorithm tended to overestimate doses in the 
bone region across these areas, resulting in substantial 
differences in the OOFR. According to the TiGRT user 
manual, the system claims to fully account for the transport 
of all primary and secondary particles, particularly scattered 
particles (including secondary electrons). However, our 
findings suggest that the FSC algorithm lacks the capability 
to model beams accurately and has limitations in calculating 
dose distributions in heterogeneous environments with 
respect to electronic equilibrium considerations.

In a study by Abdemanafi et  al.,[22] the accuracy of 
point dose determinations from the TiGRT TPS was 
evaluated using TLDs at ten distinct points within a 
heterogeneous thorax phantom  (breast and lung areas). 
Their results indicated that the TPS system provided 
high dose estimations of 4% inside the radiation field 
and 4.5% outside the field for lung tissue.[22] Similarly, 
Bahreyni Toossi et  al.[8] assessed the accuracy of the 
FSC TiGRT algorithm in the breast region using multiple 
TLDs in a RANDO (Radiation Anthropomorphic Non-
homogeneous Dosimetry Object) phantom, revealing that 
the TPS calculations were significantly limited outside 
the radiation field, with an average underestimation of 
approximately 39%. In contrast, the average differences 

within the radiation field were within ± 5%.[8] Furthermore, 
computational differences inside and outside the radiation 
field in the lung tissue were 3.8% and −15%, respectively. 
These studies indicate inconsistencies in the accuracy of 
dose estimations from the TiGRT TPS outside the radiation 
field in lung heterogeneity, with varying results in terms of 
over/underestimation.

Bahreyni Toossi et  al.[9] reported on the accuracy of FSC 
radiation dose assessments for the head and neck in a 
RANDO phantom, utilizing 47 TLD‑100 chips. Their 
findings indicated acceptable computational differences 
(± 5%) in the heterogeneous tissues within the radiation 
field, but estimated discrepancies of −40% in the penumbra 
and out‑of‑field areas. Specifically, the differences within the 
radiation area were 2.6% for the soft tissue and 4% for bone, 
while outside the radiation field, discrepancies were  −20% 
for the soft tissue and  −17% for the bone. A  significant 
difference of  −31% was noted at four points in the 
penumbra region within the bone.[9] Notably, these studies 
were limited by the small number of dose points evaluated, 
making it challenging to draw definitive conclusions about 
the accuracy of TPS systems inside or outside the radiation 
field across various heterogeneous areas.

In our study, comparing the TiGRT results with those 
from the MC simulations indicates that the accuracy 
of calculations from the MC simulation significantly 
surpasses that of the FSC algorithm. This is expected, as 

Figure 6: Diagrams comparing horizontal and vertical dose profiles between Gafchromic film measurements and Monte Carlo calculations (a and c), as 
well as between film measurements and the full scatter convolution algorithm (b and d)
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MC simulations utilize advanced mathematical methods 
(albeit time‑consuming) to model particle transport and 
interactions, particularly in heterogeneous environments. 
Furthermore, MC simulations leverage precise tissue 
elements from a code library to calculate doses across 
different tissues  (soft tissue, fat, muscle, soft bone, 
dense bone, lung, and air), and all necessary mass 
density information is derived from CT data. In contrast, 
model‑centric algorithms typically use water as a reference 
material, applying corrections for dosimetric calculations 
based on changes in relative electron density obtained 
from CT data. According to the International Commission 
on Radiation Units and Measurements  (ICRU) report 
No.  37[23] and the study by Siebers et  al.,[24] converting 
absorbed doses in bone  (dose‑to‑tissue) to absorbed doses 
in water (dose‑to‑water) using stopping power ratios reveals 
DDs of 3.5% for soft bone and 10% for dense bone relative 
to their electron densities. Consequently, dose modeling for 
corrected heterogeneous materials  (relative to a reference 
water phantom) lack sufficient accuracy. Algorithms that 
compute dose distributions based on dose‑to‑medium 
rather than dose‑to‑water demonstrate higher computational 
accuracy.[2,3] Thus, the significant computational differences 
between treatment planning algorithms and MC are evident.

The FSC algorithm employs a convolution equation that 
simplifies physical processes by convolving the primary 
X‑ray energy fluence with a kernel. While it accounts for 
side scattering of transmitted photons in heterogeneous 
media, the MC simulates all actual interaction phenomena, 
providing more precise dose modeling despite being 
time‑consuming. However, MC calculations achieve 
accuracy under two conditions: First, the medical 
accelerator head must be accurately simulated and finely 
tuned using practical measurements; second, enough 
particles must be used during dose distribution extraction 
to ensure acceptable statistical uncertainty.

The primary objective of radiotherapy is to achieve optimal 
dose distribution, maximizing exposure to the tumor 
while minimizing radiation to normal and vital tissues. 
Both underdosing and overdosing can significantly impact 
treatment efficacy, affecting both target and surrounding 
tissues. Our study highlights areas where computational 
algorithms may produce dose estimation errors, allowing 
for a better understanding of their strengths and weaknesses 
in clinical applications. Decreasing the radiation dose to 
the tumor can lead to inadequate tumor control, resulting 
in incomplete cell kill and the potential survival of cancer 
cells, which may complicate treatment and increase the risk 
of local recurrence. Conversely, increasing the dose can 
enhance tumor control by promoting cell kill, but this must 
be carefully managed to avoid overdosing, which can cause 
significant toxicity and complications in normal tissues.

In cases where the tumor is in close proximity to air, lowering 
the radiation dose to airy areas like the sinuses can result in 

insufficient tumor control, as cancer cells may not receive 
adequate exposure. On the other hand, increasing the dose 
in these regions can lead to serious complications, including 
mucositis and inflammation, which can impair respiratory 
function. Long‑term effects may include fibrosis, necrosis, 
and even secondary malignancies, with excessive radiation 
posing risks to nearby critical structures in the brain.

If the tumor involves soft tissue, reducing the dose may 
initially leave surrounding soft tissues unaffected, but the 
risk of incomplete tumor eradication remains, potentially 
allowing cancer cells to invade nearby tissues. Overdosing 
in these areas can cause acute side effects such as severe 
skin reactions and mucositis, leading to complications such 
as infection and delayed healing. Long‑term consequences 
may include fibrosis and necrosis, complicating recovery.

Underdosing in bone tissue  (in tumors involving bone 
tissue) may not have immediate effects compared to 
overdosing; however, it leaves tumors untreated, allowing 
for further growth and potential metastasis. This can 
complicate future treatment options and worsen the 
overall prognosis, emphasizing the need for careful dose 
management in radiotherapy.

Therefore, balancing the radiation dose to maximize 
tumor control while minimizing damage to normal tissues 
is crucial for effective radiotherapy. Accurate treatment 
planning and delivery, guided by advanced imaging and 
dosimetry, are essential to achieve optimal outcomes in 
cancer treatment.

Our study has several limitations related to phantom 
construction and uncertainties in film dosimetry. A  key 
limitation in constructing anthropomorphic head phantoms 
is the simplification of anatomical structures. Although 
these phantoms are designed to replicate human anatomy, 
they often fail to accurately represent the complex 
geometry and tissue composition of the head. Variations in 
bone density, soft‑tissue distribution, and the presence of 
air cavities, such as sinuses, can significantly affect dose 
distribution. Simplified models may overlook these factors, 
resulting in discrepancies between the phantom and actual 
patient anatomy.[25,26]

Furthermore, anthropomorphic phantoms usually employ 
homogeneous materials to simulate tissues, which can lead 
to considerable dosimetric errors. Human tissues vary not 
only in density but also in atomic composition, influencing 
their interaction with radiation. For example, differences 
in water content across the soft tissues can impact dose 
absorption, making uniform materials inadequate for 
accurate dose predictions.[27] In addition, the 5‑mm slice 
thickness of these phantoms may not effectively capture the 
structural changes in tissues or small, sensitive organs such 
as the optic chiasm.

In terms of film dosimetry, calibration is essential for 
accurate dose measurements. Variations in film response 
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due to exposure conditions, such as temperature and 
humidity,[28] can introduce significant uncertainties. 
Moreover, radiochromic films exhibit energy dependence,[29] 
complicating dose assessments in treatments using varied 
energy beams. Processing after irradiation can also 
introduce uncertainties, as factors like the time before 
analysis and scanning methods[30] can affect measurement 
accuracy, leading to inconsistencies that may impact 
treatment planning.

Conclusions
This study evaluated the accuracy of dose estimations 
from the TiGRT TPS (FSC algorithm) and MC simulations 
in the presence of various heterogeneities within the 
nasopharyngeal region of a heterogeneous head phantom, 
relative to practical measurements. The results indicated 
that the dose profiles obtained from MC calculations 
aligned well with experimental profiles compared to those 
from the FSC algorithm. Furthermore, a comprehensive 
analysis of the 2D dose distribution using the gamma 
index demonstrated excellent agreement between MC 
computations and the reference dose distribution. However, 
the TiGRT results were less satisfactory in local mode, 
while they were somewhat acceptable in global mode. 
Overall, our research indicates that the FSC algorithm 
within the TiGRT software is unable to achieve precise 
radiation calculations in heterogeneous head‑and‑neck 
environments when compared to MC simulations. As a 
result, the dose distribution calculated using this algorithm 
in the nasopharyngeal region was found to be either 
overestimated or underestimated, depending on the region 
of interest.
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