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ABSTRACT
Background : Calculating the dose in Radiotherapy is crucial because small fields with varying densities often result in dose computation discrepancies.   Accurate dose calculation in radiotherapy is essential, as small treatment fields with varying tissue densities can lead to discrepancies in dose delivery

Objective : The objective of this study was to assess the dosimetric evaluations of planning techniques in lung cancer cases when utilizing Volumetric Modulated Arc Therapy (VMAT), step and shoot Intensity-Modulated Radiation Therapy (ss-IMRT), and dynamic Intensity-Modulated Radiation Therapy (d-IMRT).
This study aimed to evaluate the dosimetric performance of different planning techniques for lung cancer treatment, specifically comparing Volumetric Modulated Arc Therapy (VMAT), step-and-shoot Intensity-Modulated Radiation Therapy (ss-IMRT), and dynamic Intensity-Modulated Radiation Therapy (d-IMRT).

Materials and Methods: Computed tomography (CT) images of the Computerized Imaging Reference System (CIRS) phantom were utilized in the process of treatment planning. The delineation of Gross Tumor Volumes (GTVs) was created for both central and peripheral lung tumors. Planning Target Volumes (PTVs) were created by adding a 5mm margin to the GTV. IMRT and VMAT plans were genrated employing a 6-MV photon beam. Dose calculations for all plans were executed using both Monte Carlo (MC) and Pencil Beam (PB) algorithms. The accuracy of these algorithms was verified by comparing the calculated dose with measurements taken in a CIRS thorax phantom. 
In this experimental study utilized computed tomography (CT) images of the Computerized Imaging Reference System (CIRS) phantom for treatment planning in lung cancer cases. Gross Tumor Volumes (GTVs) were delineated for both central and peripheral lung tumors, with Planning Target Volumes (PTVs) established by adding a 5mm margin around the GTV. IMRT and VMAT plans were generated using a 6-MV photon beam. Dose calculations for all plans were performed with both Monte Carlo (MC) and Pencil Beam (PB) algorithms, with accuracy verified through comparisons of calculated doses against measurements from a CIRS thorax phantom.
Results:  VMAT demonstrated enhancements in conformity index (CI), high dose volume (HDV), low dose location (D2cm), and homogeneity index (HI) compared to IMRT. Conversely, IMRT showed improvements in low dose volume (R50%) and gradient index (GI) compared to VMAT. Notably, VMAT exhibited a significant reduction in mean treatment time (TT) for various lung sites ranging from 57.09% to 60.39%, whereas IMRT saw an increase in TT ranging from 10.78% to 17.49% in comparison.


VMAT exhibited superior performance in terms of conformity index (CI), high dose volume (HDV), low dose location (D2cm), and homogeneity index (HI) when compared to IMRT. Conversely, IMRT demonstrated advantages in low dose volume (R50%) and gradient index (GI) relative to VMAT. Notably, VMAT significantly reduced mean treatment time (TT) across various lung sites by 57.09% to 60.39%, while IMRT increased TT by 10.78% to 17.49%.

Conclusions: The study found that dose calculation using MC algorithm was more effective than PB algorithm. According to the analysis of dosimetric evaluationmeasures in this research, VMAT offers a better treatment plan compared to IMRT for both peripheral and central lung planning target volumes (PTVs). This investigation indicates that in the lung area, MC proves to be a more precise algorithm than PB.

The findings indicate that the MC algorithm outperforms the PB algorithm in dose calculation accuracy. Furthermore, dosimetric evaluations suggest that VMAT provides a more effective treatment plan than IMRT for both peripheral and central lung PTVs. This study underscores the precision of the MC algorithm in lung radiotherapy applications
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Introduction
The improved precision of advanced radiation therapies has allowed radiation beams to be tailored to match the size and shape of a patient's tumor in various parts of the body. However, addressing the issue of radiation dosimetry in areas with heterogeneity remains a significant challenge. Variations in density disrupt the electronic equilibrium and impact the intensity of photon beams and their scattering properties. Despite these advancements, the challenge of accurately measuring radiation dosimetry in heterogeneous tissues remains a critical concern. Variations in tissue density can disrupt electronic equilibrium, thereby affecting the intensity and scattering properties of photon beams.
Among the various organs, the lungs, situated within the thoracic cavity, exhibit considerable heterogeneity in density. This organ is particularly susceptible to motion artifacts due to both inter-segmental and intra-segmental movements associated with respiratory activity
Among the body's organs, the lung within the chest cavity stands out as one of the most diverse in terms of density. It experiences significant movement due to both inter-segmental and intra-segmental motion caused by respiratory activity. This movement poses a potential risk of not effectively irradiating the intended volume. When dealing with low-density, non-uniform environments like the lungs, there can be a substantial 30% dose variation  
Such motion can compromise the efficacy of radiation delivery, potentially leading to inadequate irradiation of the target volume. In low-density, non-uniform environments like the lungs, studies have indicated that dose variations can reach as high as 30 [% [1,2]. Treatment planning systems (TPS) utilize various algorithms to create radiotherapy treatment plans, and the choice of algorithm is based on their effectiveness. [3, 4]. In the context of radiotherapy, it is crucial to administer a precise dose to the intended treatment area, as the therapeutic outcome depends on the accuracy of the radiation dose delivered to the target volume and the prescribed dose. If the delivered dose falls short of the specified amount, cancer cells may develop resistance to radiation, or the tumor may potentially reappear. Conversely, if the delivered dose exceeds the prescribed level, it can lead to severe harm or even fatal damage to healthy tissues [5, 6]. 

The complexity of dose distribution becomes significantly higher within areas containing a heterogeneity of different types of tissues, especially in situations involving small treatment fields, and this difference in dose distribution becomes more pronounced as the situation becomes more challenging. [5, 7]. Choosing the right treatment planning algorithms and a suitable detector to verify the planned dose is crucial when dealing with small fields in low-density mediums like the lung. This is because accurately estimating the dose in such conditions can be quite challenging, and making the right selections significantly impacts the desired treatment outcome. [8]. In recent times, advancements in radiation technology and the understanding of radiation physics have given rise to newer radiation techniques. Selecting the most suitable radiation therapy approach is crucial for patients with lung cancer. The utilization of Intensity-Modulated Radiation Therapy (IMRT) in conjunction with image-guided radiation therapy (IGRT) has led to highly favorable clinical results [9]. While IMRT enhances dose precision, it necessitates a longer duration for treatment. On the other hand, Volumetric Modulated Arc Therapy (VMAT) has notably reduced treatment duration [10]. Numerous research studies have demonstrated that the VMAT technique offers superior conformity in dose distribution, reduces dose to critical organs, and lesser the treatment duration compared to IMRT [11]. Prolonged IMRT treatment can potentially enhance patient discomfort during the course of therapy, and the higher number of monitor units (MUs) employed may raise the risk of radiation-induced secondary cancers [12-13]. However, the VMAT technique leads to an elevation in the (V5) low-dose lung volume [14]. It has been demonstrated that the V5 values in dose-volume histograms (DVH) can serve as indicators for predicting radiation pneumonitis [15].  While advanced radiation therapy techniques utilizing high-quality algorithms have improved the precision of dose distribution and lowered the chances of organ damage, there remains a lack of agreement regarding the best radiation therapy approach for treating lung cancer. This dosimetric investigation focused on patients with lung cancer who received conventional fractionated radiation therapy.
The objective of this research was to conduct a dosimetric comparison and assessment of two different planning algorithms, namely Monte Carlo (MC) and pencil beam (PB) algorithms, in the context of IMRT and VMAT for treating both central and peripheral lung tumors. This study involved an analysis of various dosimetric parameters, including target dose conformity, Homogeneity Index, radiation doses to healthy tissues, and the required monitor units (MUs) for IMRT and VMAT plans using both MC and PB algorithms. 


Materials and Methods
CIRS 3D phantom 
Study Design
In this experimental research, the investigators employed a dynamic thorax model known as the CIRS model 008A, developed by Computerized Imaging Reference Systems Inc. in Norfolk, VA, USA. The purpose was to explore dosimetry techniques in advanced radiation therapy procedures like IMRT and VMAT. The thorax phantom used in this study mimics a human thorax in a medical context and contains both right and left lungs with a Hounsfield Unit (HU) of -700. Within the Computerized Imaging Reference System (CIRS) phantom, there is a hollow cylindrical cavity designed for the entire thorax, located in the left lung. This cavity allows for the insertion of various useful tools for dose measurement purposes. For this particular investigation, two types of inserts were utilized. The first type consisted of lung inserts, which were cylindrical rods made from the same material and density as the lung structures. The second type consisted of custom-made wooden cylinders constructed from Ficus racemosa wood slabs, commonly known as Goolar in India. [Figure 1a and 
b]. [image: ]
Figure 1: Displays the dose colourwash distribution covering the central and peripheral lung tumor. In the figure, A, B, and C represent plan distributions with left Lung Peripheral Tumor (LPT) for d-IMRT, ss-IMRT and VMAT, while D, E, and F represent plan distributions with right Lung Central Tumor (LCT) with d-IMRT, ss-IMRT and VMAT of computerized imaging reference systems Thorax phantom.

Figure 1: Illustrates the dose color wash distribution for both central and peripheral lung tumors. The figure is divided into two sections: the upper row (A, B, and C) depicts the plan distributions for a Left Lung Peripheral Tumor (LPT) utilizing different treatment modalities-dynamic Intensity-Modulated Radiation Therapy (d-IMRT), step-and-shoot Intensity-Modulated Radiation Therapy (ss-IMRT), and Volumetric Modulated Arc Therapy (VMAT). The lower row (D, E, and F) presents the plan distributions for a Right Lung Central Tumor (LCT) using the same treatment modalities: d-IMRT, ss-IMRT, and VMAT, as evaluated on the computerized imaging reference systems Thorax phantom.

A lung insert made of a material matching lung density was utilized to study how radiation beams behave when passing through different density materials. To mimic the natural variations in human lungs, handmade wood slabs made from Ficus racemosa wood were employed. This insert consisted of a cylindrical space, similar in dimensions (diameter of 7.4 cm), made from wood slabs of varying widths but with nearly equal thickness along the centerline to replicate the heterogeneous nature of lung tissue. This wooden cylinder was placed within the empty space designed in a thorax phantom. [Figure 1b (I) and (II)]. 

Delineation of the target volume and the organs at risk
Computed Tomography (CT) scans were utilized to produce images of organs and tumor volumes, providing detailed information in CT numbers. These CT images were obtained from actual patients using a 16-slice helical scanner (Somatom Sensation, Siemens, Germany) with a slice thickness of 1.5 mm. To outline the Gross Tumor Volume (GTV), Monaco SIM software was employed. Additionally, a uniform margin of 0.5 cm was added to the GTV to define the Planning Target Volume (PTV). The organs at risk (OARs), including the total lung, heart, and spinal cord (SC), were delineated using the Monaco contouring workstation (Version: 5.11.03). A Planning Risk Volume (PRV) was created with a uniform margin of 5 mm around the spinal cord. Twenty Planning Target Volumes (PTVs) were outlined in total, with ten in each lung location. These PTVs consisted of ten different tumor sizes, all sharing the same central point but having varying volumes. The same set of PTVs was used to contour both tumor locations in the lungs. Table 1 displays the sizes of these ten PTVs for each location within the lungs, whether central or peripheral.
Planning with TPS
The Monaco system was used to transfer contoured CT images to the Monaco planning workstation (version 5.11.03, Elekta Medical Systems, Crawley, UK). Multiple types of treatment plans with different algorithms were created. The high-energy medical linear accelerator (Infinity; Elekta Medical Systems, Crawley, UK) was used with 6 MV photons. This accelerator is equipped with a Multi Leaf Collimator (MLC), Cone Beam CT (CBCT), and a 6D-controlled couch. The prescribed dose for the treatment was 50.4 Gy, with a fractionation scheme of 1.8 Gy per fraction, spanning 28 fractions in total. For planning the treatment of organs at risk (OAR), specific dose parameters were set: V20<20%, V30<12%, and a mean dose of less than 20 Gy for both the heart and both lungs. The dose threshold for the spinal cord was fixed at 45 Gy. To ensure accurate patient positioning, CBCT or portal images were acquired and matched with reference images. Once the patient's position was verified, various treatment plans were generated, and the dose for each plan was assessed using a dose volume histogram (DVH). The measured dose was then compared to the data from the treatment planning system (TPS) to determine the effectiveness of the most suitable algorithm for handling variations in tissue density within the patient. The treatment plans were adjusted so that they were centered on the beam's isocenter, which is the geometric midpoint of the PTV (Planning Target Volume). Additionally, the goal was to ensure that the PTV received adequate coverage, with a minimum of 95% of it receiving the full prescribed dose (50.4 Gy delivered in 28 fractions).
VMAT Planning
Each VMAT plan was devised with dual arcs (2A) starting and stopping at angles of 180-180 degrees (with a 30-degree arc anticlockwise and 0-180 degrees clockwise) to ensure coverage of the PTV by at least 95% of the prescribed dose. The Monaco TPS was utilized for plan development, incorporating a variable dose rate with gantry angle incrementation set at 30 degrees. All contouring structures were input into the Monaco TPS. Dynamic conformal arcs were employed as the treatment delivery strategy. The photon beam energy utilized was 6 MV. Sequential optimization factors, including 200 control points per arc, a minimum segmentation width of 0.50 cm, and medium fluence smoothing, were applied to optimize all plans. Parameters were computed with a 0.3 cm grid spacing and a 1.0 percent statistical deviation. Plan optimization utilized PBA and MCA techniques, with dose determination within the target volume.
IMRT (dynamic-IMRT and step and shoot-IMRT) Planning
All plans for IMRT ensured that at least 95 percent of the therapeutic dose was delivered within the target volume (PTV). The d-IMRT plans employed a fixed dose rate of 500 Monitor Units (MU)/min to enhance PTV coverage and minimize radiation exposure to nearby OAR. Seven coplanar beams with specific gantry angles tailored to tumor location were utilized in dynamic window mode. Plan optimization involved setting parameters such as a maximum of 30 control points per beam, a minimum segment width of 0.50 cm, and medium fluence smoothing, with a grid spacing of 0.3 cm for calculations and a 1.0 percent statistical uncertainty. Multi-Leaf Collimator (MLC) sequences were executed using the step-and-shoot window IMRT method, comprising seven coplanar beams for ss-IMRT. Optimization criteria included a minimum segment area of 2.0 cm2, minimum segment width of 0.50 cm, 4.0 MU per segment, a maximum of 250 segments per plan, and medium fluence smoothing. All plans, whether VMAT or IMRT, shared the same isocenter and objective parameters for protecting normal tissue.
Experimental Setup
Figures A, B, C, D, E, and F illustrate the locations of peripheral and central lung tumors for ss-IMRT, d-IMRT, and VMAT, respectively. A racemosa wood cylinder containing a tumor was placed within the phantom cavity, with the tumor's center aligned to the central beam. The tumor was scanned using a CIRS thorax phantom, with the wood cylinder positioned at a depth of 6.5 cm anteriorly. A spherical tumor (37.799 cc) was situated in the periphery of the left lung, with one end touching chest tissue to mimic the lung-tissue interface, referred to as the peripheral tumor (PT). The tumor located at the center of the right lung is known as the central lung tumor (LCT).
The CIRS 3D Lung phantom, containing both the LCT and PT tumors, was placed on the couch of an Infinity Linear Accelerator, equipped with 40 pairs of MLCs, each 1.0 cm wide at the isocenter, for film irradiation as per algorithm-generated plans. Cone Beam CT (CBCT) with kilo-voltage X-ray Volumetric Imaging (XVI) was used to capture the phantom after film insertion, ensuring the isocenter aligned with the tumor center as planned. For the irradiation of the LCT and PT tumors in the phantom, treatment plans for three methods (ss-IMRT, d-IMRT, and VMAT) were created using a 6 MV photon beam and both algorithms (PBA and MCA).The figure A, B, C, D, E and F showed location of the peripheral and central lung tumor for ss-IMRT, d-IMRT and VMAT respectively. . A racemosa wood cylinder containing a tumor was put within the phantom cavity with the tumor's center aligned with the central beam. The tumor was scanned on a CIRS thorax phantom with a wood cylinder at a depth of 6.5 cm (anteriorly).  Spherical tumor (37.799 cc) was formed in the periphery of the left lung, with one end touching chest tissue and imitating the lung-tissue interface, referred to as PT and tumor located at the center of lung right lung is known as central tumor and referred as LCT.  The CIRS 3D Lung phantom with LCT and LPT tumor was positioned on the couch of the Infinity Linear Accelerator (with MLC 40 pairs of 1.0 cm width at isocenter) for film irradiated as per the algorithm-generated plans. Cone Beam CT (CBCT) with kilo-voltage X-ray Volumetric Imaging (XVI) match was captured for the phantom after inserting the films to replicate and verify the isocenter in the center of the tumor as planned. For irradiating the phantom's respective tumors (LCT and LPT), plans of three methods (ss-IMRT, d-IMRT, and VMAT) were prepared for a 6 MV photon beam using both algorithms (PBA or MCA). 


Calculation and Comparison




Results

Left Lung Central Tumor 

Left Lung Peripheral Tumor (LPT)

Discussion

	This study compared dose calculation accuracy of two model based algorithms Monte Carlo and Pencil Beam against the three different treament planning techniques (ssIMRT, dIMRT and VMAT) computed data in Lung heterogeneties irradiated by 6MV photons. But the previously reported data compared some algorithms with theoretical Monte Carlo data or the dose measured for single tumor at the centre of lung only (Ojala et al., 2014 ; Wen et al., 2016). Hence this study is unique in comparing the accuracy of algorithms with the measurement done at the central plane of the target at the interface and at the centre of lung.

The graphical central axis profile comparison shows the failure of Algorithms is mostly at the interface of Lung and tumor. This difference is as high as 11.2% in AAA compared to 4% of AcXB Algorithm. This may be due to the inaccuracy of algorithms calculating the Forward and lateral electronic disequilibrium which is the main cause of dose difference around tumor. Irrespective of algorithms, VMAT shows good pass percentage and less deviation in dose profile comparisons. Also, there is a little more dose difference observed with the tumor at the interface than the tumor at the centre. As the tumor at interface in this study (RIT) is very near to the Depth of Dose maximum of 6MV, the difference observed may be due to the contribution of Forward electronic disequilibrium calculated by the algorithms.

Conclusion
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