
Bladder surface-based analysis proves the advantages of online adaptive 
radiotherapy over plan of the day

Sonia Sapignoli a,1, Andrea Bettinelli a,1 , Paolo Caricato a,* , Antonio Giuseppe Amico a ,  
Samuele Cavinato a , Paola Ceroni a, Federica Guida a , Nicola Pivato a, Chiara Paronetto b,  
Badr Elkhouzai b, Matteo Sepulcri b, Marco Krengli b , Marta Paiusco a

a Medical Physics Department, Veneto Institute of Oncology IOV - IRCCS, Padua, Italy
b Radiation Oncology Department, Veneto Institute of Oncology IOV - IRCCS, Padua, Italy

A R T I C L E  I N F O

Keywords:
Bladder cancer
Adaptive radiotherapy
Plan of the Day
Online Adaptive Radiotherapy
Dose-Surface Histogram
Surface Distance Histogram

A B S T R A C T

Background: Radiotherapy delivery for bladder cancer is challenging due to inter- and intra-fraction anatomical 
variations. The literature shows that surface-based methods, such as cumulative Dose-Surface Histograms 
(cDSHs), are more appropriate than dose-volume histograms for evaluating dose distribution in hollow organs.
Purpose: To compare two adaptive radiotherapy approaches – Plan of the Day (POD) and online-Adaptive 
Radiotherapy (oART) – by focusing on target coverage, dose conformity, and healthy tissue sparing through 
surface-based methods.
Methods: Five patients with urothelial bladder cancer were selected. POD and oART treatment (9-field-IMRT 
plans, 55 Gy/20 fractions) were simulated using the Ethos™ Emulator.
The cDSHs were compared using the D98% and D50% metrics, describing the dose covering 98% and 50% of the 
PTV/CTV surface, respectively. The Surface Distance Histogram (SDH) was introduced and analysed through Full 
Width at Half Maximum and mode value. The Healthy Tissue Overdose volume Factor (HTOF) at 95% and 50% 
isodoses was calculated. Statistical comparisons included the Friedman test and the Canberra dissimilarity index.
Results: oART achieved superior PTV coverage, with a mean D98% consistently above 98% of the prescribed 
dose, whereas for POD, the mean D98% dropped below 90% for two patients. oART SDHs showed narrower bell 
shape with respect to POD, indicating higher dose conformity. oART improved healthy tissue sparing, reducing 
HTOF95% by over 50% compared to POD. Inter- and intra-patient variability were lower for oART.
Conclusions: Surface analysis strengthens the notion that oART is advantageous in bladder cancer treatment, 
ensuring superior target coverage, enhanced dose conformity, and better healthy tissue sparing. The SDH 
findings suggest potential for reducing CTV-PTV margins.

1. Introduction

Radiotherapy delivery for bladder cancer presents unique challenges 
due to inter- and intra- fraction variations in bladder filling, rectal 
distension, and bowel motion. These changes can compromise target 
coverage and increase toxicity to healthy tissues [1–3], thus there is a 
pressing need for advanced treatment strategies to increase accuracy 
and minimise side effects. Adaptive radiotherapy (ART) techniques have 
been introduced to address these issues, allowing adjustments in treat
ment plans to account for daily anatomical variations.

A commonly used ART strategy is the Plan of the Day (POD), where 

daily imaging is used to select the best fitting plan from a library of 
patient-specific plans pre-calculated for different bladder fillings [4–6].

Another approach, online-Adaptive Radiotherapy (oART), involves 
the daily treatment plan re-optimization according to the cone-beam 
computed tomography (CBCT) or magnetic resonance (MR) images ac
quired before the treatment [7–10].

The potential benefit of ART over conventional radiotherapy for 
bladder treatment [7,8,10–13], has been shown by several studies and 
dose-volume histograms (DVHs) are commonly used to assess the 
quality of the planning.

However, given that the bladder is a hollow organ, the DVH may not 
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be the optimal descriptor of the dose delivered to the target, as the dose 
to the content is not relevant. In a case of empty organs, the Dose-Wall 
Histogram (DWH) or the cumulative Dose-Surface Histogram (cDSH) are 
suggested as more appropriate tools [14–17].

Based on the above, the aim of the study was to compare the POD and 
oART strategies by focusing on the bladder surface. These two ap
proaches were evaluated in term of cDSH, which was used to evaluate 
the target coverage, and the differential Surface Distance Histogram 
(SDH) [18] which was introduced to estimate the dose conformity.

2. Materials and methods

2.1. Patient population

Five patients with cT2 cN0 urothelial bladder cancer, three males 
and two females, treated with the POD technique, were included in the 
study. The entire volume of the bladder was delineated as the clinical 
target volume (CTV), with an isotropic margin of 0.7 cm added to create 
the planning target volume (PTV). The small bowel, femoral heads, and 
uterus/prostate were delineated as organs at risk (OARs). All patients 
were prescribed to a total dose of 55 Gy in 20 fractions to the PTV, with 
planning objectives of PTV D98% > 95% and PTV D2% < 105%.

At our institution, the POD protocol involves acquiring three plan
ning CT (pCT) scans: the first with empty bladder, followed by two 
subsequent scans performed at 15 and 30–40 min after patients’ con
sumption of 500 ml of water. A library of three treatment plans, Pempty, 
Pmid, and Pfull, corresponding to the time markers, was created. Volu
metric Modulated Arc Therapy (VMAT) plans, two 6 MV arcs, were 
generated with Eclipse v16.1 − AcurosXB algorithm (Varian Medical 
Systems, Inc., Palo Alto, CA). For each treatment session, a CBCT image 
was acquired on a TrueBeam STX linac (Varian Medical Systems, Inc., 
Palo Alto, CA) and the best fitting plan was selected from the pre- 
calculated library.

2.2. Treatment emulation

Recently, the Ethos™ Therapy system [19] (Varian Medical Systems, 
Inc., Palo Alto, CA), an advanced linear accelerator designed to provide 
both Image-Guided Radiotherapy (IGRT) and oART, was installed at our 
institute. Additionally, the ‘Ethos Emulator’ [20], a related research 
platform replicating the entire Ethos™ workflow, from treatment 
planning to delivery, was also installed. Therefore, to facilitate a 
comparative analysis of POD and oART plans under consistent condi
tions (same Intelligent-Optimization-Engine (IOE), geometry and de
livery technique), both approaches were simulated using Ethos 
Emulator. Below, we detail the operational processes used for the 
simulation (a diagram of the workflow is shown in Fig. S1). The first step 
was ‘Treatment preparation’: the three clinical pCTs and related struc
ture sets were imported into the Emulator from ARIA (Varian Medical 
Systems); the ‘Physician Intent’ was established, which involves 
defining the diagnosis, treatment prescriptions (55 Gy in 20 fractions), 
target volumes, and OARs; a list of prioritised clinical goals was defined 
for dose optimization and applied to both POD and oART (reported in 
Table S1); three 9-field intensity modulated radiation therapy (IMRT) 
plans (i.e., Pempty, Pmid, and Pfull), serving as reference plans (RPs) within 
the Ethos framework, were generated for each corresponding pCT. IMRT 
was selected over VMAT due to its shorter Ethos computation time, with 
9-field IMRT plans generated in approximately 2.5 min, compared to 13 
min for VMAT plans. This choice kept the total adaptive treatment 
duration comparable to that of POD treatments, approximately 15 and 
12 min, respectively and allowed us to adopt the same 7 mm margin 
utilized in our institutional POD strategy. The resulting RPs were 
approved by a physicist and a radiation oncologist expert in bladder 
treatment.

As a second step we performed the ‘Daily online treatment’, in which 
the daily CBCT image of the clinical treatments was fed into the 

Emulator to simulate the actual daily scan and to generate the daily 
synthetic CT (sCT) scan; the radiation oncologist reviewed and edited, 
when necessary, the automated AI-driven OAR contouring. To replicate 
the POD treatment, for each session the best-fitting RP was selected and 
automatically recalculated on the sCT scan while, for oART simulation, 
the Pmid was always used as RP plan with the related re-optimized 
adaptive dose distribution approved by the radiation oncologist.

2.3. Analysis

2.3.1. Surface creation and sampling strategy
For both the CTV and PTV, DICOM slice-by-slice contours were 

converted into binary masks using the crossing number algorithm. 
Surface meshes were then generated using the marching cubes algo
rithm and smoothed with a dedicated MATLAB package (MATLAB 
R2021a; The MathWorks, Inc., Natick, MA, USA) [21], as shown in 
Fig. 1a, left. Isodose surfaces at 50 % and 95 % (ISO50% and ISO95%) 
levels were obtained from the 3D dose distribution using the MATLAB 
‘isosurface’ function (1a, right).

To sample the surfaces in all 3D directions from a reference point (O), 
specifically the centre of mass of the target volume (either PTV or CTV), 
we employed directions determined by the radial segments extending 
from O to the vertices of a subdivided icosahedron centred on O. Spe
cifically, a 32-frequency subdivided icosahedron with N = 10,242 
vertices was generated as a primitive mesh in Blender 2.90.1 (Blender 
Institute, Amsterdam, The Netherlands) and subsequently imported into 
MATLAB for use in the sampling procedure. This approach allows the 
systematic sampling of the space with nearly equal solid angles. The 
coordinates of the sampling points were determined by finding the in
tersections between the sampling directions and the surface of interest 
(CTV/PTV/isodose), see Supplementary Fig. S2a. This method ensures 
consistent sampling across different surfaces, facilitating direct com
parisons between them, and produces triangular meshes.

2.3.2. Surface dose extraction and isodose distance calculation
To determine the dose values on the surface of the volume of interest 

(VOI), we sampled the entire 3D dose distribution at the coordinates of 
the surface vertices using trilinear interpolation (Fig. 1b).

The distances between surfaces were computed on a point-by-point 
basis (Fig. 1c). Let diso

n = |OIn
̅→

| and dvoi
n = |OVn

̅̅→
| be the lengths of the 

radius vectors from the reference point O to In (the nth vertex of the 
sampled ISO95%), and Vn (the nth vertex of the sampled VOI surface, 
either the PTV or CTV), respectively. The N radial distances between the 
two surfaces were calculated as follows: dn = diso

n − dvoi
n = |OIn

̅→
| − |OVn

̅̅→
|.

The employed sampling process allows for a 2D visualisation of both 
sampled doses and distances, since, by construction, the nth vertices of 
the isodose and region of interest are one-to-one linked to the nth vertex 
of the polyhedron surface, which can be unwrapped onto a 2D plane by 
converting its Cartesian coordinates to spherical coordinates.

2.3.3. Treatment evaluation tools
Target coverage was evaluated for each fraction by the cDSH, 

calculated for each bin i as follow: 

cDSHk = 1 −
∑k

j=1

(∑N
n=1
( [

Dn∊bj
]
• wn

)

N

)

(1) 

where k ranges from 1 to K, K denotes the number of bins (180), Dn 
represents the dose at VOI vertex nth, bj the j th bin,wn is a normalized 
weighting factor (see the dedicated supplementary paragraph “Vertex 
weighting to account for variations in sampling density”), δ the bin 
width and the square brackets (Iverson brackets) equal 1 if the condition 
is true and 0 otherwise. The histogram represents the cumulative per
centage surface area receiving a dose no less than a specified dose as a 
function of the defined dose (Fig. 1f).
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The dose conformity was analysed based on the differential SDH, 
Fig. 1g, which describe the distribution of the distances between ISO95% 
and VOI surfaces (either PTV or CTV): 

SDHk =

∑N
n=1([dn∊bk] • wn)

N • δ
(2) 

where dn is the nth distance between the two surfaces.
Finally, Healthy Tissue Overdose volume Factor (HTOF) [22] was 

used as a surrogate for the dose to the OAR. HTOF represents the volume 
(cm3) of healthy tissue outside the PTV normalized to the PTV volume 
HTOFD% = (VD% − VPTV)/VPTV , VD% is the volume of the body receiving 
a dose greater than a D% of the prescription dose (both D% = 50% and 
D% = 95% were considered), and VPTV the PTV volume. HTOFD% is 
normalised to consider the variability in inter-fraction bladder volume. 
A HTOFD% of zero means that normal tissue does not receive a dose 

higher than the selected threshold.

2.3.4. Statistical analysis
To compare the cDSHs of the ART strategies under consideration, 

two representative dose points metrics were selected: D98% and D50%, 
describing the doses covering 98% and 50% of the surface, respectively.

The non-parametric Friedman test was used to assess differences in 
D98% and D50% across the two techniques in a repeated-measures 
design. Each subject served as its own control, and repetitions corre
sponded to the 20 fractions. A significance level of α = 0.05 was 
considered statistically significant.

The SDHs were described in terms of Full Width at Half Maximum 
(FWHM) and mode value. The non-parametric Friedman test was again 
applied to evaluate differences in both SDH metrics.

The SDHs were also compared by means of the Canberra dissimilarity 

Fig. 1. Schematic overview of the methodological framework employed for the analysis. (a) Sequential representations of the volume of interest (VOI) in blue 
(contour set, binary mask, marching-cube surface, smoothed surface and sampled surface), and of the ISO95% in orange (original and sampled surface). (b) Dose value 
sampling on VOI surface vertices (blue dots), (c) VOI-isodose distance calculation (O: reference point; In: nth vertex of the sampled ISO95%; Vn: nth vertex of the 
sampled VOI surface; diso

n and dvoi
n : nth distances from VOI/ISO95% to the reference point; dn: nth distance between the two surfaces). (d) Sampled VOI surface doses 

and (e) VOI-isosurface distances visualised on the VOI surface. (f) Cumulative dose-surface histogram and (g) surface distance histogram. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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metric [23]: 

CAB =
1
K
∑K

k=1

|SDHA
k − SDHB

k |⃒
⃒SDHA

k

⃒
⃒+
⃒
⃒SDHB

k

⃒
⃒

(3) 

where A and B were set to compute the Canberra metric between pa
tients (e.g., A = patient 1 POD and B = patient 2 POD) or between 
techniques (e.g., A = patient 1 POD and B = patient 1 oART), and K the 
numbers of bins.

The Friedman test was used to analyse statistically significant dif
ferences in HTOF95% and HTOF50% for POD and oART, using the same 
approach as described earlier. Statistical analysis was performed with 
MATLAB.

3. Results

For the POD approach, Pempty, Pmid, Pfull were selected 12, 74 and 14 
times out of the 100 simulated fractions, respectively.

The inter-fraction variation of the bladder volume is shown in 
Fig. 2a. Large inter-fraction bladder volume variations were observed in 
3 of the 5 patients, with bladder volume more than doubling across some 
sessions. Given these volumes, we estimated that CTV and PTV surfaces 
were sampled, on average, with point spacing of 0.96 mm and 1.26 mm, 
respectively.

Fig. 3 presents, for each patient, the average cDSH for the PTV (CTV 
in Fig. S4), with blue bands representing the density intervals of the 
cDSH across all fractions. Table 1 reports both mean and standard de
viation of D98% and D50% calculated for each patient across all frac
tions. oART exhibited narrower bands compared to POD, as also 
indicated by D95% and D98% standard deviation values. Additionally, 

oART provided optimal PTV coverage, with an average D98% dose 
consistently higher than 98% of the prescribed dose, while for POD there 
were cases where the average dose was less than 90% of the prescribed 
dose. However, despite POD low performances for PTV surface 
coverage, 98% of CTV surface always received at least 95% of the pre
scribed dose (Fig. S4). Fig. 4 reports exemplifying unwrapped dose 
surface maps (all maps can be found in an online Zenodo repository 
[24]: despite the PTV surface being underdosed, the CTV remained 
covered. The Friedman test revealed significant (p < 0.001) differences 
for PTV in both D98% and D50% between oART and POD, while for the 
CTV, significant differences were observed only for D98%.

Fig. 5 shows the PTV SDH and Table 2 reports the mean and standard 
deviation of the FWHM and mode of the SDH, calculated for each patient 
across all fractions. The oART distributions have a narrower bell shape 
with respect to the POD distributions, which in turn are wider and more 
dispersed (see FWHM in Table 2). The extreme values of the POD SDH 
reached distances larger than 1 cm from the PTV surface. A similar 
behaviour was observed for the CTV SDHs (Fig. S5).

It is interesting to note that, for the PTV, the lower limits of oART 
SDH were never below zero.

The Friedman test revealed significant (p < 0.001) differences be
tween treatment modalities for both FWHM and mode, both for PTV and 
CTV. The differences between POD and oART are corroborated by the 
Canberra index. When comparing pairwise the SDH of the PTV for the 
two treatment modalities, the Canberra index exceeded 0.5 for each 
patient, with a mean value of 0.62. However, when comparing histo
grams pairwise among patients for a fixed modality, the value consis
tently fell below 0.5 for oART (see Fig. S3 for all values).

Fig. 2b-c shows the HTOF95% and HTOF50% for each patient and 
fraction. Improved healthy tissue sparing is observed with oART 

Fig. 2. (a) Bladder volume variations for each fraction and each patient. The dashed lines indicate the 5th-95th percentile range, while the solid line the median 
bladder volume, both calculated individually for each patient. (b-c) Normalised healthy tissue volumes receiving (b) 95% and (c) 50% of the prescribed dose per 
fraction across the entire dataset for both oART (red) and POD (blue) approaches. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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modality compared to POD. The Friedman test demonstrates that the 
differences with POD are statistically significant (p < 0.001).

4. Discussions

This study compared Plan of the Day (POD) with on-line Adaptive 

Radiotherapy (oART) for the treatment of bladder cancer by a surface- 
based analysis. The results showed that oART outperforms POD in 
terms of target coverage, dose conformity, reduces intra- and inter- 
patient variability and also improves healthy tissue sparing.

Concerning target coverage, the cDSHs (Fig. 3 and Table 1) show that 
oART ensured at least 95% of the prescribed dose to 98% of the PTV 
surfaces across all 100 treatment sessions, resulting in CTV surfaces that 
were always covered by more than the 98% of the dose. The same cannot 
be said for POD, where for each patient, at least one fraction delivered 
95% of the dose to less than 98% of the PTV surfaces, and in some cases, 
this coverage fell below 90%. However, both ART modalities ensured 
that at least 95% of the prescribed dose covered 98% of the CTV surface 
(Fig. S4). In this regard, the dose maps obtained from the unwrapped 
dose surface is emblematic. Fig. 4 shows the maps for the 7th fraction of 
patient #2, where PTV surface showed significant underdosing (dose 
below 95% in the central area of the map), in contrast, the CTV was 
covered by 98% of the prescribed dose.

The SDHs (Fig. 5) also contain the previously described results on 
target coverage. Indeed, oART ISO95% surfaces always enveloped the 
PTV, since reported distances were always positive. On the other hand, 
for POD, the distances were also distributed on negative values indi
cating that the ISO95% interpenetrated the PTV surface, compromising 
target coverage.

In accordance with other studies [8,11], our results confirm that the 
on-line technique performs better than POD in dose conformation: Fig. 5
shows that for the oART technique the ISO95% exceeds PTV by 

Fig. 3. Mean (black curves) PTV cumulative Dose-Surface Histogram (cDSH) for POD (left) and oART (right). The blue bands represent density intervals of the cDSH 
at increasing inter-percentile ranges (from 0% to 100% in 5% increments) across all fractions. The red dashed line represents the 95% of prescribed dose. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1 
Mean and standard deviation of all cDSHs calculated at 98% and 50% of the 
surface (D98% and D50%) for both simulated treatment modalities. Results are 
shown for both PTV and CTV.

PTV CTV

POD oART POD oART

D98% ​ ​ ​ ​ ​ ​
​ Pt. 1 97.1 ± 3.9 99.7 ± 0.6 ​ 99.1 ± 0.9 100.0 ± 0.3
​ Pt. 2 89.5 ± 6.4 99.1 ± 0.7 ​ 99.0 ± 0.7 99.4 ± 0.4
​ Pt. 3 93.5 ± 6.2 99.6 ± 0.2 ​ 99.0 ± 0.9 99.6 ± 0.1
​ Pt. 4 91.9 ± 13.6 99.1 ± 0.6 ​ 99.9 ± 0.8 99.4 ± 0.3
​ Pt. 5 83.9 ± 21.4 99.6 ± 0.8 ​ 97.7 ± 1.2 99.9 ± 0.2

D50% ​ ​ ​ ​ ​ ​
​ Pt. 1 100.7 ± 0.8 101.1 ± 0.3 ​ 100.3 ± 0.8 100.7 ± 0.2
​ Pt. 2 100.6 ± 1.2 101.2 ± 0.6 ​ 100.8 ± 0.6 100.5 ± 0.4
​ Pt. 3 100.4 ± 0.6 101.2 ± 0.2 ​ 100.5 ± 0.7 100.4 ± 0.2
​ Pt. 4 101.9 ± 1.0 100.9 ± 0.5 ​ 101.6 ± 0.9 100.2 ± 0.4
​ Pt. 5 98.9 ± 2.3 101.4 ± 0.6 ​ 99.2 ± 0.8 100.7 ± 0.2
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Fig. 4. The dose-surface maps of the 7th fraction of patient #2. The PTV surface in the POD plan is underdosed in its central region, while the oART plan guarantees 
an adequate dose coverage to both PTV and CTV. A: anterior, P: posterior, R: right, L = left, S = superior, I = inferior.

Fig. 5. Mean (black curves) ISO95%-PTV Surface Distance Histograms (SDHs) for each patient for POD (left) and oART (right) approaches. The red dashed lines 
separate negative (no coverage) and positive (coverage) distances. The blue bands represent density intervals of the SDH at increasing inter-percentile ranges (from 
0% to 100% in 5% increments) across all fractions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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approximately 5 mm while for the Plan of the Day it extends to distances 
even beyond 1 cm.

These findings are closely related to the intrinsic characteristics of 
the two adaptive modalities [7,12], In the POD strategy, the plan is 
chosen fraction by fraction from the library of plans generated for three 
different bladder fillings. However, the bladder not only changes in 
volume but also in shape and position due to daily variations in the 
internal anatomy. Therefore, in the POD technique, the delivered plan 
should be a trade-off between CTV coverage and healthy tissue dose, 
sometimes compromising the PTV coverage. In contrast, variations in 
shape and position are effectively managed with oART, as treatment is 
re-planned based on daily anatomical changes, applying the same 
‘planning target list’ (Table S1) and a 7 mm margin around the CTV.

Re-planning based on daily anatomy minimizes both inter- and intra- 
patient variability. The Ethos − oART plans demonstrate high similarity, 
as evidenced by the standard deviations of both D98% and D50% (p <
0.001), along with consistent means for PTV mode and FWHM across all 
patients (Table 2). Additionally, the Canberra metric, which assesses 
pairwise comparisons among patients for a fixed modality, consistently 
remains below 0.5 (with an average of 0.3). This further emphasises the 
robustness of the Ethos solutions in terms of patient variability.

It is noteworthy that the lower limit of the ISO95%-PTV is always 
zero. This underlines that Ethos always respects the assigned margin, 
thereby ensuring excellent PTV coverage, almost as if it were a hard 
constraint. The optimizer’s capacity to maintain this margin suggests 
that, at least in this clinical context, there may be potential to safely 
reduce the margin.

The effectiveness of oART compared to the POD strategy is particu
larly relevant in healthy tissues sparing, as previously reported [7,8,11]. 
As shown in Fig. 2b, both HTOF95% and HTOF50%, for oART technique, 
remained consistent for each fraction and patient: information implicitly 
included in the similarity of the SDHs. HTOF95% of oART technique is, 
on average, 0.70 times that of POD, indicating a tissue saving of 
approximately 30%.

The lower performance of POD in tissue sparing is strictly related to 
the impossibility to take into account variations in shape and position, 
an intrinsic limit that, as stated before, forces a compromise between 
target coverage and irradiated healthy tissue. Evidence of this is patient 
4 in Fig. 2a, where we observed that in the first 10 fractions, despite the 
volume being relatively constant, the irradiated healthy tissue greatly 
varies.

As in previous ART studies [8,11,25], the work conducted on the 

basis of inter-fraction variations inferred from pre-treatment CBCT. 
However, to reduce the margin—a potentially achievable objective due 
to the performance of the Ethos optimizer— it is essential to incorporate 
post-treatment CBCT in future studies. This would allow for a compre
hensive assessment of residual errors attributable to intra-fraction 
variability. Additionally, the prolonged treatment times inherent to 
ART strategies may introduce variations in bladder filling. This vari
ability is patient-specific and influenced by the hydration protocols 
employed [26]. Consequently, it is crucial to consider these factors not 
only in the selection of ART strategies but also in the definition of 
treatment margins.

5. Conclusions

This study proves that the oART approach significantly outperforms 
the POD method for bladder cancer treatment. The use of surface-based 
analysis, such as cDSH and SDH, demonstrated its ability to enhance 
target coverage, consistently conform the dose to the target, minimise 
healthy tissue exposure to high radiation doses, and reduce the intra- 
and inter-patient variability. Furthermore, the findings suggest potential 
for reduced CTV-to-PTV margins in oART treatment, which could in turn 
reduce the risk of gastrointestinal toxicity.
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Table 2 
Mean and standard deviation of FWHM and mode of the SDH for both simulated 
treatment modalities. Results are shown for both PTV and CTV.

PTV CTV

POD oART POD oART

Pt. 
1

FWHM 
[mm]

4.16 ±
1.17

1.90 ±
0.33

​ 4.36 ±
1.18

2.84 ±
0.49

​ Mode [mm] 6.10 ±
1.63

3.72 ±
0.59

​ 13.76 ±
1.88

11.79 ±
0.73

Pt. 
2

FWHM 
[mm]

5.64 ±
1.89

1.73 ±
0.36

​ 7.59 ±
1.66

2.93 ±
0.54

​ Mode [mm] 3.73 ±
1.76

3.00 ±
0.34

​ 12.43 ±
1.97

11.20 ±
0.53

Pt. 
3

FWHM 
[mm]

5.40 ±
1.06

1.94 ±
0.29

​ 6.34 ±
1.54

3.43 ±
0.87

​ Mode [mm] 5.38 ±
1.54

3.65 ±
0.29

​ 13.80 ±
1.64

12.17 ±
0.70

Pt. 
4

FWHM 
[mm]

5.27 ±
1.43

1.92 ±
0.34

​ 6.30 ±
1.79

2.82 ±
0.46

​ Mode [mm] 5.48 ±
1.53

3.27 ±
0.19

​ 13.92 ±
1.82

11.35 ±
0.43

Pt. 
5

FWHM 
[mm]

4.89 ±
1.22

1.98 ±
0.26

​ 6.42 ±
2.36

3.60 ±
1.04

​ Mode [mm] 3.75 ±
2.29

3.57 ±
0.34

​ 12.38 ±
2.75

11.63 ±
0.56
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