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OBJECTIVE

In this study, different fraction sizes in prostate cancer will be examined using a radiobiological model.

METHODS

Fifty patients diagnosed with low-risk prostate cancer who were treated between 2009 and 2021 were 
identified retrospectively. Conventional (CF) and ultra-hypofractionated (HF) volume-adjusted arc plans 
were calculated for selected prostate patients. Mathematical formulations were created for radiobiological 
modeling of tumor control probability (TCP) and normal tissue complication probability (NTCP) in the 
Matlab program. Dose-volume histogram (DVH) data of the plans were examined in the Matlab program.

RESULTS

Bladder and rectum NTCP values were significantly lower in the HF technique compared to the CF tech-
nique (p<0.05). For femoral heads, NTCP was similar (p=0.317). For the planned target volume, TCP 
values obtained with the HF technique are significantly higher compared to the CF technique (p=0.000).

CONCLUSION

Higher TCP values were obtained with the HF technique. It has been observed that normal tissues re-
ceive lower doses. This may be associated with high local control rates while providing similar toxicity. 
HF treatment may be preferred in prostate cancer because the total treatment duration is shorter and 
the dose applied to critical organs is lower. Radiobiological models are very instructive for comparing 
treatment schemes in radiotherapy plans. The Matlab program we created is a very helpful tool for the 
radiation oncologist and medical physicist to evaluate their plans.
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INTRODUCTION

Radiotherapy is one of the main treatment methods in 
cancer treatment. The aim of radiotherapy is to give as 
low radiation as possible to the surrounding healthy 
tissues while giving a high dose to the cancerous tissue. 
For this reason, tolerance doses for each organ should 

be followed, and these doses should not be exceeded 
during the treatment phase. In order for the cancerous 
cell to respond to radiation, it is important to give an 
excessive dose that can damage the cell nucleus and, at 
the same time, not exceed the tolerance dose of neigh-
boring healthy tissues in terms of not losing organ 
function. Intensive research has been carried out to in-
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crease the radiation dose for more effective treatments. 
To ensure tumor treatment efficacy, the hypofraction-
ated treatment method was tried to be completed at a 
higher dose than conventional fractionation and in a 
shorter time than conventional fractionation.[1]

Fractionation types vary according to the reduction 
of normal tissue toxicity while giving the necessary dose 
to control the cancer cell. As a result of clinical experi-
ence, the type of fractionation in which tumor control is 
achieved without losing the function of normal tissues–
a daily tumor dose of 1.8–2 Gy is applied five times a 
week–is called conventional fractionation. As the frac-
tion dose applied to the tumor exceeds 2 Gy, the tumor 
damage rate increases. Radiotherapy is one of the fre-
quently preferred treatment methods in the treatment 
of prostate cancer. Numerous studies have been carried 
out around the world for more effective radiation doses 
in the last 20 years, which have seen the radiation doses 
for these diseases being changed, especially in recent 
years. It has been shown that switching to a hypofrac-
tionated dose in prostate cancer increases the efficacy of 
treatment on the tumor, reducing the side effects, hence 
leading to cost-effective treatment.[1]

Success in clinical radiotherapy is related to radia-
tion dose. Low doses have little ability to destroy the 
tumor. Local disease control can be achieved at high 
doses. There is a sigmoidal relationship between the 
probability of tumor control and the dose. For any 
type of cancer, this curve is associated with treatment 
success. The dose-response curve depends on some 
biological factors such as the time elapsed after radio-
therapy, the duration of the radiation dose, the volume 
of irradiated normal tissue, and the quality of the beam 
used for radiotherapy in relation to the response of 
the tissues to radiation.[2] As the dose increases, the 
probability of tumor control increases, but this also in-
creases the probability of normal tissue complications. 
The dose that provides both conditions is the optimal 
treatment dose. Treatment protocols with a daily frac-
tion dose greater than 2 Gy and a fraction number of 
20 or less are called hypofractionated therapy.[1]

Preventing various complications can be achieved 
by limiting the dose to which normal tissues will be 
exposed. The dose that can control half of the tumor 
volume is called TCD50, and the TCD50 value and the 
slope of the dose-response curve are important.[3] 
For critical organs surrounding the tumor, biological 
advantage can be achieved by increasing the dose per 
fraction with the hypofractionated scheme.[4]

Conventional dose-volume histograms do not com-
pare different fractionation schemes, hence making it 

difficult to compare plans with conventional DVH.[5] 
For this reason, the comparison of the plan with the 
TCP/NTCP model is important. Its use in commercial 
planning systems is not common due to the uncertain-
ties in the parameters used in radiobiological models.[6]

The linear quadratic model (LQ) model is com-
monly used in fractionated external radiotherapy to 
describe the dose response to the survival of cells in 
the irradiated volume. TCP/NTCP curves can be used 
to compare and select the best plan for treatment.[5,7] 
Lyman developed the NTCP model for a partially ir-
radiated organ in 1985.[8]

Clinicians have to rely on the DVH characteristics 
of different tissues when evaluating a plan. The TCP/
NTCP radiobiological model uses clinical data based 
on the dose-volume characteristics of different tissues. 
Radiobiological modeling plays an important role in 
the creation of the treatment plan and in the optimi-
zation process. The radiobiological model of TCP is a 
measure of success in treatment.[7,9]

TCP and NTCP models need tissue-specific param-
eters and NTCP curves have 95% reliability. Common-
ly used NTCP models are the Lyman et al.[8] Relative 
Seriality (RS) model.[10]

Biological optimization is a treatment plan that 
takes into account radiation-related biological param-
eters, including the possibility of tumor control and the 
possibility of complications that may occur in normal 
tissue.[11] Work on TCP and NTCP began in the 1980s 
and the first half of the 1990s. These models have been 
limited to evaluating the treatment plan over time. The 
tumor can be brought under control by killing each tu-
mor clonogen (cells with the potential for uncontrolled 
division) cell. This is explained by the Poisson statis-
tics. Lack of information on cell radiosensitivity and 
clonogeny is one of the main reasons why TCP mod-
els are not used in the clinic. Organs are not homoge-
neous within themselves. For example, the apex of the 
lung is less sensitive than its other parts. This situation 
causes differences between plans for NTCP.[2,11] The 
response to radiation therapy is a multifaceted phase. 
The control of the tumor and the possibility of com-
plications in normal tissues must be determined with 
absolute accuracy, and the defined dose can be adjusted 
individually. It is necessary to take into account factors 
affecting dose and different responses to radiation. 
Mixing different data types with each other and reflect-
ing them on the treatment is possible with machine 
learning by correctly introducing TCP and NTCP con-
cepts into planning systems. This is not yet widely used 
in current treatment planning systems.[12]
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Matlab programming language is used in many ar-
eas of engineering and science. A matrix-based calcu-
lation language is used. It has a user-friendly interface 
and is practical to use. It is a program that can also be 
integrated into other programming languages.[13]

This study aims to investigate the most appropri-
ate treatment technique for clinical use by examining 
the effects of conventional and ultra-hypofraction-
ated treatment schemes on normal tissue complica-
tions and the possibility of tumor control using the 
equivalent uniform dose (EUD)-based radiobiologi-
cal model created in Matlab.

MATERIALS AND METHODS

Based on power analysis, 50 patients with localized 
prostate cancer were identified retrospectively.[14,15] 
Data were obtained for the treatment of patients di-
agnosed with prostate cancer and treated with radio-
therapy in our center between 2009 and 2021. Siemens 
Emotion Duo (Siemens Healthcare, Erlangen, Ger-
many) computed tomography (CT) simulation images 
were anonymized. The prostate bed was determined as 
the clinical target volume (CTV). PTV was created by 
giving a 10 mm margin to the CTV. The same delin-
eated contours were used for both CF and HF plans 
for an accurate benchmark. The plan acceptance crite-
rion was determined as 100% of the prescription dose 
covering at least 95% of the target volume. The criti-
cal organ dose limits for HF and CF treatment meth-
ods are shown in Table 1 and Table 2. The volumetric 
modulated arc therapy (VMAT) technique was used 

for the ultra-hypofractionated (HF) and conventional 
(CF) treatment schemes in prostate treatment.[16–18]

Treatment plans were performed using 2 arc treat-
ment fields with 6 MV x-ray energy in the Eclipse V13.6 
(Varian Medical Systems, Palo Alto, CA) treatment 
planning system. The first full arc angle was determined 
as 181–179 degrees in the clockwise direction, and the 
second full arc was determined as 179–181 degrees in 
the counterclockwise direction. A 30-degree collima-
tor angle was used to minimize leaf leakage between 
two arcs. In Figure 1, the isodoses received by the HF 
and CF plans converted to 2 Gy equivalent doses are 
compared. As seen in Figure 1, in the HF plan there are 
fewer low-dose zones and also less 50% isodose on the 
rectum. D15, D25, D35, and D50 and the mean dose val-
ues specified in RTOG 0415 were used to compare rec-
tal and bladder doses when evaluating different dose 
schemes in prostate cancer.[4]

HF and CF plan DVH is shown in Figure 2. With 
HF planning, less bladder and rectum doses, as well as 
more PTV doses, appear to be on DVH. The femoral 
heads appear to receive more doses in the low-dose re-
gion with the HF treatment technique.

For prostate cancer patients, a total of 5 fractions 
of 6.7 Gy/fraction/every other day for HF and a total 
of 39 fractions of 2 Gy/fraction/day were used as the 
conventional scheme.[15] Treatment plans were made 
with the anisotropic analytical algorithm (AAA) al-
gorithm. DVH was examined in the acquired plans. 
Organ-specific α/β values were used.[19] The relation 
between biological equivalent dose (BED) and 2 Gy 
equivalent dose (EQD2), which is used to change the 

Table 1 Prostate HF critical organ dose limits

Rectum Bladder Femural heads

V18.1 Gy <50% V18.1 Gy <40% V14.5 Gy <5%
V29 Gy <20% V37 Gy <10 cc (V37 <5 cc ideal)
V36 Gy <1 cc

V18.1 Gy <50% means Organ volume receiving 18.1 Gy dose must be less than 50%. V37 Gy <10 cc means Organ 
volume recieving 37 Gy dose must be less than 10 cc. HF: Hypofractional dose; Gy: Gray

Table 2 Prostate CF critical organ dose limits

Rectum Bladder Femural heads

V50 Gy<50% V65 Gy<50% V50 Gy<10%
V60 Gy<35%  V70 Gy<35% V65 Gy<25%
V70 Gy<20% V75 Gy<25%
V75 Gy< 15% V80 Gy<15%

CF: Conventional
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dose equivalent to 2 Gy between HF treatment and CF 
treatment, is as in Equation 1 and Equation 2.[20] The 
equations we used are as follows:

EQD2,I=Di 2
α/β

1+

1+

Di/n
α/β

 

(1)

Di fraction dose, n is the number of fractions.

BED=nd[1+α/β]d
 

(2) 

EUD= Σi=1(vi EQDi
a)1/a (3)

TCP= 1
TCD50

EUD1+ 4γ50( )  

(4)

Fig. 1. Comparison of HF and CF plans.This figure demonstrates  HF treatment plans A-1) transverse, A-2) coronal, A-3) 
sagital planes and CF treatment plans in B-1) transverse, B-2) sagittal and B-3) coronal planes.

 HF: Hypofractional dose; CF: Conventional.

Fig. 2. Comparison of CF and HF plans on DVH with 2 Gy equivalent dose. This figure shows a comparison of HF and 
CF plans with EQD2 converted doses. Square index CF, triangular index HF represents the plan. Femoral heads are 
represented in orange, rectum in blue, bladder in green, and PTV in red.

 CF: Conventional; HF: Hypofractional dose; DVH: Dose-volume histogram; EQD2: Gy equivalent dose; PTV: Planning target volumes; Gy: Gray.
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a and γ are the unitless model parameters for nor-
mal and target volume. vi is the volume that receives 
the Di dose in its partial volume. nf is the number of 
fractions. α/β is a tissue-specific parameter according 
to the linear quadratic model. In radiotherapy, TCP 
≥0.5 and NTCP ≤0.05 are generally preferred.[21]

EUD gives information about equivalent doses 
that produce the same biological effect between two 
dose distributions. 2 Gy radiation dose is a parameter 
that represents the clonogen number and sensitivity 
to radiation.[9]

Gay and Niemerko calculated the NTCPGN ac-
cording to the mean lung dose.[21] Accordingly, the 
NTCPMLD account is as follows:

NTCPGN= 1
TD50

EUD1+ 4γ50( )  

(5)

In Equation 3, Equation 4, and Equation 5, Vi is 
the volume of the organ that receives the Di dose, and 
a=1/n is the tissue-specific partial volume parameter. 
TD50 is the dose that causes 50% damage when the rel-
evant organ is irradiated homogeneously.

There are programs in the literature for TCP and 
NTCP calculations.[21] Niemerko used the Matlab 
programming language to calculate the EUD model 
TCP-NTCP.[22] The DVH data obtained from the 

treatment planning system were transferred to the 
Matlab program in American Standard Code for In-
formation Interchange (ASCII) format. Table 3 gives 
the parameters used in prostate cancer for Niemerko’s 
EUD-based radiobiological model.[21,23]

In our study, we used Equations 1, 2, 3, 4, and 5 
for TCP and NTCP evaluation. Cumulative DVH data 
were calculated for PTV, bladder, rectum, and femoral 
heads in HF and CF prostate cancer plans.[22,24]

The Statistical Package for the Social Sciences 
(SPSS) V25 program was used for statistical analysis. 
Whether the data showed normal distribution was ex-
amined with the Kolmogorov-Smirnov test. Paired t-
test was applied to normally distributed data sets, and 
Wilcoxon matched-pair signed-rank test was applied 
to data sets that did not show normal distribution. Val-
ues below p<0.05 were considered significant based on 
the alpha error rate of 5%.

RESULTS

Table 4 shows the doses received by the rectum, blad-
der, and femoral heads in accordance with the stereo-
tactic and conventional fractionation for prostate can-
cer. Rectal dose-volume statistics were shown to be 
statistically lower with stereotactic radiotherapy. The 

Table 3 NTCP radiobiological model critical organ values for prostate cancer

Organs a γ50  TD50 (Gy) TCD50 (Gy) Df (Gy) α/β 
    (tolerance dose) (tumor control dose) (fraction dose) 

Prostate -10 1 – 28.34 2 1.20
Rectum 8.33 4 80 – 2 3.90
Bladder 2 4 80 – 2 8
Femural heads 4 4 65 – 2 0.85

a and γ50 are the unitless model parameter for the relevent organ. α/β is a tissue-specific parameter according to the linear quadratic model . NTCP: Normal tis-
sue complication probability; Df: Degrees of freedom

Table 4 Dosimetric parameters of critical organs for prostate cancer

Organ dose Rectum  Bladder  Femural heads 
values 

  CF (cGy) HF (cGy) p CF (cGy) HF (cGy) p CF (cGy) HF (cGy) p

Mean dose 3491.700 3267.300 0.030 2658.600 2479.900 0.240 825.100 1332 0.000
D15  6046.600 5667.200 0.016 5278.400 4873.1 0.110 1187.100 2034.700 0.000
D25  4837.300 4515.300 0.005 3923.700 3494.7 0.120 1051.800 1842.300 0.000
D35  4184.800 3942.400 0.002 2948.700 2614.9 0.190 958.400 1699.100 0.000
D50  3546.100 3330.600 0.037 1842.700 1669 0.290 835.700 1444.300 0.000

D15 means dose received by 15% of the relevant organ. D25 means dose received by 25% of the relevant organ, etc. CF: Conventional; HF: Hypofractional dose
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dose-volume histogram data of the bladder in conven-
tional and hypofractional therapy did not show any 
significant differences; however, the application of con-
ventional fractionation resulted in lower doses to the 
femoral heads.

The radiobiological effects of hypofractional and 
conventional treatment techniques on low-risk prostate 
cancers were shown in Table 5. There was a significant 
difference in TCP values in favor of hypofractionated 
treatment. EUD values were also significantly higher 
for PTV in hypofractionated planning.

As shown in Table 6, the probability of normal 
tissue complications in both treatment modalities is 
the same, even though EUD for the femoral heads in 
hypofractionated treatment is higher than in conven-
tional treatment in the low-dose region.

It was discovered that the bladder EUD and NTCP 
values were significantly lower in hypofractional treat-
ment. The NTCP value was computed lower in the hy-
pofractionated treatment technique, despite the fact 
that the rectum EUD values were similar in both treat-
ment approaches.

DISCUSSION

In this study, we have compared the conventional 
fractionation (CF) and ultra-hypofractionated (HF) 
radiotherapy techniques in the treatment of low-risk 

prostate cancer. This comparison focused on the tumor 
control probability (TCP) and normal tissue complica-
tion probability (NTCP) using radiobiological models. 
Radiobiological models were created in the Matlab pro-
gramming language. Factors TCD50, TD50, γ, and aaa 
explained in the methods section were used for TCP 
and NTCP radiobiological model calculations.[25]

Nuraini et al.[25]  found that normal tissue cells 
were repaired 15 hours after irradiation. When the time 
between fractions is less than 15 hours, normal tissue 
damage will increase. At the same time, they examined 
using TCP and NTCP models that the irradiation time 
should be kept short in order to increase tumor dam-
age. This emphasizes the importance of fraction size. 
Consistent with this study, we found our TCP & NTCP 
data to be significantly different in favor of HF plans.

Mesbahi et al.[26]  compared 3D conformal and 
intensity-modulated radiotherapy plans for prostate 
cancer using radiobiological models. They used Pois-
son, EUD, and Lyman-Kutcher-Burman radiobiologi-
cal models for TCP and NTCP calculations. Radiobio-
logically, they observed that critical organs were better 
protected in intensity-modulated radiotherapy (IMRT) 
plans. It is more preferable due to the clinical results of 
HF treatment, because a higher dose could be delivered 
to the tumor in a short treatment time.[27,28] Schell 
et al.[5] compared hypofractionated (HF) and conven-
tional fractionation (CF) radiotherapy in prostate can-
cer, demonstrating consistent findings regarding the 
benefits of HF. However, in clinical practice, it is very 
important to carefully evaluate parameter values to 
prevent the risks of inadequate dosage. Consistent with 
our study, it addresses the importance of precision in 
treatment planning while acknowledging the benefits 
of HF. Schell et al.[5] when they compared the plans 
prepared with prostate HF and CF doses with the treat-
ment planning system using the radiobiological model, 
observed that there was no significant difference be-
tween the doses received by the target volume, and 
normal tissues received less doses in the HF treatment.

Table 5 Tumor control probability (TCP), equivalent uni-
form dose (EUD) results for prostate cancer

  Hypofractional Conventional p 
  dose (HF) dose (CF)

EUD (Gy) 86.268 80.972 0.000
TCP (%) 98.844 98.516 0.000
Mean dose (cGy) 8418.619 8001.156 0.000

Wilcoxon Signed Rank test was used for statistical analysis. Significance level 
is 0.05

Table 6 Normal Tissue Complication Probability (NTCP) and equivalent uniform dose results

Organs  NTCP  p  EUD (Gy)  p

  CF  HF  CF  HF

Rectum 0.707  0.785 0.018 57.890  57.969 0.512
Bladder 0.011  0.004 0.000 32.420  30.795 0.000
Femural heads 0.000  0.000 0.317 4.614  8.295 0.000

Wilcoxon Signed Rank test was used for statistical analysis. Significance level is 0.05. EUD: Equivalent uniform dose; CF: 
Conventional; HF: Hypofractionated; Gy: Gray
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The HF technique demonstrated significantly high-
er TCP values compared to the CF technique, indicat-
ing a greater likelihood of tumor control with the HF 
regimen. This is attributed to the higher doses admin-
istered to the tumor over fewer fractions, which inten-
sifies the radiation effect while reducing overall treat-
ment time. These findings align with the results of other 
studies, such as those conducted by Clemente-Gutiér-
rez et al.[24] and Sukhih et al.[29] which have also em-
phasized the effectiveness of HF regimens in increasing 
TCP and reducing NTCP values for normal tissues.

Our results show that the NTCP values for bladder 
and rectum were significantly lower in the HF plans 
compared to CF plans, suggesting that HF is less likely 
to cause complications in these tissues. This is consis-
tent with Mesbahi et al.[26]’s findings, which indicated 
better protection of critical organs with intensity-mod-
ulated radiotherapy (IMRT) plans. The femoral head 
NTCP values did not show significant differences be-
tween the two techniques, suggesting comparable safe-
ty profiles in this regard.[20]

The HF technique’s higher TCP and lower NTCP 
values for critical organs indicate that this method may 
offer superior clinical outcomes compared to CF. HF 
treatment, with its shorter overall duration, is more 
convenient for patients and may result in fewer side ef-
fects. This aspect of patient comfort and reduced treat-
ment burden is crucial in clinical settings.

Clemente-Gutiérrez et al.[24] conducted a study 
on the use of biological parameters in treatment plan 
quality control, where they stated that radiobiological 
models are an alternative method for evaluating pre-
treatment plans.

The use of radiobiological models proves invalu-
able in comparing different treatment schemes and 
should be a standard component of radiotherapy 
planning systems.[26,28] As a result of comparing 
hypofractionated and conventional dose treatment 
techniques, higher TCP and EUD values were ob-
tained with hypofractionated treatment. Low NTCP 
and EUD values were obtained with the hypofraction-
ated treatment technique for prostate cancer normal 
tissues. Radiobiological models are very instructive 
for comparing treatment schemes in radiotherapy 
plans. When we compare the hypofractionated dose 
with the conventional dose for prostate cancer, the 
doses obtained are within acceptable limits. Signifi-
cant reductions in rectal doses were obtained with 
hypofractionation. Since SBRT treatment takes a 
shorter time, it is more advantageous than conven-
tional fractionation in terms of patient comfort.

CONCLUSION

The HF technique’s higher TCP and lower NTCP val-
ues for critical organs indicate that this method may 
offer superior clinical outcomes compared to CF. HF 
treatment, with its shorter overall duration, is more 
convenient for patients and may result in fewer side ef-
fects. This aspect of patient comfort and reduced treat-
ment burden is crucial in clinical settings.

While our study provides compelling evidence sup-
porting the use of HF in low-risk prostate cancer, it is 
essential to consider the limitations associated with ra-
diobiological modeling. Factors such as individual pa-
tient characteristics, tissue-specific responses, and other 
treatment variables like chemotherapy and surgery must 
be accounted for in future studies. Integrating compre-
hensive radiobiological models into clinical practice 
will enhance treatment planning and outcomes.

High fraction doses are especially suggestive for nor-
mal tissue complications compared to standard fraction 
doses. Since many factors, such as NTCP modeling, pa-
tient characteristics, cell structure, chemotherapy, and 
surgery, affect toxicity, studies should be conducted 
to include all parameters. Radiobiological models are 
needed for safer and more curative treatments at high 
doses. Since it is difficult to compare different plans 
with normal DVH, radiobiological model parameters 
should be integrated into today’s planning systems in 
order to determine the damage to the tissue, and treat-
ment plans should be created with these parameters.

The study’s findings underscore the potential ben-
efits of HF radiotherapy in achieving higher tumor 
control with fewer complications compared to con-
ventional fractionation. These insights are pivotal for 
optimizing prostate cancer treatment protocols and 
improving patient quality of life.
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