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Abstract: A dosimetric study was conducted to compare two high-intensity modulated treatment planning strategies 

(Volumetric Modulated Arc Therapy (VMAT) and Intensity Modulated Radiotherapy (IMRT)) for pancreatic 

malignancies. The study incorporated a Real-Time Tumor-Tracking Radiation Therapy (RTRT) system to enhance 

treatment precision. Its primary goal was to evaluate which technique provides superior tumor dose coverage and early 

tumor response while minimizing severe radiation toxicities to organs at risk (OAR), particularly for bilateral kidney 

preservation. This dosimetric analysis was performed in 30 patients who had undergone radiotherapy for pancreatic 

carcinoma at our institution. We compared 9-field IMRT and 2 arcs RapidArc (RA) plans for each patient of 30s. Each 

treatment plan was designed in such a way that standard fractionation consists of 1.8 Gy daily fraction in 28 fractions to 

deliver a total dose of 50.4 Gy to the planning target volume (PTV). Treatment planning objectives were ensuring that 95% 

of the PTV received ≥ 95% of the radical prescribed dose and no more than 2% of the PTV received more than 107%; this 

involves assessing treatment plans using metrics like dose-volume histograms (DVH), homogeneity index (HI), and 

conformity index (CI) to obtain the optimum strategy as appropriate for the treatment of pancreatic cancer. The DVH for 

each IMRT & RA plans in terms of the target volume and the radiosensitive organs (right and left kidneys) were compared, 

in addition to the monitor units (MUs) and delivery treatment time, which were also reported. All of these comparative 

plans achieved the treatment plan objectives as D95% for IMRT = 48.9 Gy and for RA = 48.6 Gy, while RA exhibited 

superiority in protecting bilateral kidneys from the probability of injury as it decreased the mean tolerance dose irradiated 

to both kidneys (for the left kidney: the RA Dmean (4.5-5.2) Gy vs. (9.2-10.5) Gy in the IMRT plans; for the right kidney: 

the RA Dmean (3.4-4.1) Gy vs. (8.2-9.1) Gy in the IMRT plans). The results provide evidence of potential benefits of 

RapidArc with real-time tumor-tracking in pancreatic carcinoma treatment, as RA allows significant dose reduction for 

bilateral kidneys while enhancing dose conformity, improving targeting accuracy,  and reducing treatment time and 

monitor units. 

  

Keywords: Pancreatic Cancer, IMRT, VMAT, Real-Time Tumor-Tracking System, Conformity index, Homogeneity 
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1 Introduction  

Pancreatic cancer arises when cells in the pancreas, a 

yellow-tan lobulated glandular organ seemed as a thin pear, 

begin to multiply out of control and form an abnormal mass 

(tumor); these cancerous cells have the ability to invade 

other body organs [1]. There are two types of pancreatic 

cancer. The most common type is the pancreatic ductal 

adenocarcinoma (PDAC), accounts for about 90% of cases 

[2], which occurs in exocrine pancreas cells that produce 

digestive enzymes that help food to break down into 

substances that the body can use. While the other small 

minority of pancreatic cancer type is pancreatic 

neuroendocrine tumors (PanNETs), which occur in 

endocrine pancreas cells that produce hormones, such as 

insulin and glucagon, which manage blood sugar levels and 

http://dx.doi.org/10.18576/jrna/110110
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help the body to use and store the energy that it can get 

from eating food. The term "pancreatic cancer" is 

sometimes used to refer only to pancreatic ductal 

adenocarcinoma [3]. The tumor removal surgery is the most 

effective cure for pancreatic cancer, while palliative surgery 

may be used to remove sources of pain and increase quality 

of life. Furthermore, additional treatments including 

radiation therapy, chemotherapy, and chemo-radiation 

therapy can also be options for pancreatic cancer treatment 

according to the tumor stage and overall health of the 

patient. If radiotherapy is the pancreatic cancer treatment 

option, the surrounding normal organs are subjected to be 

affected by the radiation beam during radiotherapy for 

pancreatic cancer; when the absorbed dose to these 

radiosensitive organs exceeds the tolerance dose, these 

organs are subjected to severe radiation toxicities. 

   The pancreas is surrounded by many organs; attention 

should be paid to all of them, especially to both kidneys, 

due to pancreatic cancer and kidney health have complex 

and reciprocal effects, as pancreatic carcinoma can spread 

to the kidneys, and renal cancer can also metastasize to the 

pancreas. Additionally, the relationship between pancreatic 

cancer and kidney health is multifaceted, it isn't only 

involving metastasis but also it can manifest with diabetes, 

which is a risk factor for kidney disease, including chronic 

kidney disease (CKD).  Furthermore, there is a geographic 

correlation, as shown in Figure 1, between pancreatic and 

kidney cancers incidences, suggesting shared risk factors or 

pathways. So attention should be paid to control the severe 

radiation toxicities of both kidneys by limiting the 

irradiated dose to those limited dose organs during 

pancreatic cancer radiotherapy. The purpose of this study is 

to compare the morbidity, mortality, and renal allograft 

survival in pancreatic cancer patients during radiotherapy. 

 
Fig. 1. Relationship of pancreas to both kidneys. [4] 

  Pancreatic cancer remains one of the most formidable 

challenges in oncology. This challenging is due to several 

factors, including pancreatic cancer is rarely diagnosed at 

its early stages. It often doesn't cause symptoms until it has 

already spread to other organs. Moreover, the pancreas lies 

in the abdominal cavity that contains a lot of vital organs 

that are radiosensitive organs, and exhibits motion during 

respiration that makes radiation therapy less accurate and 

increases the risk of injury to surrounding tissues during 

treatment. So in this study, we use two highly intensity 

modulated techniques (IMRT & VMAT) with the aid of a 

real-time tumor-tracking system to manage pancreatic 

motion.  

Intensity-modulated radiation therapy 

  Intensity-Modulated Radiotherapy (IMRT) represents one 

of the most significant advancements in oncology over the 

past decade. It enables the delivery of a high radiation dose 

to the tumor while minimizing exposure to surrounding 

healthy tissues. There is a well-established correlation 

between the absorbed radiation dose and tumor control 

probability; however, the prescribed dose is often 

constrained by the tolerance limits of adjacent normal 

structures. IMRT offers superior normal tissue sparing 

compared with conventional techniques because of its 

capacity to precisely conform radiation beams to the target 

volume. This precision not only reduces late toxicities but 

also enhances tumor control and potentially improves 

patient survival [5].The IMRT technique employs 

numerous small radiation beams, each divided into 

hundreds of beamlets with individually modulated 

intensities. These beamlets are optimized to achieve 

improved dose conformity, particularly for complex or 

concave target shapes, while facilitating intentional dose 

inhomogeneity, tissue compensation, and dose escalation, 

ultimately maximizing both treatment effectiveness and 

safety [6-8].  

  There are diverse methods that have been developed to 

deliver IMRT such as: (i) step-and-shoot IMRT; in which 

small multi-leave collimator (MLC) generated segments are 

used and the beam is turned off when MLC leaves 

switching from a segment to the next one, it is also known 

as segmental IMRT, (ii) sliding window IMRT; in which 

modulated MLC velocity in multiple static radiation fields 

is used and the beam is on as the collimator leaves are 

moving continuously, it is also known as dynamic MLC-

IMRT (DMLC), and More recently, techniques, (iii) 

volumetric modulated arc therapy (VMAT); which is a 

rotational form of IMRT whereby the MLC leaf positions 

and dose delivery rates vary during beam rotation. [9-10].  

  In the case of the dynamic MLC tracking delivery, there is 

a problem in obtaining an optimal plan and adequate 

coverage for all disease throughout the treatment course; 

due to both of tumor and patient movements, in addition to 

the dynamic nature of the MLC itself. Figure 2 illustrates 

the interplay between organ motion and leaf motion during 

DMLC-IMRT delivery. As the leaves of the collimator 

move laterally for shaping the dose to the target and a point 

within an organ, represented by a star, moves vertically in 
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response to organ motion. The two versions of the star 

(open and filled stars) denote two different phases of the 

organ motion. Depending on the phase relative to the leaf 

motion, the point may receive varying dose values: as the 

filled star does not receive any primary dose between times 

t1 and t4, and in fact it may not receive any primary dose at 

all, while the open star that moves upward during the same 

interval, receives with the full primary dose at all times. 

 

 
Fig. 2: Illustration of the organ motion and leaf motion 

interplay at IMRT with DMLC. [11] 

 

The four dimensional (4D) treatment plans have two 

scenarios for taking into account all potential motions, the 

first scenario involves offline replanning between treatment 

fractions, while the second one employs online 4D 

treatment planning based on four dimensional computed 

tomography (4DCT) images. The most effective scenario 

integrates both respiratory phase data and real-time target 

position information during the treatment session, enabling 

adaptive plan optimization in real time.  

 

  Sawant et al. [12-13] developed a robust dynamic 

multileaf collimator (DMLC) tracking algorithm that was 

designed to manage moving and deforming targets. The 

algorithm acquires real-time target position data from an 

independent monitoring system (e.g., RPM® or Calypso®) 

and dynamically adjusts the MLC leaves to compensate for 

three-dimensional (3D) target motion. The workflow of this 

real-time DMLC-IMRT tracking algorithm, comprising five 

main steps, is illustrated in Figure 3.  

 
Fig. 3: Diagram of the workflow when tumor tracking is 

performed using DMLC tracking. The Figure reprinted 

from Sawant et al [12] is used with permission from Wiley. 

 

Volumetric Modulated Arc Therapy 

VMAT is the rotational form of IMRT, in which it can be 

delivered in a continuous arc during gantry rotation of the 

linear accelerator (LINAC) around the patient. During 

VMAT plan delivery, while the gantry is rotating, the beam 

aperture is changed continuously; also, dose rate, gantry 

speed, and MLC positions will dynamically vary with a 

360-degree rotation of the gantry in a single or multi-arc 

treatment [14], so it is called RapidArc (RA). RA can 

commonly be used to treat head and neck cancer, whole 

brain cancer, esophagus cancer, lung cancer, pancreatic 

cancer, prostate cancer, and a wide variety of other 

cancerous tumor sites [15-21]. RA can mainly be delivered 

by two main vendors that manufacture LINACs: Elekta 

(Elekta Oncology Systems, Crawley, UK) and Varian 

(Varian Oncology Systems, Palo Alto, CA).     
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  For organ motions, VMAT with real-time tracking must 

be used with potential, additional VMAT benefits such as; 

(i) improving targeting accuracy as RTRT can track the 

tumor motion during treatment that increase the delivery 

dose accuracy, (ii) enhancing dose conformity as RTRT can 

rise VMAT's ability to deliver highly modulated doses and 

conform it to the tumor, which resulting in potentially more 

sparing for surrounding healthy tissue, (iii) reducing 

treatment time as RTRT can shorten VMAT's treatment 

times, resulting in minimizing the impact of intra-fractional 

motion, and (iv) reducing the target volume margin as 

RTRT enables the gross tumor volume dose of each 4D 

plan (4D GTV dose) to be compared with the internal target 

volume dose of the original plan (3D ITV dose) [22] .  

2 Experimental Sections 

2.1 Study Design and Patient Populations  

30 pancreatic malignancy patients were treated with IMRT 

using a fiducial-based real-time target tracking system and 

then re-planned and calculated with RapidArc plans with 

the aid of RTRT system. Data collection occurred over a 

time frame from August 2023 to May 2024. Each patient 

was immobilized in a supine position with arms overhead 

during all sessions for accurate treatment delivery. For each 

patient, a free-breathing treatment planning CT (Sensation 

Open, Siemens Healthineers, Erlangen, Germany) was used 

for 4D CT image acquisition with a 2 mm slice thickness. 

Intravenous (IV) contrast was used to visualize vessels and 

two kidneys. All the images were transferred from CT 

workstation to treatment planning system Eclipse™ (TPS, 

Eclipse version 15.6.03, Varian Medical Systems, Palo 

Alto, CA) for delineation. In general, treatment volumes 

should encompass primary tumor as well as regional lymph 

nodes. Gross target volumes (GTV) and Planning target 

volumes (PTV), that including (Internal Target Volume 

(ITV) which is clinical target volume (CTV) plus internal 

margin (IM), and setup margin (SM)) to account for daily 

setup error and motion, were designed according to the 

recommendation of the International Committee for 

Radiological Units (ICRU) report 83 [23].  OARs must be 

delineated using 4D data by several experienced radiation 

oncologist, and then confirmed by a radiologist. The 

irradiated dose must be calculated for each of them in all 

pancreas cancer sites. The fluoroscopic RTRT system has 

been shown to reduce translational set‐up error and internal 

error with an accuracy of ± 1.5 mm for moving objects. 

Fluoroscopy should be considered at the time of simulation, 

verification, or 4D treatment planning to evaluate organ 

movement. Using 4D data; OARs such as bilateral kidneys, 

liver, spinal cord, stomach, and small intestine were 

contoured, and the irradiated dose must be calculated. Then 

dose-volume histograms (DVHs) should be calculated to 

outline the dose to target volumes and normal structures.  

 

2.2 Planning techniques and dose constraints 

The compared technique used in this study is the treated 

Intensity Modulated Radiotherapy plans and the 

retrospective VMAT plans with the RTRT system. 

Treated IMRT plans 

All IMRT plans were generated in an Eclipse™ TPS (TPS, 

Eclipse version 15.6.03, Varian Medical Systems, Palo 

Alto, CA). All plans were designed using a 6 MV photon 

beam in Flattening Filter Free mode (6 MV-FFF beam has 

noticeably better beam-on-time and monitor units and more 

dose sparing to OARs than the 6 MV-FF Flattening Filter 

plans [24]) in the same treatment machine of a TrueBeam 

linear accelerator (Varian Medical Systems, Palo Alto, CA, 

USA) modulated by Millennium 120™ MLC, using nine 

coplanar sliding-window based IMRT fields with equally 

spaced beams arrangements (beam angles at 0°-320° every 

40°) to precisely target the tumor while minimizing 

exposure to organs at risk. The fluence maps for each beam 

were imported into Eclipse and then converted to MLC 

sequences with MLC leaf motion calculations (Varian 

LMC 15.6.03). All IMRT plans were optimized on free-

breathing treatment planning computed tomography 

images; optimization was performed using the Dose 

Volume Optimizer (DVO, Version 13.7.16). In plan 

designing, a CT image with 2 mm slice spacing and grid 

spacing of the dose calculation with 2 × 2 × 2 mm was 

utilized to calculate dose distribution using the Anisotropic 

Analytical Algorithm (AAA, version 15.6.03) in Eclipse 

considering the heterogeneity correction.  

Retrospective VMAT plans 

All VMAT plans were generated in an Eclipse™ TPS 

(TPS, Eclipse version 15.6.03, Varian Medical Systems, 

Palo Alto, CA). All plans were designed using a 6 MV-FFF 

photon beam in the same treatment machine of a TrueBeam 

linear accelerator (Varian Medical Systems, Palo Alto, CA, 

USA) modulated by Millennium 120™ MLC, using a non-

coplanar double-arc in opposite directions to achieve the 

desired dose distribution. The fluence map for a VMAT 

plan is generated by superposing each fluence map of the 

control point then imported into Eclipse and converted to 

MLC sequences with MLC leaf motion calculations 

(Varian LMC 15.6.03). All VMAT plans were optimized 

on free-breathing treatment planning computed tomography 

images; optimization was performed using the Progressive 

Resolution Optimizer (PRO, Version13.7.16) to optimize 

the arcs, beam angles, and MLC Leaf positions to optimize 

the dose distribution and improve target coverage while 

sparing surrounding healthy tissues. In plan designing, a CT 

image with 2 mm slice spacing and grid spacing of the dose 

calculation with 2 × 2 × 2 mm was utilized to calculate 
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dose distribution using the Anisotropic Analytical 

Algorithm (AAA, version 15.6.03) in Eclipse considering 

the heterogeneity correction. 

  Both a double-arc VMAT and a 9-field IMRT plan were 

generated for each of the 30 patients with pancreatic 

malignancies. The plan was designed such that standard 

fractionation consists of 1.8 Gy per daily fraction in 25–28 

fractions to deliver a total dose of 45–50.4 Gy to the tumor 

bed, unresected or residual tumor, and lymph node bearing 

areas at risk. 

  Both treatment plan techniques have the same defined 

tumor volumes, organs at risk volumes, dose, fractionation, 

and optimization constraints, aimed to reduce the 

irradiation to OARs as much as possible while 

encompassing at least 95% of PTV by 95% of the 

prescribed dose, to explore the optimal radiotherapy 

planning techniques as appropriate for the treatment of 

pancreatic cancer and their impact on patient outcomes (i.e.  

the best coverage to target volume and the most sparing for 

organs at risk) using the real‐time tumor‐tracking system. 

In this study, we concerned in the dose irradiated to both 

kidneys due to the two comparative treatment techniques. 

The tolerance doses of the kidney were summarized in the 

following table (1), as the mean irradiated dose to one 

kidney is 18 Gy, to avoid renal failure and chronic kidney 

diseases.   

Table 1. Dose constraints for the organs at risk adhering to 

the local guidelines and QUANTEC [25]. 

 

 

 

 

 

2.3 Real‐time Tumor‐tracking radiation therapy 

System (RTRT) 

Both respiratory motion and organ motion influence in 

treatment delivery process and introduce dosimetric 

uncertainties. In the case of non-dynamic treatment 

delivery, these motions will result in dose blurring at the 

field edge; while in the case of dynamic treatment delivery, 

in addition to these motions there is the simultaneous 

motion of MLC leaves that also will result in the same 

effect. Real-time tumor tracking method is a technical 

development on treatment delivery as it can account for the 

respiration-induced motion without any beam hold. In the 

tracking method, the incident beam dynamically tracks the 

tumor motion and continuously adjusts to be aligned with 

the moving tumor position with the advantage of the 

patient's free breathing in addition to keeping treatment 

margins to remain small during beam delivery (100% duty 

cycle). 

The RT-RT system is a unique Image-Guided Radiation 

Therapy (IGRT) system developed by Hokkaido University 

School of Medicine and Mitsubishi. Electronics Company 

Ltd. [26]. This tracking technique requires knowledge 

about the internal target motion that can be tracked during 

treatment delivery using specialized cameras and recorded 

in many different types of imagers. 

Fig.4: RT-RT systems. [27]. 

The RT-RT system consists of four pairs of diagnostic X-

ray tube-image intensifier embedded on the floor of the 

LINAC room and the corresponding image intensifiers 

mounted on the ceiling for localization of the fiducial 

markers that are implanted in or close to the tumor (Figure 

4A). The acquired images were in movie mode during 

treatment delivery for accurate tracking and dose delivery.  

  Real-time orthogonal fluoroscopy is repeated every 0.03 

seconds. The fiducial marker is allowed to displace from its 

expected position for 1 to 3 mm in 3 dimensions. Beyond 

this tolerance, the radiation beam will be turned off 

automatically until the marker returns to its allowed 

displacement zone (area marked by the parallelogram) 

(Figure 2.33B). It means that the beam radiation is only 

delivered when the tumor is in its desired position, resulting 

in minimizing damage to surrounding healthy tissues. 

In the current study, we investigated the safety and early 

tumor response of real-time tumor–tracking radiation 

therapy (RTRT) for 30 patients with PDAC with the aid of 

insertion of a fiducial marker to reduce uncertainty, which 

results from setup error and pancreatic motion, such as 

possible it can during thoracic and abdominal radiotherapy. 

2.4 Plan comparison and evaluation [28] 

The two planning techniques must be compared and 

evaluated to investigate the optimal one that is appropriate 

OAR Dose constraint 

One  Kidney 

Dmean ≤ 18 Gy 

 

V12Gy ≤ 55% 

 

V20Gy ≤ 32% 
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for pancreatic cancer treatment using DVH. It is a 2D graph 

showing a comprehensive overview of the dose distribution 

within a defined volume of interest (VOI) whether it was 

PTV or a specific organ in the vicinity of the PTV. 

   DVH is displayed in the form of volume on the ordinate 

against the dose on the abscissa, both volume and dose can 

be displayed in relative (% volume and % dose) or absolute 

value (cc for volume and cGy or Gy for dose). There are 

two types of DVH; differential DVH (dDVH) and 

cumulative DVH (cDVH). In our study, we use cDVH in 

dosimetric comparisons and evaluations of the comparative 

plans. 

 The evaluated parameters for both the target volumes and 

radiosensitive surrounding organs can be extracted from the 

dosimetric data of DVH. For organ at risk, we mentioned 

the tolerance dose of one kidney. For target volumes, the 

dosimetric parameters were defined according to ICRU 

report 50, which are [29]:  

 The maximum dose Dmax: there is a hot spot; if 

the value of Dmax exceeds the prescribed dose 

value Dp, it usually exists in the volume outside 

the PTV, representing how much volume receives 

a dose larger than 100% of the prescribed dose. 

 The minimum dose Dmin: it is the lowest dose 

absorbed by the target volume. In contrast to 

Dmax, no volume limit is recommended when 

reporting Dmin. 

 V95% (the volume absorbed 95% of the dose): 

Optimally, 100% of the prescribed dose must 

cover 100% of the target volume; however, the 

treatment plans can be acceptable if 95% of the Dp 

covers 95% of the target volume [30]. 

 V107% (the volume irradiated by more than 107% 

of the prescribed dose): the ICRU report 62 

recommended that the Dmax in the target volume 

mustn't exceesds107% of the Dp as the absorbed 

dose in the PTV is restricted within 95% to 107 % 

of the prescribed dose [31]. 

   Because of the unconventional nature of IMRT & VMAT 

dose distributions, especially the high degree of dose 

heterogeneity and fluctuations in dose as a function of 

position in VOI, these parameters are limited in use for 

such plans [32-33]. Also these parameters don't correlate 

well with the dose response and they are a large volume of 

data and can be summarized in two important evaluation 

indices Conformity index (CI) and Homogeneity index (HI) 

[34]. 

 

 

Conformity index (CI) [35] 

It is a quantitative tool that measures the dose conformation 

on the target volume that is covered by the reference dose 

and while minimizing radiation to the surrounding critical 

volume.  

  The Conformity index of radiation was defined by the 

Radiation Therapy Oncology Group (RTOG) as the 

quotient of volume covered by the reference isodose [36], 

which, according to ICRU,  is the isodose of 95%, and the 

target volume designated as PTV (Planned target volume) 

and presented by the  following equation: 

CIRTOG = VRI/TV                                 (1) 

In which the VRI  and TV are the reference isodose volume 

and target volume, respectively.  

  The conformity index value indicates how well a 

treatment plan conforms to the target volume and spares the 

surrounding critical tissues, its values range from 0 to 1. As 

the ideal value of CI is one which indicates that the 

prescribed dose is more precisely targeted to the tumor 

while sparing surrounding healthy tissue with no overlap or 

underlap, so if its values slightly exceeds the one value, it 

means that some of the prescribed dose extends beyond the 

target volume (i.e. there is an irradiated dose in the 

surrounding organs), the last probability is that CI less than 

one value, this means part of the target volume didn't 

receive the full prescribed dose (i.e . less tumor control). So 

the closer the CI value is to one, the better the dose 

conformity to the PTV. 

 

Homogeneity index (HI) [37] 

HI is a quick, simple scoring tool that is used to quantify 

the uniformity (homogeneity) of the prescribed dose within 

the target volume; it also gives a general overview of the 

dose gradient in the target volume. It serves as quality 

indicator to compare different planning techniques to obtain 

the appropriate one [35][37-39]. 

  As previously mentioned, that is due to the nature of the 

intensity-modulated techniques; the true values of 

maximum and minimum dose are sensitive to the dose 

calculation parameters and the high dose gradient, so these 

values are usually not reliable [36].  It is more appropriate 

and meaningful to use the dose to a specified fractional 

volume, such as the maximum and minimum dose in a 

volume, rather than at a point, for instance, dose to 1% or 

2% and to 99% or 98% of the target volume, respectively. 

The Integration these reliable data leads to the HI concept 

that can quantitatively assess the quality of the treatment 

plan options. There are many formulas of HI; the most 

common one is [39-40]: 

   HI= (D2%-D98%)/Dp×100                (2) 
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In which;  D2% meant the dose delivered to 2% of the target 

volume indicating the ―maximum dose‖, D98% meant the 

dose absorbed  by 98% of the target volume, indicating the 

―minimum dose‖ and Dp is the prescribed dose of the PTV. 

  The ideal value of the homogeneity index is zero, which 

indicates that the absorbed dose distribution is almost 

homogeneous due to both of the maximum and minimum 

indicator values having the same value. If the value of HI 

exceeds this ideal value (0 values), homogenous dose 

distribution within the target volume decreases. While the 

homogenous dose distribution within the target volume 

increases when the value of HI is less than zero, according 

to the ICRU 83 report [41]. So the closer the HI value is to 

zero, the better the dose homogeneity distribution within 

the target volume. 

3 Results and Discussion 

3.1 Comparison of dosimetric parameters and 

results  

From Figure 5 and Figure 6, which represent the isodose 

distribution of RA and IMRT techniques, respectively, it is 

very easy to conclude that RA plan gives more coverage, 

more conformity, and consequently more sparing for the 

surrounding organs than IMRT plans. 

 
Fig. 5: RA Dose distribution for PDAC patients in the three 

orthogonal views and the Dose Volume Histogram. 

 

 
Fig. 6: IMRT Dose distribution for PDAC patients in the 

three orthogonal views and the Dose Volume Histogram. 

 

From the superimposed DVHs of the two comparative 

strategies, the RA plan has a better dose gradient and 

sharpness than the IMRT plan as shown in Figure 7. 

However, both of them achieved the treatment plan 

objectives, with D95% for IMRT = 48.9 Gy and for RA = 

48.6 Gy. Also, it is obvious that all organs at risk have 

lower dose values in the RA than those of IMRT. 

 

 
Fig.7: The Dose Volume Histogram comparison between 

two strategies. (▲IMRT and ■ RA). 
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   From the DVH statistics, the conformity index data for 

the 30 PDAC patients can be extracted and compared; these 

data were displayed in Figure (8). The Figure showed that 

the PTV conformity index had an average value (0.84 vs. 

0.9) for the IMRT and RA plans respectively. While in 

Figure (9), the homogeneity index data for the 30 PDAC 

patients can be extracted, compared and displayed. The 

Figure showed that the homogeneity index had an average 

value (0.23 vs. 0.31) for the IMRT and RA plans 

respectively. From the superimposed DVHs of both IMRT 

& VMAT strategies,   it is obvious that all organs at risk 

have lower dose values in the RA than those of IMRT. For 

the main purpose of our study, we investigated the dose 

absorbed by both kidneys in terms of mean dose Dmean, 

V20 Gy, and V12 Gy.  From Figure (10), the mean dose to 

the right kidney is Dmean (3.4-4.1) Gy vs. (8.2-9.1) Gy in 

RA & IMRT plans, respectively. While for the left 

kidney, the mean dose is in the range (4.5-5.2) Gy in RA 

plans vs. (9.2-10.5) Gy in the IMRT plans, which are very 

obvious in Figure (11). 

  In addition, the V20Gy of the right kidney using the 

VMAT technique is in the range of approximately (27.6 - 

30.1) %, while by IMRT it ranges between 28.5% and 31.9 

%, as shown in Figure (12). While its value in the left 

kidney using VMAT plans is in the range of (27 -29.6) %, 

and by using IMRT plans is in the range of (27.6 - 29.7) %, 

which is illustrated in Figure (13). It is very clear from 

Figure (14) that in the VMAT technique the V12Gy of the 

right kidney is ≤ 51.4 %, while in the IMRT technique 

V12Gy ≤ 50.1 %. While for the left kidney, V12Gy is ≤ 

(50.1 vs. 50.3) % in VMAT & IMRT plans, respectively. 

 

 
Fig. 8: The CI for the two techniques. 

 

 
Fig. 9: The HI for the two techniques. 

 

 

 
Fig. 10: Dmean of right kidney due to VMAT & IMRT 

plans. 
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Fig. 11: Dmean of Left kidney due to VMAT & IMRT plans. 

 

 

 
Fig. 12: V20Gy of right kidney due to VMAT & IMRT 

plans. 

 

 

 
Fig.13: V12Gy of right kidney due to VMAT & IMRT 

plans. 
 

 
Fig.14: V12Gy of left kidney due to VMAT & IMRT 

plans. 
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3.2 Discussion 

Tumor control 

Although both 4D VMAT & 4D IMRT consider the tumor's 

movement, which allows for more accurate dose delivery 

was resulting in better conforming higher doses to the 

treatment volume and more sparing to healthy cells, 4D RA 

covers the target volume more than 4D IMRT in all cases 

despite a significant patient-to-patient variation in target 

volume size and shape. The best planning evaluation tools 

for coverage of the dose and its distribution in the target 

volume are CI and HI respectively. 4D RA plans have 

better CI values than 4D IMRT plans, which means that 4D 

RA gives more conformity to target volumes consequently 

more sparing for organs at risk that are sensitive to 

radiation exposure, 4D RA also produces a favorable dose 

gradient profile than 4D IMRT; leading 4D RA to generate 

better radiotherapeutic plans than 4D IMRT in PDAC 

patients. However, 4D IMRT provided more dose 

homogeneity than 4D RA, regardless this constraint may be 

unnecessarily confining if the main goal is to achieve OAR 

sparing rather than target dose homogeneity. 

Bilateral kidney survival 

From the resultant value of the mean dose of both kidneys, 

it was very clear that the 4D RA plans have a significant 

reduction in the mean dose to both kidneys compared to the 

4D IMRT plans, which was statistically proven that 4D RA 

is superior in bilateral kidney preservation from renal 

failure compared to 4D IMRT in patients with PDAC. 

Although for the left kidney, it was found that the V20Gy 

and V12Gy values were slightly different between the two 

comparative techniques, 4D RA and 4D IMRT plans, and 

appeared to be statistically overlapping. While for the right 

kidney, the V20Gy values have greater percentage by the 

4D IMRT than the 4D VMAT technique, but the V12Gy 

values have greater percentage by the 4D VMAT than the 

4D IMRT technique. This means that at high dose values, 

the percentage of right kidney volume that absorbed the 

irradiated dose is more in the 4D IMRT than the 4D VMAT 

technique. On the contrary, at low dose values, the 

percentage of right kidney volume that absorbed irradiated 

dose is more in the 4D VMAT than the 4D IMRT 

technique, although both of them are under the tolerance 

dose [45-49].  

  As the kidney is classified as a parallel organ, the 

radiation-associated injury is more sensitive to the average 

dose over the whole organ volume, so the most common 

tolerance dose used for planning technique evaluation is 

Dmean, which is significantly reduced in RA plans. 

Therefore, 4D RA provides more protective effect for 

bilateral kidneys that can achieve an ongoing goal for 

sparing bilateral kidneys during radiotherapy for pancreatic 

malignancies compared to 4D IMRT; this result is 

consistent with many previous dosimetric studies as 

SEZEN, et al. study, Ali, et al. study, and Hegazy MW, et 

al. study [42-44].   

4 Conclusions 

As 4D VMAT demonstrates strong potential for reducing 

bilateral kidney toxicity, it is more dramatic in protecting 

them from the probability of chronic kidney diseases and 

renal failure. This advantage suggests that the prescribed 

dose could be safely escalated and more effectively 

delivered to the target volume, thereby improving tumor 

control while reducing complication rates. For pancreatic 

cancer, pancreatic motion is an essential problem and 

represents a major challenge for precise radiation delivery; 

however, by using the Real-Time Tumor-Tracking (RTRT) 

technology, the margins of moving target volume and the 

possible errors in target localization were reduced. The 

RTRT enables the RA to reduce the uncertainty of moving 

tumors by offering shorter overall treatment time compared 

to 4D IMRT as well as it also offers a favorable dose 

gradient profile, superior conformity, enhanced normal 

tissue sparing, particularly of the kidneys, faster treatment 

delivery, and reduced monitor units (MUs). Although the 

present study included a relatively small sample size, the 

results indicate multiple advantages of combining real-time 

tumor tracking with the VMAT technique. Further 

comparative studies between modulated radiotherapy 

techniques with and without real‐time tumor‐tracking are 

required to confirm our study results. 

  Despite the small sample size, the results are encouraging 

and strongly suggested that RA-RTRT could serve as a 

standard treatment option for PDAC. Further large-scale 

studies and clinical trials are needed to validate its long-

term efficacy and safety.  

Although limited by a small sample size, the findings are 

encouraging and strongly suggest that RA-RTRT could 

serve as a standard treatment option for PDAC. Further 

large-scale studies and clinical trials are needed to validate 

its long-term efficacy and safety. 
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