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A B S T R A C T   
Advanced optimization algorithms like Direct Aperture Optimization (DAO) are 
integral to modern radiotherapy, yet research is often hindered by the limited 
accessibility of commercial Treatment Planning Systems. Open-source 
platforms like matRad provide a vital framework for such investigations. This 
study evaluates the dosimetric impact of DAO activation and its interplay with 
varying bixel resolutions (5×5 to 10×10 mm²) using matRad for a liver cancer 
case. Twelve treatment plans were generated and calculated using the ompMC 
Monte Carlo engine. Initial verification yielded a 3.14% mean relative statistical 
uncertainty, indicating that the stochastic uncertainty was relatively small 
compared with the dosimetric differences investigated. Twelve plans were 
assessed using Dose Volume Histograms (DVHs), Conformity Index (CI), and 
Homogeneity Index (HI). Results showed DAO significantly reduced stomach 
dose (e.g., 6.33% at 5×5 mm²; p=0.031). At 5×5 mm², heart and liver mean doses 
decreased by 7.15% and 1.83% respectively, though these changes were 
resolution-dependent and statistically non-significant. For targets, DAO at 5×5 
mm² caused minor, non-significant mean dose increases for the GTV (1.3%), 
CTV (1.01%), and PTV (0.77%). Conversely, while maintaining target coverage, 
DAO activation produced a statistically significant degradation in dose 
conformity and homogeneity across all bixel sizes (p=0.031). These findings 
highlight an inherent optimization trade-off that DAO prioritizes steep dose 
gradients for maximal OAR protection at the expense of minor internal target 
dose heterogeneity. This study establishes matRad as an effective environment 
for elucidating optimization behaviors in radiotherapy planning. 
 
 

1. Introduction 
A Treatment Planning System (TPS) constitutes a 

central component of modern radiotherapy, as it 
determines the spatial distribution of radiation dose 
delivered to a patient based on anatomical imaging 
and clinical prescription [1]. By optimizing beam 
configurations and dose distributions, a TPS aims to 
achieve adequate target dose coverage while 
minimizing radiation exposure to surrounding 
healthy tissues and organs at risk (OARs) [2]. As 
radiotherapy techniques continue to evolve in 
complexity, advanced optimization and 
computational algorithms within TPS becomes 
increasingly critical in ensuring treatment efficacy 
and safety [3]. 

Optimization algorithms embedded in TPS play a 
decisive role in achieving high quality treatment 
plans [4]. In Intensity Modulated Radiation Therapy 
(IMRT), conventional inverse planning commonly 
employs Fluence Map Optimization (FMO), in which 
idealized fluence maps are first optimized and 
subsequently converted into deliverable multileaf 
collimator (MLC) apertures [5]. This two-step 
approach may introduce differences between the 
optimized fluence distribution and the dose 

distribution associated with the final deliverable 
apertures [4]. Direct Aperture Optimization (DAO) 
addresses this issue by incorporating deliverable 
MLC aperture parameters directly into the 
optimization process, thereby reducing the 
separation between optimization and treatment 
delivery [6,7]. 

DAO has been investigated extensively in 
radiotherapy treatment planning and has been 
reported to influence target dose conformity, OAR 
sparing, and other plan-quality characteristics [4,8]. 
However, the behavior and performance of DAO may 
depend on the optimization configuration, including 
the spatial resolution of the fluence or beamlet 
representation [4]. Bixel size determines the spatial 
resolution at which beam intensity is optimized and 
therefore represents an important planning 
parameter that may affect the balance between dose 
modulation flexibility, plan quality, and 
computational requirements [9,10]. Consequently, 
systematic evaluation of DAO across different bixel 
resolutions is important for understanding whether 
the dosimetric effects attributed to DAO remain 
consistent under different optimization conditions. 
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Despite the extensive investigation of DAO in 
commercial treatment planning systems, research 
on treatment planning optimization remains 
constrained by the proprietary nature of many 
commercial TPS platforms. High licensing costs, 
closed-source architectures, and limited access to 
underlying optimization algorithms can restrict the 
ability of academic researchers to systematically 
investigate and modify treatment planning 
methodologies [11–13]. These limitations are 
particularly relevant for methodological studies in 
which researchers seek to isolate the effects of 
individual optimization parameters or develop 
extensions to existing algorithms. 

To address these limitations, open source TPS 
platforms such as matRad have emerged as 
transformative tools in radiotherapy research. 
Developed by Wieser et al. [3], matRad offers a 
MATLAB based framework that supports a broad 
spectrum of treatment modalities, including 
IMRT [3]. Its modular design allows researchers to 
access and modify core algorithms for dose 
calculation and plan optimization. The transparent 
and customizable architecture of matRad facilitates 
experimentation with advanced methods such as 
DAO, which would otherwise remain inaccessible in 
commercial TPS environments [1,3,14]. 

Although DAO itself is not a new optimization 
concept and has been extensively investigated in 
commercial TPSs, the systematic characterization of 
DAO-related dosimetric changes across different 
bixel resolutions within an open-source TPS remains 
relevant for treatment planning research and 
education. In particular, it is important to determine 
whether the potential OAR-sparing effects 
associated with DAO are consistent across different 
optimization resolutions and whether such changes 
are accompanied by alterations in target conformity 
and dose homogeneity. This controlled evaluation 
can provide insight into the interaction between 
DAO and optimization resolution while avoiding 
confounding effects from changes in beam 
arrangement or other planning parameters. 

Therefore, this study evaluates the dosimetric 
impact of DAO in IMRT planning using the open-
source matRad framework. DAO-enabled and non-
DAO plans were systematically compared across 
bixel sizes ranging from 5×5 to 10×10 mm² while 
maintaining the same beam arrangement and other 
optimization parameters. Treatment plan quality 
was evaluated using OAR mean and maximum doses, 
target dose metrics, the Conformity Index (CI), and 
the Homogeneity Index (HI). Through this controlled 
comparison, the study aims to characterize the 
relationship between DAO activation, bixel 
resolution, OAR sparing, and target dose distribution, 
thereby providing a reproducible assessment of DAO 
behavior within an open-source treatment planning 
environment. 

 
2. Method 
2.1 Dataset and Structures 

The study utilized a Digital Imaging and 
Communications in Medicine (DICOM) dataset 
representing a liver cancer case obtained from the 
matRad sample dataset. The dataset included 
predefined contours for the Planning Target Volume 
(PTV), Clinical Target Volume (CTV), Gross Tumor 
Volume (GTV), and adjacent organs at risk (OARs). 
The OARs evaluated in this study were the liver, 
duodenum, bowel, stomach, spinal cord, and heart. 
The use of these structures was based on their 
relevance to liver radiotherapy planning [15]. 
Because the present study was designed to 
systematically investigate the dosimetric effects of 
DAO and bixel resolution under controlled planning 
conditions, all treatment plans were generated for 
the same patient dataset. 

 
2.2 Treatment Planning and Simulation Design 

Treatment planning was performed using the 
open-source TPS matRad version 3.1.0. The 
treatment plans were generated using IMRT with 
five coplanar 6-MV photon beams positioned at 
gantry angles of 0°, 72°, 144°, 216°, and 288° [16], 
and utilized a constant 1000 mm Source to Axis 
Distance (SAD) for all beams, as illustrated in Fig. 1. 
This configuration was kept identical across all 
treatment plans to ensure that differences in 
dosimetric outcomes were primarily attributable to 
DAO activation and bixel resolution rather than 
changes in beam geometry. 

 
Fig. 1: Visualization of the beams gantry direction. 

 
Two planning factors were investigated: bixel 

size and DAO activation. Six bixel sizes were 
evaluated, namely 5×5, 6×6, 7×7, 8×8, 9×9, and 
10×10 mm². The selected range was based on 
previously reported beamlet resolutions used in 
treatment planning studies, including the use of a 
5×5 mm² beamlet width for liver treatment 
planning [17] and beamlet widths within the range 
of 0.1–1.0 cm reported in previous TPS-based 
studies [18]. For each bixel size, two optimization 
conditions were generated: DAO enabled (DAO-on) 
and DAO disabled (DAO-off). This factorial 
combination resulted in 12 treatment plans, as 
summarized in Table 1. 
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Except for bixel size and DAO activation, all other 
treatment planning parameters were kept identical 
across the 12 plans. These parameters included the 
patient dataset, beam arrangement, photon energy, 
treatment prescription, optimization objectives and 
their corresponding weights, optimizer 
configuration, dose calculation settings, and other 
relevant planning parameters. Optimization was 
performed using the IPOPT optimizer. No additional 
user-defined MLC constraints were introduced or 
varied in this study, and MLC sequencing was not 
independently investigated. Dose distributions were 
calculated using the ompMC Monte Carlo dose 
engine integrated into matRad. The Monte Carlo 
calculation used 20,000 particle histories per 
beamlet. Depending on the spatial resolution, this 
resulted in a cumulative simulation of up to 
approximately 22.5 million total particle histories 
for a treatment plan with 1,125 bixels (e.g., 5×5 mm² 
resolution). Monte Carlo variance output was 
explicitly enabled, and dose error propagation was 
calculated to quantify the mean relative statistical 
uncertainty within the high-dose target region. The 
optimization objectives applied to the target 
volumes and OARs are summarized in Table 2. 
 
Table 1: Simulation variation models 

Models Bixel Size (mm2) DAO Status (on/off) 
Model 1 5×5 

Off 

Model 2 6×6 
Model 3 7×7 
Model 4 8×8 
Model 5 9×9 
Model 6 10×10 
Model 7 5×5 

On 

Model 8 6×6 
Model 9 7×7 

Model 10 8×8 
Model 11 9×9 
Model 12 10×10 

 
2.3 Dosimetric Evaluation 

Each treatment plan was evaluated using dose 
distribution (isodose) maps, Dose Volume 
Histograms (DVHs), and quantitative dosimetric 
metrics. Isodose maps were used to qualitatively 
assess the spatial distribution of radiation dose 
within the target volumes. DVHs were generated to 
provide a quantitative representation of the 
relationship between absorbed dose and irradiated 
tissue volume for each target volume and OAR. 

For the OARs, the mean absorbed doses were 
evaluated for the liver, stomach, heart, spinal cord, 
duodenum, and bowel. The resulting dose values 
were compared with published dose tolerance 
recommendations, particularly those reported by 
the Quantitative Analyses of Normal Tissue Effects in 
the Clinic (QUANTEC) [19]. These reference values 
were used to provide a clinical context for 
interpreting the dosimetric results rather than as 
absolute criteria for clinical treatment acceptance. In 
addition to the absolute dose values, the percentage 

difference between DAO-on and corresponding 
DAO-off plans was calculated to quantify the relative 
dosimetric change associated with DAO activation 
Target volume evaluation consisted of dose coverage, 
conformity, and homogeneity. The primary 
requirement was for adequate dose coverage, 
mandating that at least 95% of the target volume 
receives 95% of the prescribed dose (V95% ≥ 
95%) [20]. Beyond coverage, the geometric quality 
of the plan was analyzed. Dose conformity was 
evaluated using the Conformity Index (CI), defined in 
the International Commission on Radiation Units 
and Measurements (ICRU) Report 62 as 

𝐶𝐼 =
𝑉𝐼𝑅

𝑇𝑉
            (1) 

where 𝑉𝐼𝑅  is the volume covered of reference 
dose (95% prescribed dose), and TV is the target 
volume. A CI value of 1 represents ideal conformity 
according to the adopted criterion from Radiation 
Therapy and Oncology Group (RTOG) 
guidelines [21–23]. 

Furthermore, dose homogeneity within the 
target was quantified using the Homogeneity Index 
(HI), defined as the ratio of the maximum isodose 
(Imax) to the reference isodose (RI) [24]. 

𝐻𝐼 =
𝐼𝑚𝑎𝑥

𝑅𝐼
            (2) 

A plan is considered compliant if the HI is ≤ 2, 
while values between 2 and 2.5 are considered 
minor violations, and those exceeding 2.5 are major 
violations, which may still be clinically acceptable in 
certain scenarios [24–26]. 

 
2.4 Statistical Analysis 

The Wilcoxon signed-rank test was used to 
evaluate differences between DAO-on and DAO-off 
plans. The test was applied to the evaluated OAR 
dose parameters, including mean doses, as well as 
the CI and HI values of the target volumes. 

Six paired observations were included in each 
statistical comparison, corresponding to the six 
investigated bixel sizes (5×5, 6×6, 7×7, 8×8, 9×9, and 
10×10 mm²). A two-sided p-value <0.05 was 
considered statistically significant [27]. The 
statistical analysis was performed using Python 3.11. 

 
3. Results and Discussions 

Prior to evaluating the dosimetric impact of DAO 
and bixel resolution, the statistical precision of the 
ompMC calculation was verified. Analysis of the 
extracted variance matrix demonstrated that the 
mean relative statistical uncertainty within the 
target volume was 3.14%. This value provides an 
estimate of the statistical precision of the Monte 
Carlo dose calculation and indicates that the 
stochastic uncertainty was relatively small 
compared with the magnitude of the dosimetric 
differences investigated [20]. 
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Table 2: Optimization objectives, objective functions, weights, and dose parameters used for all treatment plans [19]. 
VOI Type Objective Function Weight (p) Parameter 
GTV Target 1 Squared Deviation 1 dref = 60 
CTV Target 1 Squared Deviation 1 dref = 60 
PTV Target 1 Squared Deviation 1000 dref = 60 

Stomach OAR 2 Squared Overdose 1 dmax  = 45 
Duodenum OAR 2 Squared Overdose 1 dmax  = 15 

Bowel OAR 2 Squared Overdose 1 dmax = 30 
Liver OAR 2 Squared Overdose 1 dmax  = 42 
Heart OAR 2 Squared Overdose 1 dmax  = 20 

Spinal Cord OAR 2 Squared Overdose 1 dmax  = 45 

      

      
Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 

      
Model 7 Model 8 Model 9 Model 10 Model 11 Model 12 

Fig. 2: Results of isodose maps in all simulation models. 

3.1  Isodose Maps 
A qualitative comparison of the isodose maps 

(shown in Fig. 2) revealed systematic differences 
associated with both bixel resolution and DAO 
activation. For the DAO-off plans (Models 1–6), 
increasing the bixel size from 5×5 to 10×10 mm² 
resulted in a progressively less detailed dose 
distribution and a shallower dose gradient around 
the target. This was visually evidenced by a reduced 
color gradation in the heatmap, characterized by a 
fading intensity of the high dose (deep red) region. 
Similarly, the models utilizing DAO-on (Models 7-12) 
also exhibited the same trend, wherein a larger bixel 
width resulted in a correspondingly shallower 
gradient. This direct relationship between a smaller 
bixel size and dose distribution aligns with the 
principle described by Sundström [28], that bixel 
size fundamentally determines the spatial resolution 
of the calculation grid, which in turn dictates the 
accuracy and detail of the resulting dose distribution.  

The influence of DAO activation is clearly evident 
when comparing pairs of models with identical bixel 
sizes, such as Model 1 (5×5 mm², DAO-off) and Model 
7 (5×5 mm², DAO-on). While the overall isodose 

shapes appear superficially similar, a detailed 
inspection of the high dose region, as shown in Fig. 3, 
reveals critical differences. The DAO-off plan (Model 
1) produces a broader and more uniform peak dose 
(deep red) area within the PTV. However, this high 
dose region exhibits significant spillage outside the 
PTV contour. Meanwhile, the DAO-on plan (Model 7) 
appears to create a more minimal dose spillage 
beyond the PTV. This improvement, however, is 
accompanied by a reduction in dose homogeneity 
within the target volume, evidenced by the presence 
of lower dose areas (lighter red) inside the PTV. 
These dosimetric differences between active and 
inactive DAO plans become even more pronounced 
at coarser bixel resolutions, as observed in the 
subsequent model pairs (Model 2 vs. 8, through to 
Model 6 vs. 12). This aligns with the foundational 
work by Shepard et al. [29], which established that 
DAO is designed to produce highly conformal plans 
by directly optimizing beam apertures, a process 
which inherently alters and improves the resulting 
isodose map. 

  
                                    (a)                  (b) 

Fig. 3: Comparison of target volume dose distribution in model 1 (a) and model 7 (b). 
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3.2 Quantitative Dosimetric Analysis 
3.2.1 Organs at Risk (OARs) 

A quantitative analysis was performed based on 
dosimetric data extracted from the DVH. This 
evaluation aimed to objectively assess the quality of 
each treatment plan against established clinical 
criteria. Overall, All 12 simulation models satisfied 
the predefined dosimetric constraints evaluated in 
this study, wherein the dose received by all OARs 
was below the tolerance limits recommended by the 
QUANTEC guidelines. 

For the liver, the mean dose limit is below 30-32 
Gy (1 Gy/fraction). Model 7 (5×5 mm², DAO-on) 
recorded the lowest mean dose of 0.3606 
Gy/fraction, while Model 5 (9×9 mm², DAO-off) 
recorded the highest at 0.4609 Gy/fraction. 
Activating DAO with the finest bixel resolution was 
able to reduce the mean dose to the liver by 21.76% 
compared to the with the highest mean liver dose 
observed among the DAO-off plans. When plans with 
identical bixel sizes were compared, DAO generally 
reduced the liver mean dose. For bixel resolutions 
ranging from 5×5 mm2 to 9×9 mm2, DAO activation 
consistently resulted in a reduction of the mean dose 
to the liver. The reduction varied across the 
resolutions: 1.83% at 5×5 mm2, 0.63% at 6×6 mm2, 
2.07% at 7×7 mm2, and 0.94% at 9×9 mm2, with the 
most significant dose reduction of 6.69% occurring 
at the 8×8 mm2 bixel size. Intriguingly, a contrary 
result was observed at the coarsest resolution of 
10×10 mm2, where DAO activation led to a minor 
mean dose increase of 1.33% compared to its non-
DAO counterpart. Despite the generally lower liver 
dose with DAO, the difference between DAO-on and 
DAO-off plans was not statistically significant (W = 4, 
p = 0.21975). This result suggests a potential trade 
off in the optimization process at low spatial 
resolutions. It is plausible that to achieve a highly 
conformal dose distribution within the target 
volume with large, indivisible bixels, the DAO 
algorithm prioritizes target coverage and sparing of 
more critical serial organs, accepting a marginal dose 
increase in an adjacent, large parallel organ like the 
liver. This interpretation is supported by the 
principle that a reduction in IMRT plan complexity, 
such as that imposed by a coarser resolution, can 
significantly alter the quality of the final treatment 
plan [29]. At coarse resolutions, the optimizer's 
ability to generate a steep dose gradient between the 
target and a nearby OAR is limited. Consequently, 
even if high target conformality is achieved, a large 
adjacent organ may receive a slightly elevated dose 
as a result of this physical constraint [6,30]. 

A similar resolution-dependent behavior was 
observed for the heart. DAO reduced the mean heart 
dose by 7.15%, 5.46%, 6.99%, and 5.54% at 5×5, 
6×6, 7×7, and 8×8 mm², respectively. However, this 
protective trend reversed at coarser resolutions. For 
the 9×9 mm² and 10×10 mm² bixels, DAO activation 
resulted in a slight increase in the mean dose by 
0.1% and 2.95%, respectively, compared to their 
DAO-off counterparts. Overall, the activation of DAO 
did not yield a statistically significant reduction for 

the mean heart dose (W = 3, p = 0.15625). This 
phenomenon mirrors the observation for the liver 
and suggests a similar optimization trade off. 

In contrast, the stomach showed the most 
consistent response to DAO. Activating DAO reduced 
the dose to the stomach in every paired comparison. 
The dose reduction was notably non-monotonic, 
ranging from a minimal 0.13% at the 7×7 mm² 
resolution to a substantial 14.88% at the 6×6 mm² 
bixel size. The specific reductions for the remaining 
bixel sizes were 6.33% (5×5 mm²), 9.62% (8×8 
mm²), 3.43% (9×9 mm²), and 3.88% (10×10 mm²). 
Unlike the liver and heart, the reduction in mean 
stomach dose was statistically significant (W = 0, p = 
0.03125), indicating a consistent dosimetric benefit 
of DAO for stomach sparing across the investigated 
bixel resolutions. 

For the spinal cord, the DAO-off plans produced 
mean doses ranging from 0.1259 to 0.1554 
Gy/fraction. In contrast, the corresponding DAO-on 
plans returned undefined (NaN) values for the mean 
dose statistics in the matRad DVH output. Therefore, 
these values should not be interpreted as an absolute 
dose of 0 Gy. The patient geometry, beam 
arrangement, and spinal cord contour were identical 
between the DAO-on and DAO-off plans, while only 
the DAO status was varied. Moreover, the 
measurable spinal cord dose in the corresponding 
DAO-off plans confirms that the spinal cord was 
included in the calculation geometry and was 
exposed to radiation. Because the DAO-on dose 
statistics were returned as NaN, they could not be 
treated as valid numerical measurements for paired 
statistical comparison. Accordingly, no Wilcoxon 
signed-rank test was performed for the spinal cord. 
The occurrence of NaN should therefore be regarded 
as a limitation of the reported dose-statistics output 
in the present matRad calculation rather than as 
evidence of complete absence of radiation dose. 

The bowel and duodenum received zero reported 
dose across all 12 simulations, with the 
corresponding high-dose volume metrics also equal 
to zero. Because these values were unchanged by 
DAO activation or bixel resolution, they were not 
used to characterize the relative effect of DAO. 
Instead, they indicate that these structures received 
negligible dose within the present planning 
geometry and dose-calculation resolution. 
Accordingly, no statistical comparison was 
performed for these structures because there was no 
variation between the paired treatment plans. 
 
3.2.2 Target Volumes 
The analysis of the target volumes focused on dose 
coverage effectiveness, mean dose, conformity index, 
and homogeneity index. In terms of dose coverage, 
the V95% (volume received ≥ 95% prescribed dose) 
values in all models indicated that the target 
received adequate dose, with values approaching the 
prescribed 2 Gy/fraction. DAO activation did not 
show a uniform pattern of increasing or decreasing 
V95% but consistently maintained the values within 
a clinically acceptable range. 
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The impact of DAO activation on the mean dose 
delivered to the target volumes (PTV, CTV, and GTV) 
was found to be complex, resulting in minor but non-
uniform modulations across the different bixel 
resolutions. A general trend was observed where 
DAO activation tended to slightly increase the mean 
dose at finer resolutions (5×5 mm² and 6×6 mm²) 
but resulted in a slight dose reduction at most of the 
coarser resolutions. Specifically for the GTV, DAO 
activation led to a 1.3% dose increase with the 5×5 
mm² bixel, whereas it produced a 1.52% dose 
reduction with the 10×10 mm² bixel. A similar 
pattern was noted for the PTV and CTV, with dose 
increases of 0.77% and 1.01% respectively at the 
5×5 mm² size. For all other bixel sizes from 7×7 mm² 
to 10×10 mm², the changes were predominantly 
minor reductions, with the exception of a small 
0.07% increase for the CTV at the 9×9 mm² 
resolution. 

Statistical analysis confirmed that these minor 
modulations in mean dose resulting from DAO 
activation were not statistically significant for the 
GTV (W = 7, p = 0.5625), CTV (W = 9, p = 0.84375), 
and PTV (W = 6, p = 0.4375). These minor 
fluctuations, which were almost all within a ±1.5% 
margin, suggest that the primary function of the DAO 
algorithm is to reshape the dose distribution rather 
than to fundamentally alter the overall dose level  
delivered to the target. This finding is consistent with 
the study by Nguyen et al. [31], upon comparing two 
different DAO methods, found that while the dose 
distribution for OAR sparing and overall plan quality 
was improved, the mean PTV dose remained nearly 
identical between the methods. Furthermore, the 
work of Wu et al. [4] provides a mechanistic 
explanation for this stability. They describe that the 
stochastic nature of DAO can produce sub optimal 
MLC segments, particularly near the target/OAR 
boundary, and that a more detailed MLC leaf 
adjustment is required as a subsequent optimization 
step to eliminate hotspots or coldspots within the 
target. This implies that the core DAO process is not 
primarily designed for fine tuning the internal target 
dose. Consequently, the observed stability of the 
mean dose in this study is a logical outcome, 
demonstrating that DAO successfully optimizes the 
plan's spatial characteristics while preserving the 
intended therapeutic dose level. 

 
3.3 Conformity and Homogeneity Indices 

Dosimetric data extracted from the DVH were 
subsequently used to calculate the CI and HI.  The 
results of these calculations for all models are 
presented in Table 3. 

A detailed analysis of the conformity index 
reveals that DAO activation consistently resulted in 
slightly less ideal values (further from 1) compared 
to the DAO-off models at identical bixel resolutions. 
For instance, at the 5×5 mm² resolution, the CI value 
decreased from 0.9653 for the DAO-off model 
(Model 1) to 0.9623 for the DAO-on model (Model 7). 
This dosimetric shift is also reflected in the DVH 
curve, as shown in Fig. 4, where the PTV for Model 7 

exhibits a shallower dose fall-off compared to Model 
1, suggesting greater dose heterogeneity within the 
target. A lower CI value with DAO-on models was 
consistent across all evaluated bixel sizes, and 
statistical analysis confirmed that this systematic 
reduction in dose conformity was statistically 
significant (W = 0, p = 0.03125). 

Table 3: CI and HI value for all models. 

Models CI Value HI Value 

Model 1 0.9653 1.0142 

Model 2 0.9752 1.0241 

Model 3 0.9829 1.0316 

Model 4 0.9841 1.0278 

Model 5 0.9878 1.0292 

Model 6 0.9902 1.0292 

Model 7 0.9623 1.0646 

Model 8 0.9663 1.0581 

Model 9 0.9745 1.0628 

Model 10 0.9792 1.0688 

Model 11 0.9795 1.0655 

Model 12 0.9808 1.0860 

 
However, this minor reduction in the CI value 

should not be interpreted as a degradation of plan 
quality. The standard CI is a simple geometric ratio 
of volumes and does not account for the steepness of 
the dose gradient outside the target [31,32]. It is 
plausible that the DAO algorithm achieves superior 
OAR sparing by creating a sharp dose fall off, which 
may slightly contract the 95% isodose volume, thus 
minimally impacting the CI ratio. This aligns with 
reviews on the subject, such as that by Feuvret et 
al. [25], which note that many conformity indices do 
not fully account for the irradiation of surrounding 
healthy tissues. Therefore, the observed small 
decrease in CI is likely a consequence of DAO's 
primary function to prioritize a steep and highly 
conformal dose gradient for OAR protection, a 
crucial characteristic not fully captured by this 
specific metric. 

The evaluation of the homogeneity index 
revealed a similarly consistent trend, where DAO-on 
models consistently produced higher HI values, 
indicating a less uniform dose distribution within the 
target compared to their DAO-off counterparts. For 
example, at the 10×10 mm²  resolution, the HI 
increased from 1.0292 (Model 6, DAO-off) to 1.0860 
(Model 12, DAO-on). This systematic degradation in 
dose homogeneity across all DAO-on plans was also 
found to be statistically significant (W = 0, p = 
0.03125). This quantitative result is a direct 
numerical validation of the qualitative observation 
from the isodose maps, where DAO-on plans 
exhibited small areas of lower dose (lighter red) 
within the PTV. This phenomenon exemplifies a 
classic optimization trade off. As described by Craft, 
et al. [33], the objectives in IMRT planning are often 
competing. This means that, in general, an 
improvement with respect to one objective can only 
be achieved at the expense of another objective. In 
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this context, the DAO algorithm appears to prioritize 
the objective of maximal OAR sparing at the expense 
of achieving perfect dose homogeneity within the 
target. This slight increase in dose inhomogeneity 

may therefore represent an acceptable trade-off 
when OAR sparing is prioritized, provided that 
target coverage and relevant clinical constraints 
remain satisfied.

 

 
(a) 

 
(b) 

 
Fig. 4: Dose Volume Histogram for Model 1 (a) and Model 7 (b). 

3.4 Clinical Implications and Study Limitations 
From a clinical planning perspective, the 

appropriate balance between OAR sparing and 
target conformity or homogeneity depends on the 
specific treatment objective and institutional 
planning criteria. A modest reduction in conformity 
or homogeneity, as observed in the DAO-on plans, 
may be clinically acceptable when target coverage 
remains adequate and strict OAR constraints are 
satisfied. However, this study evaluated nominal 
dosimetric physical parameters only and did not 
incorporate Normal Tissue Complication Probability 
(NTCP) models. Therefore, the observed OAR dose 
reductions cannot be interpreted as direct evidence 
of reduced clinical toxicity. Future studies 
incorporating NTCP models and clinical outcome 
data are needed to determine whether these 
dosimetric improvements translate into clinically 
meaningful benefits. 

The broader applicability of these findings must 
also be contextualized within the limitations of the 
study design. First, the analysis was based on a single 
liver cancer dataset to provide a controlled paired 
comparison. Thus, the absolute dosimetric values 
should not be generalized directly to other 
anatomical sites. Second, the evaluation was 
restricted to fixed-field photon IMRT using five 
coplanar beams. Consequently, the observed DAO-
resolution relationship cannot be directly 
extrapolated to Volumetric Modulated Arc Therapy 
(VMAT) or proton therapy, which involve dynamic 
aperture modulation and different dose deposition 
characteristics. Third, the study did not investigate 
setup uncertainty, respiratory motion, or anatomical 
changes. 

Finally, while the open-source matRad 
framework provides a transparent and reproducible 
environment, no direct benchmarking against a 
clinically commissioned commercial TPS (e.g., 
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Eclipse, RayStation, or Monaco) was performed. 
Furthermore, treatment delivery metrics and 
computational efficiency, such as optimization time 
and specific monitor unit (MU) complexity, were 
outside the scope of this study. Future benchmarking 
efforts should incorporate these efficiency metrics 
alongside robustness analysis. Ultimately, the 
transparent architecture of matRad utilized in this 
study offers a foundational framework that can be 
extended to investigate multi-objective 
optimization, knowledge-based planning, and 
artificial intelligence-assisted treatment planning. 
 
4. Conclusions 

All simulation models satisfied the predefined 
dosimetric target coverage and OAR dose constraints 
evaluated in this study. The qualitative and 
quantitative analyses demonstrated that bixel 
resolution and DAO activation fundamentally 
influence the spatial dose distribution. While DAO 
activation provided statistically significant dose 
reductions for specific organs such as the stomach, 
its protective effect on large parallel organs like the 
liver and heart was highly resolution-dependent, 
performing optimally only at finer bixel sizes. For the 
target volumes, DAO preserved adequate dose 
coverage but introduced a statistically significant 
degradation in geometric conformity and dose 
homogeneity compared to DAO-off plans. This 
confirms a fundamental optimization trade-off 
inherent to the algorithm that DAO prioritizes the 
creation of steep dose gradients for critical OAR 
sparing at the expense of minor internal target dose 
heterogeneity. 

The open-source matRad framework proved to 
be a robust computational environment for 
elucidating this nuanced interplay between 
optimization algorithms and beamlet resolution. To 
translate these dosimetric findings into clinical 
practice, future investigations should prioritize 
comparative benchmarking against commercially 
commissioned Treatment Planning Systems. 
Additionally, incorporating Normal Tissue 
Complication Probability (NTCP) models and 
evaluating plan robustness against setup 
uncertainties will be instrumental in bridging the 
gap between open-source academic research and 
clinical radiotherapy innovation. 
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