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1. ABSTRACT

Currently, proton therapy is the most promising in radiation therapy because of its advantages over the photon therapy popularly used in clinical. The most challenging problems of proton therapy have been the accuracy of evaluation and optimization of the dose distribution in treatment planning while considering the uncertainties. The solvings of these problems are essential in clinical because they ensure the adequate dose to the tumor and limiting the dose to the organs at risk.

For robust evaluation, thesis used DVPH tool (Dose Volume Population Histogram tool) (Nguyen TB, 2009) to evaluate the dose distribution at a certain confidence level while considering the uncertainties in the treatment day. Dose distribution under the influence of different systematic and random errors was calculated by recalculating the planned dose distribution in a number of spatially shifted versions of the patient’s CT. By incorporating the probablities of random and systematic errors into the corresponding dose distributions, the dose distribution affected by random and systematic errors simultaneously was obtained. DVPH and CL-DVPH of tumor and organs at risk are calculated by analyzing these dose distributions. This research was performed on two prostate patients and two head and neck patients.

For robust optimization, thesis used the optimization method based on miCTV (multiple isocenter Clinical Target Volume). The isocenter is on the surface of the sphere with the radius of CTV-PTV margin which is 1,2 cm at the confidence level of 90% (van Herk, 2000). The positions in the sphere are negligible due to the assumption that the smaller errors will generally lead to smaller dosimetric errors (Chen, 2012). The objective function is the sum of all objective funtions at all considered errors to the power b. For b>1, the worse the dose distribution, the larger the contribution to the objective function. The optimization algorithm based on the gradient method was used to find the optimum fastest (Jorge Nocedal and Stephen J.Wright, 1999). The treatment plans of one prostate patient and one head and neck patient were optimized using miCTV-based method. 

For robust evaluation of IMPT (Intensity Modulated Proton Therapy) plan, using DVPH tool the results showed that the minimum dose of the PTV is not represent the minimum dose of the CTV, especially for the head and neck case. For prostate case, using 90% CL-DVPH the minimum doses of CTV are 89% and 92% of the prescribed dose, whilst the minimum dose of PTV is 95% of the prescribed dose for both cases. For head and neck case, using 90% CL-DVPH the minimum doses of CTV are 68% and 74% of the prescribed dose while the minimum dose of PTV is 95% of the prescribed dose for both cases. The 95% isodose coverage of PTV does not ensure the 95% isodose coverage of the CTV for head and neck case.

For organs at risk with parrallel structure, such as rectum and bladder, DVH (Dose Volume Histogram) of OAR (Organs At Risk) does not represent the dose distribution at any confidence levels. For organs at risk with the serial structure, such as brainstem and spinal cord, DVH underestimates the maximum dose at the confidence level of 90%. For the brainstem, using 90% CL-DVPH, the maximum doses are 39,6 and 43,8 Gy compared to 19,5 and 37,5 Gy from OAR DVH evaluation. For the spinal cord, using 90% CL-DVPH, the maximum doses are 27,6 and 30,6 Gy compared to 13,5 Gy for both cases from OAR DVH evaluation. 

For miCTV-based optimization, the results showed that the dose distribution is better than the one from PTV-based optimization whilst considering the uncertainties. For prostate case, at the confidence level of 90%, V95% (the volume receiving the dose larger than 95% of prescribed dose) of the CTV increases from 99% to 100%. For head and neck case, V95% of the CTV increases from 80% and 97% to 76% and 84%. For organs at risk, at the dose-volume limits, the volumes receiving the certain doses decrease to a half. The maximum doses reduce 1,5 times for the brainstem and 2,5 time for the spinal cord compared to the one from the PTV-based optimization.
So far, the thesis has resolved basically the two most challenging problems in IMPT. DVPH tool could be used to evaluate the IMPT plan at any desired confidence levels. DVPH can be calculated in the interval between the time where planners finished plans and physicians performed a final plan review. miCTV-based optimization could be used improved the minimum dose and the 95% isodose coverage of the CTV. 

2. NOVEL RESULTS

- The results showed that the using of PTV concept is not valid in IMPT for the homogenous water phantom, prostate case and head and neck case for the shifts perpendicular to the beam axis. The reason is that the shift invariance assumption is not valid. 

- DVPH tool is recommended for evaluating the IMPT plan. The results showed that the evaluation based on PTV DVH and OAR DVH is not suitable in IMPT. The minimum dose of PTV is not represent the minimum dose of the CTV for prostate and head and neck cases at the confidence level of 90%, especially for head and neck case. PTV does not ensure the 95% isodose coverage of the CTV for head and neck case. For organs at risk with the parallel structure, such as rectum and bladder, OAR DVH does not represent the dose distribution at any confidence levels. For organ at risk with serial structures, such as brainstem and spinal cord, OAR DVH underestimates the maximum dose at the confidence level of 90%. DVPH tool is recommended for evaluating in the interval between the time where planners finished plans and physicians performed a final plan review.
- miCTV-based optimization is recommended for optimizing the dose distribution in IMPT. The results showed that the dose distribution of the CTV and OAR are better than the one from PTV-based optimization for prostate and head and neck cases. For the prostate case, V95% increases from 99% to 100% at the confidence level of 90%. For head and neck case, the minimum dose and V95% of the CTV increase to 80% and 97% compared to 76% and 84%. At the dose-volume limits, the volumes reduce to a half for rectum and bladder. The maximum doses reduce 1,5 times for the brainstem and 2,5 time for the spinal cord compared to the PTV-based optimization. 
3. APPLICATION/DEVELOPEMENT 

- DVPH tool is recommended for evaluating in the interval between the time where planners finished plans and physicians perform a final plan review. miCTV-based optimization is recommended for optimizing the dose distribution in IMPT.
- The DVPH method can be extended to take into account any type of errors. For example, the rectal volume change model suggested by Hoogeman et al (2004) or Price and Moore (2007) might be used in the calculation of the rectal DVPH which is a subject for future work. Simultaneously, it is necessary to build a dose approximation algorithm for calculating DVPH fast.

- miCTV-based optimization should be further developed by increasing the number of isocenter shifts for ensuring the dose distribution satisfying the dose requirements of physicians while considering the uncertainties.
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