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Investigation of the reproducibility of bladder dose- volume 
histogram (DVH) in prostate tomotherapy using the center of 

mass of the bladder in daily megavoltage computed 
tomography (MVCT) images 

INTRODUCTION 

Radiotherapy is one of the most important               
methods for the treatment of prostate cancer. The 
first goal of radiotherapy is to deliver the prescribed 
dose to the target, and the second goal is to reduce 
radiation to organs at risk (OAR), which can be             
accomplished by using image-guided radiotherapy 
(IGRT) and improving equipment accuracy (1, 2). The 
IGRT framework is used to study OARs intra- and 
inter-fractionally (3). The DVH is a significant and 
widely used definition for limiting radiation exposure 
to OARs. Clinically, the DVH is used to determine  
constraint doses. A correlation between DVH and 
clinical outcomes is required to explain acute and late 
effects. This correlation also explains dose con-
straints (4, 5). The findings from the correlation of side 

effects and DVHB in prostate treatment vary greatly, 
and no comprehensive agreement has yet been 
reached (3, 6-13). One of the most important                    
characteristics of a scientific claim is the                             
reproducibility of a scientific test (14, 15). DVHB must be 
reevaluated for these reasons. Is DVHB reproducible if 
all treatment conditions for a patient are fixed, such 
as the prescribed dose, BV, treatment plan (TP),             
radiotherapy machine, and positioning during                
treatment? Is a patient's or a group of patients' DVHB 
during treatment under completely fixed conditions 
solely dependent on BV? Our goal is to respond to 
these inquiries. According to the fact that prediction 
is an important criterion for scientific hypothesis (16), 
we investigated DVHB using two predictor models 
based on two approaches. To improve accuracy, we 
studied patients both individually and in groups. This 
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ABSTRACT 

Background: The DVH is the most used radiotherapy formulation. DVH plays a 
fundamental role in determining dose constraints and side effects. Volume also plays 
the main role in calculating DVH. In prostate treatment, there is no comprehensive 
consensus on determining the association between bladder volume (BV) and side 
effects. Our aim is to investigate the reproducibility of bladder DVH (DVHB). D50%BV 
(dose received by 50% of BV) is used to analysis DVHB. Materials and Methods: We 
contoured the bladder of 467 daily MVCT images of fifteen prostate cancer patients 
who underwent tomotherapy. Using R software 4.2.3, the correlation between the 
bladder center of mass (XCM, YCM, ZCM), BV with D50%BV were modeled by the 
mixed model. Two prediction models were presented for D50%BV, the first model was 
based on BV and (XCM, YCM, ZCM), the second model was based on BV. Results: 
Statistical analyses revealed that independent factors YCM, ZCM, and BV have a 
significant influence on the response variable D50%BV. According to mixed model, 
YCM has a positive correlation with D50%BV, while ZCM or BV has a negative 
correlation. XCM does not significantly affect D50%BV. Akaike Information Criterion 
(AIC) index indicated that first model has a higher goodness of fit than second one. 
Conclusion: Our findings demonstrate that bladder location also affects D50%BV, in 
addition to BV. It can be concluded that DVHB is not always repeatable as a scientific 
claim. 
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study investigates the reproducibility of bladder 
DVHB in prostate tomotherapy and explores the      
correlation between bladder location and DVHB. This 
aspect has not been thoroughly examined in prior 
scientific literature. 

 

 

MATERIALS AND METHODS 
 

Selection of patients 
A retrospective analysis was conducted on all               

prostate cancer patients who underwent treatment at 
Pars Radiotherapy Center between 2019 and 2021, 
utilizing the Tomotherapy machine X9 (Accuray, 
USA). Patients with partial inclusion of the bladder in 
the MVCT images were excluded. Finally, eight                  
patients received the prescribed dose of 69 Gy, three 
received 72 Gy, and four received 78.2 Gy. 15 patients 
treated using the simultaneous integrated boost (SIB) 
technique are: 
Group1: patients 1 to 8 with a prescribed dose of 69 
Gy 
Group2: patients 9 to 11 with a prescribed dose of 72 
Gy 
Group3: patients 12 to 15 with a prescribed dose of 
78.2 Gy 
 

Preparation of patients 
One hour before the CT-planning and MVCT              

procedures, patients were instructed by the physician 
to empty their bladders, consumed four 150 mL 
glasses of water at 15-minute intervals, and                      
subsequently evacuate their bowels. The patients 
were irradiated while supine with knee support.              
Prior to each treatment session, an MVCT scan was 
conducted, and the MVCT image was aligned with the 
planning CT using the femur as a marker. The               
patient's bladder volume (BV) was checked out, and if 
the findings deviated from the initial plan, the patient 
was instructed to either void or fill their bladder once 
more. The MVCT imaging procedure was performed 
again within a time frame of 30 to 60 minutes. 

 

Dose calculation on MVCT 
To calculate the daily dose in the BV, the MVCT 

images were rigidly auto-aligned on the KVCT-plan 
image (or original plan) using MIM software version 
6.1 (MIM Software Inc., Cleveland, OH, USA). For             
every patient in our study, we included one                     
KVCT-plan image and a total of 28 to 36 MVCT               
images. Using MIM software, the bladders of 15               
patients-a total of 467 MVCT and CT-planning             
images-were contoured. The software MIM was              
utilized to extract the data for BV, DVHB, XCM, YCM, ZCM, 
and D50%BV. The coordinates (XCM, YCM, ZCM) represent 
the center of mass of the BV (figure 1). We chose D50%

BV as a representative DVHB for the analysis of DVHBs. 

We utilized R software version 4.2.3 to examine the 
correlation between D50%BV, XCM, YCM, ZCM, BV, and the 
treatment group. We performed this task individually 
for each group, collectively for all groups, and           
cumulatively for the combined total of all three 
groups. 

Statistical analysis 
In the first step, with the backward method, a  

linear equation was created between D50%BV (the               
response variable) and predictor variables (X, Y, Z, 
and volume) for each group and the whole data, and 
then the model was estimated (figure 2). In the                
second step, we used mixed regression to add             
random effects (individual-specific effects) to the 
final linear regression model in the previous step. 
The random effect of an independent variable means 
the existence of different coefficients for a variable 
for each person in a group, but the fixed effect of an 
independent variable means the existence of a              
coefficient for a variable for all people in a group. It 
can be said that fixed effects indicate the                           
characteristics of a group and random effects indicate 
the characteristics of an individual. Intra-class                
correlation (ICC) was used to report random effects, 
and a larger Adjusted ICC indicates the performance 
of mixed regression versus linear regression. In the 
last step, we compared the final model resulting from 
the mixed regression (the first model) with the              
volume-based regression model (the second model) 
using the AIC index. A model with a better fit has a 
lower Akaike index. Prior to their inclusion in the 
regression analysis, we used a process of                         
standardization to all variables. The analyses were 
performed utilizing R software version 4.2.3. 
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Figure 1. Center of mass contoured bladder of one patient 
using MVCT image: A. Axial, B. Coronal, C. Sagittal, is from left 
to right (laterally),  is from anterior to posterior, and  is from 

inferior to superior in MIM software. 
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RESULTS 
 

The investigation included a retrospective                 
enrollment of 15 patients who had been diagnosed 
with prostate cancer. The number of imaging                  
instances per patient varied from 29 to 37. The                
collective data obtained from the therapy sessions of 
the 15 patients in the study yielded a total of 467 data 
points. Among these, 247 data points were attributed 
to 8 patients in the first treatment group, 92 data 

points were associated with 3 patients in the second 
treatment group, and 137 data points were linked to 
4 patients in the third treatment group. Table 1              
displays the largest and smallest bladder volumes of 
the patients, which can be compared to the bladder 
volume of the treatment plan. In order to visually 
represent the distribution of the dose in the bladder, 
one can also observe the maximum, minimum, and 
mean doses. 
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Figure 2. Flowchart of statistical analysis to generate a mixed model for predicting bladder D50%BV based on two different               
concepts: the variables of the first model include XCM, YCM, ZCM and bladder volume (BV); The variables of the second model 

include only BV. VIF: variance inflation factor. AIC: Akaike Information Criterion. 

Patient 
No. 

Prescripti
on Dose 

(Gy) 

BVplan BVmin BVmax PSA 
(ng/ml) 

Age Prostatectomy Volume 
(mL) 

Dmax 
(Gy) 

Dmin 
(Gy) 

Dmean 
(Gy) 

Volume 
(mL) 

Dmax 
(Gy) 

Dmin 
(Gy) 

Dmean 

(Gy) 
Volume 

(mL) 
Dmax 
(Gy) 

Dmin 
(Gy) 

Dmean 
(Gy) 

1 69 100.18 74.52 26.19 52.88 51.31 74.35 26.35 50.45 291.97 74.43 16.17 43.3 2.55 69 yes 
2 69 121.04 72.25 15.45 50.35 83.38 72.1 15.73 51.68 124.54 72.24 15.6 49.57 1.55 82 no 
3 69 132.19 70.77 33.38 51.81 76.42 70.73 33.97 52.86 689.25 70.69 29.56 44.26 7.42 59 no 
4 69 105.3 73.16 24.67 51.25 70.3 72.99 24.82 50.42 211.64 72.85 21.33 46.5 4.22 69 yes 
5 69 228.35 72.9 25.65 47.37 100.53 72.78 26.06 50.38 467.07 72.83 25.03 45.27 1.04 62 yes 
6 69 154.4 73.75 10.01 39.69 91.01 73.6 10.96 45.22 364.18 73.43 10.04 35.73 0.21 55 yes 
7 69 204.53 73.78 18.85 42.67 103.83 73.79 20.36 48.09 343.05 73.82 18.92 38.98 4.1 78 yes 
8 69 159.88 72.14 14.68 36.01 101.61 72.12 15.28 40.98 279.44 72.08 14.69 35.75 0.28 58 yes 
9 72 155.57 75.58 2.11 30.28 56.1 75.84 3.21 24.31 232.61 74.97 1.34 26.36 13 75 no 

10 72 143.49 77.3 4.53 36.94 71.89 77.23 4.81 39.45 286.08 77.33 2.06 27.67 8 55 no 
11 72 117.88 75.84 16.25 42.85 94.14 75.93 16.21 43.85 307.89 76.24 15.37 38.04 3 59 no 
12 78.2 343.9 84.11 1.11 22.05 104.25 83.94 9.55 44.88 544.96 82.85 0.68 12.9 1 56 no 
13 78.2 295.79 82.76 2.22 32.31 88.83 81.01 13.52 49 498.4 82.58 1 19.22 0.42 72 no 
14 78.2 93.45 81.84 7.39 29.91 76.95 82.56 7.42 31.95 188.13 82.41 1.87 22 6 69 no 
15 78.2 136.88 82.33 7.28 36.36 79.04 82.94 10.37 48.7 319.58 83.11 3.01 32.89 9.35 62 no 

Mean 72.05 166.19 76.20 13.98 40.18 83.30 76.12 15.91 44.81 343.25 76.12 11.78 34.56 4.14 65.33 Yes ≈ 67% 
No ≈ 33% SD 1.04 18.80 1.14 2.62 2.41 4.29 1.14 2.28 2.05 38.63 1.15 2.50 2.82 0.99 2.26 

BVplan, Bladder Volume of the original plan; BVmin, Minimum bladder volume; BVmax, Maximum bladder volume, PSA, prostate-specific antigen 

Table 1. Charisticts of patients with prostate cancer who underwent treatment using tomotherapy. 

Assessment of DVH plots 

In this study, all DVHB patients were examined, 
and intentionally, some of them were drawn for             
better visibility (figure 3). Three important aspects 
were observed in the results: The same BVs from the 
same patient resulted in very different DVHBs,          
indicating a lack of reproducibility of the test; 2) As 
BV increases, DVHB is expected to decrease, but       

contrary to expectation, an increase in BV sometimes 
results in an increase in DVHB, suggesting that a           
parameter other than BV plays a role in DVHB; 3) 
Some DVHB curves with different BVs of the same 
patient overlap, and it can be seen that there is no 
regular pattern when comparing two DVHB curves of 
the same patient with increasing BV, DX % (dose             
absorbed by X% of volume). 
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Equations obtained from the first model 
In this study, according to table 2, three                  

equations were presented for groups 1, 2, and 3, and 
one equation for all three groups: 

Intercepti+YCM+ZCM+ZCMi    (Group 1) 
D(50%BV)~ Intercepti+YCM+ZCM+Volume    (Group 2) 

Intercepti+YCM+ZCM+Volume+YCMi (Group 3) 
Interepti+Intercept+YCM+ZCM+Volume+Volu
mei+Group           (Total) 

 

The constant values of random effects (Intercepti) 
and the coefficients of random effects (ZCMi and YCMi) 
were calculated for each patient in groups 1, 2, and 3. 
The fixed effects coefficients (YCM, ZCM and Volume) 
were calculated for each group and are shown in            
table 3. The predicted outcomes of these equations 
are displayed in figure 4. 
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Figure 3. Dose volume histogram of bladder (DVHB) during prostate tomotherapy. 1 to 8 first group, 9 to 11 second group, 12 to 15 

third group. The BV (ml) is sorted from smallest (purple) to largest (red), indicating in parentheses the treatment session number 
and the number after the first or second image control in the same treatment session. Session zero (black) shows the original plan. 
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  Factor in Model AIC Log Likelihood Likelihood Ratio X2 Df of X2 p-value 

Group 1 

Volume, XCM, YCM, ZCM 141.63 -63.814 0.458 1 0.499 
XCM, YCM, ZCM 140.09 -64.043       

Factor Volume removed of Model 
XCM, YCM, ZCM 140.09 -64.043 2.185 1 0.139 

YCM, ZCM 140.271 -65.135       
Factor XCM removed of Model 

YCM, ZCM 140.271 -65.135       
YCM, ZCM, ZCMi 94.361 -40.181 49.908 2 <0.001 

Factor ZCMi Added to Model 
Final Model in Group 1: D50%BV ~ Intercepti + YCM + ZCM + ZCMi 

Group 2 

Volume, XCM, YCM, ZCM 114.67 -50.338 0.448 1 0.503 
Volume, YCM, ZCM 113.12 -50.562       

Factor XCM removed of Model 
Final Model in Group 2: D50%BV ~ Intercepti + YCM + ZCM + Volume 

Group 3 

Volume, XCM, YCM, ZCM 105.98 -45.991 0.098 1 0.754 
Volume, YCM, ZCM 104.08 -46.040       

Factor XCM removed of Model 
Volume, YCM, ZCM 104.08 -46.040       

Volume, YCM, ZCM, YCMi 98.72 -41.36 9.36 2 0.009b 
Factor YCMi Added to Model 

Final Model in Group 3: D50%BV ~ Intercepti + YCM + ZCM + Volume + YCMi 

Total 

Volume, XCM, YCM, ZCM, Group Treatment 141.41 -61.703 0.633 1 0.426 
Volume, YCM, ZCM, Group Treatment 140.04 -62.020       

Factor XCM removed of Model 
Volume, YCM, ZCM, Group Treatment 140.04 -62.020       

Volume, YCM, ZCM, Group Treatment, Volumei -68.702 44.351 212.74 2 2.2e-16a 
Factor Volumei Added to Model 

Final Model in Total: D50%BV ~ Intercepti +Intercept + YCM + ZCM + Volume + Volumei + Group 
Significance codes:  0 ‘a’, 0.001 ‘b’, 0.01 ‘c’ and 0.05 ‘d’, AIC: Akaike Information Criterion, Df of X2: Degree of freedom X2 

Table 2. The process of obtaining the final mixed regression equation, as depicted in figure 2, involves following a series of steps. 
The random effect is represented by the index i. 

Table 3. Estimating regression coefficients for fixed and random effects in the mixed regression of the first and second models by 
treatment group and comparing them using Akaike's index. The random effect is represented by the index i. 

    First Model Second Model 

GROUP 1 

Factors in 
Model 

Intercepti ICC Subjects o.842 Intercepti ICC Subjects 0.816 

ZCM Coefficient (95%CI) -1.14[-1.68, -0.59]b (VIF=1.03) Volume Coefficient(95%CI) -0.49[-0.69, -0.30]c 

YCM Coefficient (95%CI) 0.24[0.18,0.31]a (VIF=1.03) Volumei ICC Volume (within Subjects) 0.070 

ZCMi ICC Z (within Subjects) 0.141     

Adjusted ICC 0.983 0.886 

AIC 94.361 172.538 

GROUP 2 

Factors in 
Mode 

Intercepti ICC Subjects 0.031 Intercepti ICC Subjects 0.768 

ZCM 
Coefficient (95%CI) -0.76[-0.91, -0.50]a  

(VIF=1.095) 
Volume Coefficient (95%CI) -0.48[-0.76, -0.19]c 

YCM Coefficient (95%CI) 0.21[0.08,0.35]a  (VIF=1.12) Volumei ICC Volume (within Subjects) 0.027 

Volume Coefficient (95%CI) -0.38[-0.47, -0.29]c  (VIF=1/03)     

Adjusted ICC 0.031 0.795 

AIC 113.1 132.4 

GROUP 3 

Factors in 
Mode 

Intercepti ICC Subjects o.973 Intercepti ICC Subjects 0.849 

ZCM Coefficient (95%CI) -2.10[-2.91, -1.25]a (VIF=3.37) Volume Coefficient (95%CI) -0.93[-1.01, -0.84]a 

YCM Coefficient (95%CI) 0.63[0.12,1.13]c (VIF=1.09)     

Volume Coefficient (95%CI) -0.45[-0.61, -0.30]a (VIF=3.33)     

YCMi ICC Y (within Subjects) 0.016     

Adjusted ICC 0.989 0.849 

AIC 98.7 150.7 

TOTAL 

Factors in 
Mode 

Intercepti ICC Subjects 0.90 Intercepti ICC Subjects 0.90 

Intercept Coefficient (95%CI) 0.86[0.14, 1.63]c Volume Coefficient(95%CI) -0.43[-0.54, -0.32]a 

Volume Coefficient (95%CI) -0.25[-0.36, -0.13]a (VIF=1.15) Volumei ICC Volume (within Subjects) 0.040 

ZCM Coefficient (95%CI) -0.54[-0.76,-0,32]a (VIF=1.21)     

YCM Coefficient (95%CI) 0.29[0.24, 0.34]a (VIF=1.03)     

Group2(ref: Group1) Coefficient (95%CI) -1.40[-2.89, 0.04]c (VIF=1.06)     

Group3 (ref: Group1) Coefficient (95%CI) -2.14[-3.54, -0.84]a (VIF=1.06)     

Volumei ICC Volume (within Subjects) 0.048     

Adjusted ICC 0.948 0.940 

AIC -68.702 67.902 

Significance codes:  0 ‘a’, 0.001 ‘b’, 0.01 ‘c’ and 0.05 ‘d’, ICC: Intra Class Correlation, VIF: variance inflation factor 
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Investigation of factors associated with D50%BV  
The model incorporated XCM, YCM, ZCM, and BV as 

independent factors, while D50%BV was designated as 
the response variable within each treatment group. 
The process leading to the derivation of the ultimate 
equation is documented in table 2. The table                
comprises a collection of noteworthy equations. As 
seen from the observations, the first group exhibits a 
correlation between D50%BV and the fixed effects of 
YCM and ZCM, along with a random effect of ZCMi. The 
model in the second group, which incorporated fixed 
effects of volume, YCM, and ZCM, exhibited the most 
optimal fit to the data. In the third group, along with 
the statistically significant fixed effects of variables 
YCM and ZCM, as well as volume, it has been seen that 
the random effect of volume is also significant. At the 

overall level of data analysis, the model incorporates 
XCM, YCM, ZCM, BV, and treatment group as                       
independent variables. It was observed that all               
independent variables, except for XCM, exhibited a 
statistically significant impact on the prediction of 
D50%BV. Additionally, it was shown that the random 
effect of volume exhibited statistical significance.  

 

Correlation between predictor variables and            
D50%BV  

To analyze the correlation between the                        
independent variables within each group and the 
variable D50%BV, please consult table 2. The results 
indicate that within the first group, variables ZCM and 
YCM exhibit contrasting weights in their ability to  
predict D50%BV. The level of D50%BV grows as the value 
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Figure 4. The vertical axis shows the standardized D50%BV and the horizontal axis shows the treatment session. The black triangles 
show D50% of the contoured bladder with the software MIM (or the actual observed values of D50%BV), the red circles show the 

values of the D50%BV of the prediction model with the first model. 
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of YCM increases and the value of ZCM lowers. While 
the observed impact of variable ZCM has a greater 
size, it is accompanied by a broader range of              
uncertainty, as indicated by its wider confidence            
interval. Additionally, the level of statistical                      
significance associated with this effect is                          
comparatively smaller. The mixed model accounted 
for 98.3% of the total variance within the group.  

In the context of the second treatment group, 
when examining the model, it is observed that the 
mixed model exhibits characteristics akin to linear 
regression. Furthermore, the ICC value derived from 
the model indicates that merely 3% of the variance 
between clusters (individuals) can be accounted for. 
Hence, it can be concluded that there is no                       
statistically significant random effect observed              
within this particular group. The correlation between 
volume and ZCM in reference to D50%BV is positive, 
whereas it is negative with respect to YCM.                        
Furthermore, the impact of volume, in terms of both 
its magnitude and significance, is somewhat lesser 
when compared to the other two effects within this 
particular group. 

Likewise, within the third treatment group,              
comparable to the second group, there exists a                
positive correlation between volume and ZCM with 
respect to D50%BV; however, a negative correlation is 
observed between volume and YCM. The random             
effect of volume is also observed to be statistically 
significant within this group. By utilizing a mixed 
model, the model has successfully accounted for 
98.3% of the total variance. 

The findings of the mixed model analysis for              
predicting D50%BV at the overall data level are                 
presented below: There exists a notable negative  
correlation between the variables volume and ZCM 
with the parameter D50%BV, but the variable YCM              
exhibits a noteworthy positive correlation with D50%

BV. The coefficient values in table 3, together with 
their corresponding 95% confidence intervals, are 
presented. The coefficient associated with the impact 
of variable ZCM exhibits a greater magnitude               
compared to the coefficients of the other variables. 

Furthermore, it has been noted that in the second 
treatment group, as opposed to the first, the value of 
D50%BV is lower by 1.40 units. This disparity is 
deemed statistically significant at a significance level 
of 1% (P < 0.01). In the third treatment group, the 
D50%BV value is seen to be 2.14 units lower compared 
to the first treatment group. Furthermore, this                
disparity is shown to be statistically significant, with 
a p-value approximately equal to 0. The variance  
inflation factor (VIF) values for all the models show 
that the independent variables are not partially               
multicollinear. 

 

Comparison between the first model and the              
second model 

By utilizing the data presented in table 3, we may 

further analyze and contrast the first model with the 
second one. Based on the AIC values, it is safe to say 
that the model that takes into account both the             
bladder's volume and location has consistently 
shown better optimality and a higher level of                 
goodness of fit across all treatment groups. Figure 5 
visually displays the AIC values for both models  
within each treatment group. 

 
DISCUSSION 

 

Currently, there is no consensus on the                  
volume-dose threshold for GU toxicity in prostate 
radiotherapy (11). Previous studies have shown that 
DVHB parameters are not suitable for predicting  
bladder side effects (2, 17). According to Pinkawa et 
al.'s research findings (18), figure 3 unexpectedly 
shows that the increase in BV caused an escalation of 
the dose, likely causing the bladder to enter the high 
dose region. Unexpectedly, a significant decrease in 
BV resulted in a significant dose reduction (patient 
1). The initial findings in figure 3 indicate that            
bladder volumes or drinking protocols are not           
effective predictors of DVHBs, which shows the             
unreliability of DVHBs. Additionally, it suggests that 
prescribed constraint doses for the bladder may not 
always be reliable, which aligns with previous           
research (2, 17, 19). However, in order to provide a            
scientific explanation for this problem, it is necessary 
to conduct thorough statistical analyses. It appears 
that no substantial documentation has been                    
presented so far. In order to achieve this objective, 
we conducted an analysis on D50%BV, which serves as 
a representative of DVHBs. 

We presented two models to predict D50%BV: the 
first model based on BV and (XCM, YCM, ZCM), and the 
second model based only on BV. The first model is 
grounded on an innovative hypothesis that                     
incorporates considerations of the bladder's spatial 
positioning, which is the first time in this study. The 
objective of this study is to offer an explanation for 
the lack of reproducibility observed in DVHBs, as 
shown in figure 3. The statistical indicators show that 
the first model is better than the second model (table 
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Figure 5. Comparison of the first and second models using the 
Akaike index. 
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3). In more concise terms, it can be inferred that the 
positioning of the bladder in the first model indicates 
that BV is not the sole determinant in the DVH        
formula.  

The modeled equations (table 2) show that BV is 
not the only determining factor for D50%BV, so DVHB is 
not always repeatable as a scientific claim. Finally, we 
have shown that D50%BV or DVHB also depends on the 
YCM and ZCM of the bladder (or location of the                  
bladder). The fixed and random effects in these      
equations represent the group and individual               
characteristics of patients. 

The fixed effects relate to coefficients that exhibit 
uniformity across all individuals within a group or 
statistical population. In essence, these coefficients 
are applicable to all patients. The lack of variable XCM 
in the equations suggests that the bladder could be 
undergoing symmetrical expansion or contraction in 
the lateral direction. The presence of YCM with a             
positive coefficient (table 3) in all four equations  
indicates that the motion of the bladder from the  
anterior to the posterior leads to an increase in            
D50%BV. The presence of ZCM with a negative                 
coefficient (table 3) indicates the motion of the            
bladder from the inferior to the superior leads to a 
decrease in D50%BV. The negative volume coefficient 
demonstrates the inverse correlation between D50%BV 
and volume, indicating that as volume increases,  
D50%BV decreases. The variable of group 2, when  
compared to group 1, resulted in a reduction of 1.4 
units of D50%BV in the total equation. Group 3, in             
comparison to group 1, exhibited a decrease of 2.14 
D50%BV (table 3). While the prescribed dose in the 
second and third groups for the prostate was               
increased, it led to a decrease in D50%BV, which can be 
attributed to the focus of the dose in the prostate  
region. 

Random effects relate to individual characteristics 
that differ among patients. Put simply, these effects 
demonstrate that individual treatments can yield 
superior outcomes. The index i in the given equations 
denotes a specific effect related to an individual. The 
inclusion of an intercepti factor in all equations with 
high ICC (table 3) in the first and second models               
indicates the existence of a consistent and distinct 
value for each patient. The variation in these constant 
values may be attributed to the distinct morphology 
and treatment planning of the patients. At present, 
the cause of these variations remains unknown,             
necessitating additional investigation. 

The final models indicate that the D50%BV is               
dependent on the bladder's location, as shown by the 
YCM and ZCM. The final models can explain why the 
bladder may occasionally move in a different               
direction, according to Gurjar et al. (20). Despite BV 
changes and varying adherence to the bladder filling 
protocol, Smith et al. (21) show that a small bladder in 
the session image is not the reason why the             
mandatory dose constraint is not met during therapy 

in prostatic patients using MR-Linac. Nakamura et al. 
(22) did not find any association between variations in 
BV and acute cystitis. They also observed that some 
volumes above 150 ml could not reach the dose               
constraint. These studies clearly show a weak                
association between BV and DVHB, but without a 
clear explanation, which can be seen repeatedly in 
our results (figure 3). The final models (table 2) 
demonstrate that the D50%BV is influenced by both the 
location and volume of the bladder. 

Constraint doses are determined through the            
utilization of the DVH and the assessment of                
associated side effects. If the DVH is not reproducible, 
it can have an impact on the accuracy of the side        
effects analysis. Put simply, it is not possible to            
establish a robust correlation between volumes and 
side effects. Multiple studies have demonstrated a 
lack of correlation between DVHB and side effects (10, 
17, 23). The final models demonstrate that ZCM and YCM 
significantly influence the determination of DVHB. 
Several studies have demonstrated that varying  
bladder volumes do not impact the late and acute 
effects (6, 8, 13). In the final models, ZCMi, YCMi, and 
volumei represent the individual effect, or random 
effect, of each BV in patients. These effects may vary 
from one patient to another. Kupelian et al. (24) 
demonstrated that there can be variations in bladder 
changes between different patients. 

The absence of consensus regarding bladder             
toxicity (25) and volume-dose thresholds for                 
genitourinary (GU) toxicity (11) may be attributed to 
inadequacies in the definition of DVH. Although it's 
possible that additional variables (23, 26, 27) play a role 
in side effects, there is a strong likelihood that DVHB 
is not always reproducible.  

We compared the BVs of one patient, whose             
anatomical circumstances, treatment approach, and 
positioning were consistent throughout the                    
treatment. This made our investigation more               
accurate than other studies, despite the smaller             
sample size. These documents indicate that it is             
highly likely that DVHB cannot be a reliable scientific 
claim because it is not always reproducible. On the 
other hand, the DVHB curves have a definite pattern 
when the BV differences are very large (figure 3), 
which implies that when BV increases, DVHB curves 
are drawn downward, and vice versa. But it should be 
noted that even with 100% increases and decreases 
in BV, we did not always observe this definite              
pattern.  

According to the study of Gru n et al. (10), the       
uncertainty of BV is very high, and our study suggests 
that DVHB may similarly have substantial uncertainty. 
Maybe these uncertainties aren’t complicated in            
conventional treatments, but they can be important 
in stereotactic body radiotherapy (SBRT) treatments 
(28).  

The occurrence of YCM or ZCM can be attributed to 
alterations in the morphology or positioning of the 
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bladder. Through the identification of these factors, it 
is potentially feasible to enhance the reproducibility 
of DVHB. The potential enhancement of accuracy in 
drinking water protocols can be attributed to the  
reproducibility of DVHB. The extent to which YCM and 
ZCM accurately represent alterations in bladder              
position or morphology remains uncertain,                   
potentially impacting the accuracy of the                       
investigation. However, it can be argued with high 
confidence that bladder position, independent of BV, 
can play an important role in DVHB estimation.              
Mylona et al. (29) have indicated that the assessment 
of the absorbed dose area in the bladder can yield 
more accurate insights into the potential side effects 
associated with the bladder. Our hypothesis posits 
that the incorporation of the location of the bladder 
into the DVH formula (4) can yield more accurate 
information. 

Prediction is considered to be an essential criteria 
for evaluating scientific claims (16). It can be said that 
a model that has a better prediction is more                  
acceptable from a scientific point of view. With this 
assumption, the equations of the first model can be 
applied to ultrasonic probes to estimate D50%BV (30, 31). 
This study signifies a novel endeavor, thus rendering 
it impossible to make comparisons with prior studies, 
which constitutes the main limitation in our research. 

In summary, we presented two models for the 
prediction of D50%BV. The first model incorporates 
both bladder volume (BV) and bladder location, 
while the second model solely relies on BV. We find 
that the first model outperforms the second model. 
This suggests that regardless of BV, the location of 
the bladder affects the value of D50%BV or DVHB. Our 
research indicates that the DVHB lacks                               
reproducibility, which is an important feature of a 
scientific model. 
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