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Radiosurgery involves the precise delivery of a full radiation prescription dose in a single 

fraction, rather than multiple fractions over a period of time. This ability is due to precise 

stereotactic imaging of the target, the ability to precisely deliver the prescribed dose, and steep 

dose gradients to spare healthy tissues. The radiosurgical plan optimization technique known as 

sphere-packing has been developed into a highly effective automated planning tool. This 

technique involves filling a tumor volume with spheres of radiation dose of varying diameters 

and intensities. The goal is to completely cover volume with a very steep dose gradients aligned 

to the tumor and the normal tissue boundary. While this planning method is effective, each 

spherical dose distribution is delivered independently. The result is a treatment that increases in 

time as more sphere are required to pack the target volume. Post-processing optimization of 

sphere-packing plan to remove unnecessary dose can increase the efficiency of delivery, while 

maintaining the tumor coverage and steep dose gradient. This is accomplished by transforming a 

multiple sphere-packing plan into an IMRT plan using multi-leaf collimators to irradiate multiple 

spheres simultaneously and dampening the dose profile to remove unnecessary intra-target 

hotspots. 
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CHAPTER 1 

INTRODUCTION 

History of Stereotactic Radiosurgery 

Stereotactic radiosurgery (SRS) was first proposed in 1951 by neurosurgeon Lars Leksell 

as a means to precisely deliver an external radiation dose to a precise location by utilizing a 

stereotactic technique. The stereotactic technique was previously developed for guiding needles 

and electrodes into the brain. Dr. Leksell adapted the stereotactic instrument to guide a beam of 

radiation, rather than a needle or electrode. The arc centered apparatus allowed the beam guide to 

rotate around the head while the beams converged at the target from each angle1 (Figure 1-1).  

Early on Dr. Leksell experimented with protons, but the expense and difficulty in 

obtaining a cyclotron to generate the protons made them impractical.2 Dr. Leksell then developed 

the first dedicated SRS treatment system, called the Gamma Knife, using Cobalt-60 as the 

gamma ray source. It was first installed at the Sophiahemmet Hospital in 1968.3 The modern 

Gamma Knife utilizes a large number of individual Cobalt-60 sources collimated to converge to 

form a sphere of concentrated dose. A stereotactic head ring was attached to the patient’s head 

ring allowing for accurate target and beam planning. The collimator helmet rigidly attached to 

the patient’s head ring aligns the large number of Cobalt-60 sources and spreads the radiation 

radially around the head.  

SRS at the University of Florida 

In the 1980s, linear accelerators (linac) were implemented for the first time proving their 

usefulness as a platforms for SRS4. Subsequently here at the University of Florida (UF), 

Physicist Dr. Frank J. Bova, Ph.D, and neurosurgeon Dr. William Friedman, M.D., set out to 

develop a linac based SRS system.5 They succeeded in formulating a SRS system involving a 

Brown-Roberts-Wells (BRW) head ring, to provide the stereotactic precision, attached to 
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floorstand connected to gimbal mounted external collimating cone on the treatment head of an 

isocentric linac for photon irradiation. The floorstand connection to the collimating cone reduces 

the localization errors due to flexing of the gantry as it rotates (see Figure 1-2). They further 

developed an in-house computer based treatment planning system (TPS) which allows for CT 

and MR image fusion and fast dose computation for “nearly real-time adjustments.”6 The speed 

and accuracy of the UF SRS system using a linac made radiosurgery a practical therapy in terms 

of speed, accuracy, and cost.  

The key to the UF SRS system is the use of non-coplanar arcs and circular collimators to 

generate spheres of dose with very steep dose gradients at the tumor and normal tissue interface. 

A dose sphere is generated by mounting circular collimators to the linac’s gantry head and 

rotating the gantry around a single point in space, the isocenter, while irradiating. Each dose 

sphere is defined by the location of its isocenter and the diameter of its circular collimator. A set 

of arcs becomes non-coplanar by rotating the couch to a unique fixed angle for each arc. By 

geometrically covering the full two pi solid angle of the head with non-coplanar arcs having 

unique entry and exit points, the dose becomes highly concentrated resulting in a very steep dose 

gradient falloff at the edge of the sphere.7  

Treatment planning for the UF SRS system first involves using registered computed 

tomography and magnetic resonance images to clearly identify the tumor, which is referred to as 

the target volume. The target volume is subsequently packed with the necessary number of non-

overlapping spheres of appropriate diameter aligned to the tumor and normal tissue boundary 

either manually or by an automated algorithm. The process of packing a target volume with 

multiple spheres is thus termed “sphere-packing.”8 The UF SRS system for treatment planning is 

referred to as SRS planning via sphere-packing. 
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Figure 1-1.  Photograph of the first stereotactic instrument use for tumor localization and 

targeting developed by Dr. Leksell. Image taken from Leksell et. al., “Stereotaxic 

radiosurgery of the brain.” 

 
 

Figure 1-2.  UF’s SRS system based on a stereotactic head ring attached to a floorstand. The 

linac rotates with a circular collimator mounted to the gantry head. Image taken from 

Friedman et. al., “Linear accelerator radiosurgery at the University of Florida.”  



26 

CHAPTER 2 

PREVIOUS WORK 

Work by Theodore J. St. John 

Dr. Theodore J. St. John devised a system of conducting SRS plans via intensity-

modulated radiotherapy (IMRT) using multi-leaf collimators (MLCs)9. IMRT utilizes the MLC’s 

thin tungsten leaves that can generate irregular radiation portals and through temporal 

modulation of irregular dose profiles. For target volumes that require multiple spheres, an SRS 

plan via IMRT using MLCs has one major advantage over a corresponding SRS plan via sphere-

packing: much shorter treatment times. Currently, to treat a multi-sphere target volume via 

sphere-packing each sphere, comprised of a set of non-coplanar arcs, is treated independently. 

Therefore, the amount of time needed to treat a multiple sphere target grows linearly with the 

number of spheres needed to pack the target volume. Conversely, SRS plans via IMRT using 

MLCs allow for the grouping of beams with common table and gantry angles to simultaneous 

treatment of the multiple spheres. This can reduce the treatment time to a little more than the 

time needed to treat a single sphere. 

Dr. St. John observed that when the combined beams’ fluence map for multi-sphere 

targets at one particular table and gantry angle is analyzed regions of overlapping fluence are 

produced within the target volume (Figure 2-1). These regions of overlapping fluence result in 

high dose accumulation. However, the extra fluence in the overlapping region may not be 

necessary. Modified profiles with sphere overlaps removed could be reproduced. These modified 

plans could be delivered much quicker, while simultaneously maintaining a relatively steep dose 

gradient compared to the gradient generated SRS plans via sphere-packing10. 
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Work by Bonnie Velasco 

Bonnie Velasco was subsequently tasked with providing a proof of principle for Dr. St. 

Johns hypothesis for improved treatment times by modifying the fluence maps of multi-sphere 

SRS plans via sphere-packing. The modification of the fluence maps to remove the unnecessary 

dose was termed “fluence dampening.”11 

In St. John’s work, each radiation arc for sphere-packing was replaced with three static 

beams. Bonnie manually dampened the combined fluence map of each static beam. Two unique 

fluence dampening strategies were evaluated: overlap removal, and beam’s eye view. The 

overlap removal method involves the reducing overlapping fluence regions to a level equal to the 

largest single fluence contribution at that location (see Figure 2-2). The beam’s eye view 

involves reducing the entire fluence map to a single fluence value (e.g., the largest fluence 

contribution) 11.  

Bonnie succeeded in proving that fluence dampening does produce new fluence maps 

that take less time to treat and much less beam-on time measured in monitor units (MUs). The 

time needed to treat a dampened sphere-packing can be as little as 12% of the original SRS plan 

via sphere-packing treatment time. She also proved the overlap removal method best produces a 

fluence map that most closely conforms to the original sphere pack plan (see Table 2-1)11. The 

overlap removal method will form the base strategy for fluence dampening later in this work. 
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Figure 2-1.  Beam eye view of the fluence map of multiple spheres at a single table and gantry 

angle combination. The grayscale intensity is proportional to the fluence in the 

region. Image taken from St. John et al., “A geometrically based method of step and 

shoot stereotactic radiosurgery with a miniature multileaf collimator.” 

 

 

 

 

 

 

 

Figure 2-2.  Beam-eye views of the fluence map of a four sphere plan. a) Simplified view of the 

fluence. b) The original fluence map. c) The fluence map after the overlap removal 

method is applied. Image taken from Velasco’s dissertation, “Intensity-modulated 

radiosurgery treatment planning optimization by fluence dampening.” 
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Table 2-1.  Different cases and the MUs needed after fluence dampening as a factor the original 

MUs. 

Case Number of spheres 
Factor of decrease 

in MUs 

1 4 1.5-2.8 

2 3 1.7-1.8 

3 6 1.6-2.6 

4 13 1.9-7.8 

Table taken from Velasco’s dissertation, “Intensity-modulated radiosurgery treatment planning optimization by 

fluence dampening.”  
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CHAPTER 3 

METHODS 

Motivation 

The key motivation of this work was to determine whether or not fluence dampening of 

SRS plans via sphere-packing will produce superior plans. A fluence dampened plan is 

considered superior to its corresponding SRS plan via sphere-packing if it delivers the prescribed 

dose to the target volume, requires fewer MUs, less treatment time, and maintains a steep dose 

gradient. Bonnie succeeded in proving that fluence dampened SRS plans via IMRT using MLCs 

require fewer MUs and less treatment time11. Therefore, the task of proving if fluence dampened 

SRS plans via IMRT using MLCs will deliver the prescribed dose to the target volume and 

maintain the steep dose gradient remain was the subject of this work. 

A program was needed that can take a SRS plan via sphere-packing using static beams 

from UF’s in-house TPS and accurately reproduce its 3-dimensional dose distribution, and then 

perform fluence dampening on it. The program’s dose algorithm formulism, validation against 

the in-house TPS, and fluence dampening methodology are detailed in this chapter. 

Program 

Arcs versus Static Beams 

In SRS plans via sphere-packing, each sphere is generated by a set of non-coplanar arcs 

of radiation with a circular collimator attached to the gantry head (see Figure 3-1). This 

technique can only be used to produce spherical and elliptical dose distributions. To provide a 

conformal distribution to an irregularly shaped target volume, multiple spheres are used to pack 

the volume. By approximating each arc with three static beams as proposed by Dr. St. John in his 

dissertation, a set of fluence maps are defined at the table and gantry angle for each static beam 

for multi-sphere plans (see Figure 3-2). All the beams present at one table and gantry angle 
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combination form a beam set. The superposition of each beam’s fluence map in a beam set forms 

the beam set’s combined beams’ fluence map. A beam set’s combined beams’ fluence map can 

modulated by IMRT using MLCs, allowing for the creation of SRS plans via IMRT using MLCs.  

Dose Algorithm Formulism 

A custom dose algorithm was written in C++ to replicate the UF in-house TPS's 3-

dimensional dose distributions for SRS plans via sphere-packing using static beams on which 

fluence dampening can subsequently be applied. The program does not compute fluence, but 

rather computes dose delivered at depth. Since fluence and dose are proportional, it is assumed 

the dose (which is actually computed) will be analogous to the fluence. The term fluence 

dampening will in actuality refer to the removal of unnecessary dose since that is what is actually 

computed and dampened, but the effect is equivalent to dampening the fluence map. 

Furthermore, the term combined beams’ fluence map will be replaced here on by the term 

combined beams’ dose profile because analysis was done that can only be quantified in terms of 

dose. 

 The dose calculation methodology for circular collimators was developed by Suh et al. 

The dose, 𝐷, at a single point due to a single circular beam is given by Eq. 3-112 below: 

 

            D(C,STDm,dm,rm) = Dref * OF(C) * TPR(wm,dm) * (
SAD

STDm
)

2

* OAR(C,STDm,rm) (3-1) 

 

 
where Dref is the dose for the reference set-up (typically equal to 1 MU per cGy at a 

source to axis distance of 100 cm at a depth of 10 cm for a 10 x10 cm field); SAD is the source 

to axis distance; STDm is the source to target distance at the point of interest m; C is the 

collimator size at SAD; dm is the depth at m; wm is the field size at m; r is the off-axis distance; 
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OF is the output factor defined by the ratio of dose for C to the dose for a field size of 10 x 10 cm 

at SAD;  TPR is the tissue phantom ratio, defined by the ratio of the dose at d to the dose at dmax; 

OAR is the off-axis ration defined by the ratio of the dose at an off-axis distance r to the dose at 

r = 0. 

For multi-sphere plans, the dose at each point is simply the superposition of dose 

contributions from each beam present in the plan. 

TPS Dose Form 

When the UF in-house TPS generates a SRS plan via sphere-packing plan, it produces a 

summary dose form of the completed plan. For static, circular beams particularly, it provides 

each beam’s isocenter coordinates in BRW space, the table and gantry angles, the circular 

collimator diameter and corresponding OF, the TPR and dose at isocenter, and the MUs. Figure 

3-3 shows how the summary dose form is formatted. 

The dose algorithm reads in the information from the summary dose form for each beam 

and then organizes every beam at identical table and gantry angle combinations into beam sets. 

Subsequently, each beam’s source point and vector from isocenter to the source point are defined 

geometrically. After each beam is defined geometrically within the BRW coordinate space, its 

contribution at any point can be determined by Eq. 3-1. The sum of each beam’s contribution at 

each point with the dose distribution volume recreates the 3-dimensional dose distribution for the 

SRS plan via sphere-packing using static beams. 

OAR Fits 

The dose algorithm utilizes analytical fits to empirical data provided by Dr. Harold Johns 

and Dr. John Cunningham in their by textbook, The Physics of Radiology, to compute the 

OAR13. Before the OAR can be computed, the geometric penumbra must first be computed. The 

geometric penumbra is given by Eq. 3-2 below: 
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            p = s(f - fc)/fc (3-2) 

 

where 𝑠 is the source size; f is the distance from the source to depth along the central axis; fc is 

the distance from the source to the end of the collimator along the central axis. A diagram of the 

geometry of how the geometric penumbra equation related to the dose profile is shown in Figure 

3-4. 

Therefore, the analytical OAR fits are given by Eq. 3-3 and 3-4 below: 

 

             OAR = 1 - 0.5e
(-

α1
p

)(
Wd
2

 - |r|)
 for |r| ≤ 

Wd

2
 (3-3) 

             OAR = t + (0.5 - t)e
(-

α2
p

)(|r| - 
Wd

2
)
 for |r| > 

Wd

2
 (3-4) 

 

where r is the off-axis distance to the point of interest from the beam’s central axis; p is the 

geometric penumbra; Wd is the collimation at depth; α1 and α2 are empirical constants that 

describe the actual geometric penumbra regions; and t is the effective transmission through the 

collimator. The effects of α1 and α2 on the geometric penumbra of the dose profile are shown in 

Figure 3-5. 

TPR Tables 

The dose form only gives the TPR at SAD for each beam. The corresponding TPR table 

was found by matching the dose form TPR at isocenter with the table containing that TPR at 

SAD, for the corresponding collimator field size. Thus, the TPR at any depth could be easily 

accessed. Subsequently, matching the TPR at SAD gave the depth, and source to surface 

distances (SSD) to be used in a number of geometric calculations. 
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Programming Languages 

C++ 

C++ was chosen for writing the dose algorithm. This choice was based on speed and 

compatibility with commercial TPSs (i.e., Eclipse and Pinnacle), which are typically based on 

C++. Using C++ will allow for easy future integration into a commercial TPS. There is a link to 

the .cpp file in the object below. 

Object 3-1.  Pdf of the .cpp file containing the C++ program’s source code.  

MATLAB® 

MATLAB® was used to display and analyze the 3-dimensional dose distributions 

produced by the C++ dose algorithm. 

Dose Algorithm Validation 

The dose algorithm was validated by comparing the 3-dimensional dose distributions it 

generated against the 3-dimensional dose distributions generated by the in-house TPS for 

identical plans. Basic SRS plans via sphere-packing using static beams were generated in both 

the in-house TPS and the dose algorithm.  

Plan Configurations 

Four general plan configurations were used to compare the 3-dimensional dose 

distribution outputs of the UF in-house TPS with the dose algorithm: single-beam, multi-beam, 

single-sphere, and multi-sphere.  

Single-beam 

The single-beam plans validated the dose algorithm’s accuracy to reproduce the most 

basic plan configuration, being a single beam for a single isocenter. The single-beam plans 

included the 10 mm, 20 mm, and 30 mm diameter circularly collimated beams to represent small, 

medium, and large beams respectively. Figure 3-6 shows the single-beam plan of the 20 mm 

http://ufdc.ufl.edu/IR00007306/00001


 

35 

diameter circularly collimated beam on axial, sagittal and coronal MR images from the UF in-

house TPS. 

Multi-beam  

The multi-beam plans validated the algorithm’s ability to accurately reproduce 

individually overlapping beams. The plan combinations included two beams in basic 

arrangements: one beam completely inside another beam, one beam overlapping the edge of 

another beam, and two beams side by side so as to not overlap.  

The plan setups included a 12 mm diameter circularly collimated beam set inside a 40 

mm diameter circularly collimated beam at equal depths, two 16 mm diameter circularly 

collimated beams set at equal depths and offset laterally 18 mm from each other so as to not 

overlapping, and a 14 mm diameter circularly collimated beam overlapping the edge of a 40 mm 

circularly collimated beam at the equal depths. For each multi-beam plan, the relative beam 

weights were also varied to include equal and both unequal weighting combinations.  

Figure 3-7 shows the multi-beam plan of the 12 mm diameter circularly collimated beam 

set inside a 40 mm diameter circularly collimated beam at equal depths on axial, sagittal and 

coronal MR images from the UF in-house TPS. Figure 3-8 shows the multi-beam plan of the two 

16 mm diameter circularly collimated beams set at equal depths and offset laterally by 18 mm on 

axial, sagittal and coronal MR images from the UF in-house TPS. Figure 3-9 shows the multi-

beam plan of the 14 mm diameter circularly collimated beam overlapping the edge of a 40 mm 

diameter circularly collimated beam at equal depths on axial, sagittal and coronal MR images 

from the UF in-house TPS. 

Single-sphere 

The Single-sphere plans validated the dose algorithm’s accuracy to reproduce the basic 3-

dimensional dose distribution for a sphere of dose generated by a complete set of static beams on 
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a single isocenter. The Single-sphere plans included the of 10 mm, 20 mm, and 30 mm diameter 

circularly collimated spheres to represent small, medium, and large spheres respectively. Figure 

3-10 shows the Single-sphere plan of the 20 mm diameter circular collimator isocenter on axial, 

sagittal and coronal MR images from the UF in-house TPS. 

Multi-sphere  

The Multi-sphere plans validated the dose algorithm’s accuracy to reproduce 3-

dimensional dose distribution of simple two sphere arrangements. The plan combinations 

included two spheres in basic arrangements: two spheres side by side laterally, and two spheres 

side by side axially.  

For Multi-sphere configurations, plans included two 16 mm diameter circularly 

collimated spheres set at equal depths and offset 17 mm laterally from each other so as to not 

overlapping, and two 16 mm diameter circularly collimated spheres set 17 mm above and below 

each other axially so as to not overlapping. For Multi-sphere plans, the relative beam weights 

were also varied to include equal and both unequal weighting combinations.  

Figure 3-11 shows the Multi-sphere plan of the two 16 mm diameter circularly collimated 

spheres set at equal depths and offset laterally by 17 mm on axial, sagittal and coronal MR 

images from the UF in-house TPS. Figure 3-12 shows the Multi-sphere plan of the two 16 mm 

diameter circularly collimated spheres set 17 mm above and below each other axially on axial, 

sagittal and coronal MR images from the UF in-house TPS. 

Validation Parameters 

For each plan, the 3-dimnesional dose distributions for the UF in-house TPS and dose 

algorithm were compared by evaluating the dose at isocenter, the maximum dose the prescription 

(Rx) and half-Rx isodose contours, and the spatial dose agreement of 1-dimensional line dose 

profiles. The UF in-house TPS served as the expected result for each test.  
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Dose at isocenter 

The dose at isocenter quantified the absolute numerical accuracy of the dose algorithm. 

The dose at isocenter is computed by multiplying the “Dose to Isocenter” weight for the intended 

isocenter by the “Treatment Plan Rept Factor”, both of which are found in the summary dose 

form. A percent error relative to the UF in-house TPS’s dose at isocenter for the dose algorithm 

was computed. The dose at isocenter was computed from information present in the dose form 

for each isocenter present. For most quality assurance systems, a dose within 3% of the predicted 

value is considered passing. Therefore, all dose percent errors less than 3% were considered 

acceptable. 

Maximum dose 

The maximum dose quantified the overall 3-dimensional dose distribution’s absolute 

numerical accuracy of the dose algorithm. The maximum dose is computed by multiplying the 

“Peak value of dose matrix” by the “Treatment Plan Rept Factor”, both found in the dose form. 

A percent error relative to the UF in-house TPS’s maximum dose for the dose algorithm was 

computed. The dose at isocenter was computed from information present in the dose form for 

each isocenter present. For most quality assurance systems, a dose within 3% of the predicted 

value is considered passing. Therefore, all percent errors less than 3% were considered 

acceptable. 

1-Dimensional line dose profiles 

The 1-dimensional line dose profiles provided both geometric and dosimetric verification 

of the steep dose gradient regions. Graphs of the prescription line dose through isocenter were 

generated, as shown in Figure 3-13. Computationally, the spatial distance between corresponding 

isodose points and dose percent difference for corresponding spatial locations in 1-dimensional 

line dose profiles of the UF in-house TPS and dose algorithm were measured for the dose 
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percentage range of 20% to 95% of the maximum dose. The statistical maximum, minimum, and 

mean of the differences for each line profile comparison were compiled. 

The spatial difference between isodose contours of the dose algorithm and the UF in-

house TPS was considered acceptable if the spacing was within 3 mm. The dose percent 

difference at each spatial location between the dose algorithm and the UF in-house TPS was 

considered acceptable if the difference was within 3%. 

Fluence Dampening 

For Multi-sphere plans, fluence dampening involves the identification of and removal of 

overlapping unnecessary dose within the target volume for each beam set’s combined beams’ 

dose profile. Figure 3-14 shows how the beams of separate isocenters can overlap. Fluence 

dampening was performed by analyzing each beam set’s combined beams’ dose profile to 

identify the region of overlapping dose and dampening those specific regions. After combining 

all the fluence dampened combined beams’ dose profiles of all the beam sets, a new fluence 

dampened 3-dimensional dose distribution was created. 

Three different 3-dimensional dose distributions were generated by the dose algorithm 

using three different calculation methods: normal source point SRS method, single source point 

SRS method, and single source point SRS method with fluence dampening. The first method 

treats each isocenter as independent to each other with its corresponding source point, while the 

second and third methods treat each isocenter as originating from a single source point. The third 

method applies fluence dampening to the single source point SRS method. Figure 3-15 shows the 

arcs and static beams are organized for each SRS method. It is important to note that the second 

and third only exist as an option for Multi-sphere plans.  

The normal source point SRS method replicates the original SRS plan via sphere packing 

using static beams. Whereas, the single source point SRS method models a single source point 
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for each beam set to simulate SRS plans via IMRT using MLCs. Fluence dampening was only 

applied to 3-dimensional dose distributions generated by the single source point SRS method 

because only SRS plans via IMRT using MLCs have the capability to dampen the fluence.  

Single Source Point SRS Method Corrections 

In order to simulate an SRS plan via IMRT using MLCs, the single source point SRS 

method was used, as opposed to SRS plans via sphere-packing using static beams using the 

normal source point SRS method where each isocenter is at SAD relative to its corresponding 

source point. The source point corresponding to the first isocenter was selected to be the central 

source point for each beam set because the first sphere typically covers the most tumor volume 

and is weighted the highest. Each subsequent sphere is added and weighted accordingly to fill in 

the remaining target volume not included in the first sphere. Therefore, the first isocenter’s 

source point serves as an adequate central location for irradiating the entire target volume for 

each beam set as would be the case an SRS plan via IMRT using MLCs. Figure 3-16 shows the 

geometric difference between the normal source point SRS method and the single source point 

SRS method. 

Geometric and attenuation corrections 

Setting the first isocenter’s source point as the central source point of irradiation for each 

beam set requires a vector and distance correction for each isocenter except for the first 

isocenter. Each other isocenter is at a new distance and new depth relative to the first isocenter’s 

source point. The new vector and distance for each other isocenter to the first isocenter’s source 

point were computed and corrected for geometrically to maintain the planned dose at isocenter 

for each other isocenter.  

The adjusted distance to the first isocenter’s source point requires a geometric correction, 

and the new depth requires an attenuation correction. The geometric correction was made by 
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computing the new inverse square distance factor to the first isocenter’s source point. The 

attenuation correction was made by shifting the TPR table to the new depth relative to the first 

isocenter’s source point.  

After the geometric and attenuation corrections were made, the resulting 3-dimensional 

dose distributions using the single source point SRS method was compared to the original SRS 

plans via sphere-packing plan using static beams generated using the 3-dimensional dose 

distribution using the normal source point SRS method. The impact on the 3-dimensional dose 

distribution due to the change in source point for all but the first isocenter was examined using 

the same configurations and parameters as were previously discussed in the Plan Configurations 

and Validation Parameters sections.  

Combined OF correction 

The main objective of delivery of the SRS plans via IMRT using MLCs is to irradiate the 

entire combined beams’ profile of each beam set in one irradiation, rather than each sphere one 

by as is the case with SRS plans via sphere-packing. Tabulated OFs were determined from 

experimental data based on field size collimation at SAD for circular and square fields only. 

Each combined beam profile will have an irregular shape when the union of the overlapping 

beam areas is projected at SAD. Therefore the union area carries a unique OF that cannot be 

modeled easily using circular or square field size OFs.  

The unique combined beams’ profile OFs were determined by a modified Clarkson 

Method of integration. The Clarkson Method, as presented by Dr. Faiz M. Khan in his textbook, 

The Physics of Radiation therapy, computes the dose due to scatter at point for irregular shaped 

fields14. The Clarkson Method was adapted to determine the unique OFs of irregular combined 

beam profiles by dividing the profiles radially into sections, then determining the average radius 
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of the section and thus the corresponding circular OF for that section. The average OF of all 

radial sections gives the unique combined beams’ profile OF. 

Fluence Dampening Methodology 

The motivation to perform fluence dampening is that in regions of overlapping fluence 

the largest beam fluence will deliver the necessary radiation dose to all the tissue along its path. 

With SRS plans via sphere-packing using static beams, the beams in a beam set are treated one 

by one independent of each other. Thus, whether or not their fluencies overlap is never 

considered. Regions of fluence overlap receive more dose than is necessary. Therefore, the 

overlapping fluence is not necessary and can be removed.  

The overlap removal method previously investigated by Bonnie Velasco formed the basis 

for the fluence dampening methodology used in this work. For each beam set, the dose 

contribution by each beam at each volume element of the in the 3-dimensional dose distribution, 

called a voxel, was examined to determine which beam contributed the largest dose. The largest 

contribution was preserved and all other contributions were simply removed.  

The dose algorithm performs fluence dampening automatically on the 3-dimensional dose 

distribution generated by the single source point SRS method. The fluence dampened 3-

dimensional dose distribution can be delivered as an SRS plan via IMRT using MLCs.  
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Figure 3-1.  This figure shows the beam paths of a five arc set for a single sphere. This figure 

was taken from Bonnie Velasco’s Master’s Thesis, “Intensity modulated radiosurgery 

treatment planning optimization by fluence dampening.” 

 

 
 
Figure 3-2.  This figure shows the 15 static beam set to replace a five arc set for a single sphere. 

Three static beams are used to approximate each arc. This figure was taken from 

Bonnie Velasco’s Master’s Thesis, “Intensity modulated radiosurgery treatment 

planning optimization by fluence dampening.” 
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Figure 3-3.  This is an example of a dose form with a single sphere.  
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  A      B   

Figure 3-4.  The geometric penumbra produced by partial obstruction of the source by a 

collimator. A) Shows the line of sight for the source size, S. B) Shows the relative 

intensity of dose profile produced by S. 

 

 
 

Figure 3-5.  The effects of the empirical fit parameters, α1 and α2, on the OARs given by 

Equations 3-3 and 3-4.  
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Figure 3-6.  Example of axial, coronal, and sagittal MR images of the single-beam plan for the 

20 mm diameter circularly collimated beam. 
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Figure 3-7.  Example of axial, coronal, and sagittal MR images of the multi-beam plan for the 12 

mm diameter circularly collimated beam set inside a 40 mm diameter circularly 

collimated beam at equal depths. 
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Figure 3-8.  Example of axial, coronal, and sagittal MR images of the multi-beam plan for the 

two 16 mm diameter circularly collimated beams set at equal depths and offset 

laterally 18 mm from each other. 
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Figure 3-9.  Example of axial, coronal, and sagittal MR images of the multi-beam plan for the 14 

mm diameter circularly collimated beam overlapping the edge of a 40 mm diameter 

circularly collimated beam at equal depths. 
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Figure 3-10.  Example of axial, coronal, and sagittal MR images of the Single-sphere plan for the 

20 mm diameter circularly collimated sphere. 
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Figure 3-11.  Example of axial, coronal, and sagittal MR images of the Multi-sphere plan for the 

two 16 mm diameter circularly collimated spheres set at equal depths and offset 

laterally 18 mm from each other. 
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Figure 3-12.  Example of axial, coronal, and sagittal MR images of the Multi-sphere plan for the 

two 16 mm diameter circularly collimated spheres set 17 mm above and below each 

other axially. 
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Figure 3-13.  Example of a 1-dimensional line dose profile for comparing the spatial and 

dosimetric accuracy of the dose algorithm along the steep dose gradient. 
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Figure 3-14.  This figure shows how two beams for separate spheres can overlap when 

considered together. The blue and green lines correspond to the intensities of 

isocenters #1 and #2 respectively. The red line represents the superposition of the two 

beams’ intensities, and the purple represents the fluence dampened combined beam 

profile intensity. 
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Figure 3-15.  The process by which an SRS via sphere-packing plan using arcs is transformed to an SRS via IMRT plan using MLCs 

by the single source point SRS Method. 
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Figure 3-16.  The geometric translation from the normal source point SRS method to the single 

source point SRS method is shown.  
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CHAPTER 4 

RESULTS 

Dose Algorithm Validation of Normal Source Point SRS Method 

Single-Beam 

The plan setups for single-beams cover the relevant range of circular collimator sizes. 

The collimator sizes selected were 10 mm, 20 mm, and 30 mm, to represent small medium and 

large diameter circularly collimated beams respectively. 

10 mm diameter circularly collimated beam 

Table 4-1.  The dose at isocenter for a 10 mm beam. 

Collimator diameter 

(mm) 

UF in-house TPS dose 

(cGy) 

Dose algorithm dose 

(cGy) 

Percent 

error 

10 1874.3 1871.6 0.14% 

 

Table 4-2.  The maximum dose for a 10 mm beam. 

Collimator diameter 

(mm) 

UF in-house TPS 

maximum dose (cGy) 

Dose algorithm 

maximum dose (cGy) 

Percent 

error 

10 1874.3 1893.9 1.05% 

 

 
 

Figure 4-1.  The 1-dimensional line dose profiles along the AP axis at isocenter for a 10 mm 

beam. The AP and Lat 1-dimensional line dose profiles are symmetric.  

Table 4-3.  The spatial difference between isodose contours for a 10 mm beam for the UF in-

house TPS and the dose algorithm. 

Collimator diameter 

(mm) 

Maximum difference 

(mm) 

Minimum difference 

(mm) 

Average difference 

(mm) 

10 0.57 0.01 0.21 



 

57 

 

Table 4-4.  The dose percent difference between spatial diameters for a 10 mm beam for the UF 

in-house TPS and the dose algorithm. 

Collimator diameter 

(mm) 

Maximum dose 

percent difference  

Minimum dose 

percent difference  

Average dose 

percent difference  

10 5.44% 1.91% 3.67% 

 

Results analysis. For 10 mm diameter circularly collimated beam plan, the dose 

algorithm accurately reproduced the dose at isocenter and the maximum dose of the 3-

dimensional dose distribution with percent errors of 0.14% and 1.05% respectively, which are 

well within the 3% dose tolerance as compared to the UF in-house TPS for the 10 mm diameter 

circularly collimated beam.  

For the steep dose gradient region of the 10 mm diameter circularly collimated beam 

plan’s 3-dimensional dose distribution, the dose algorithm’s 1-dimensional line dose profile 

showed excellent spatial agreement with the UF in-house TPS with an average difference of 0.21 

mm, which is within the 3 mm tolerance, and good dose percent agreement with the UF in-house 

TPS with an average difference of 3.67%, which is just outside the 3% dose tolerance. At the 

high low dose region, the dose percent agreement was most poor, contributing to a greater than 

tolerance average, but the maximum dose percent difference of 5.44% corresponds to a 

maximum spatial difference of only 0.57 mm, which is still within a very close proximity. 

20 mm diameter circularly collimated beam 

Table 4-5.  The dose at isocenter for a 20 mm beam. 

Collimator diameter 

(mm) 

UF in-house TPS dose 

(cGy) 

Dose algorithm dose 

(cGy) 

Percent 

error 

20 1702.3 1703.4 0.04% 

 

Table 4-6.  The maximum dose for a 20 mm beam. 

Collimator diameter 

(mm) 

UF in-house TPS 

maximum dose (cGy) 

Dose algorithm 

maximum dose (cGy) 

Percent 

error 

20 1872.9 1875.8 0.15% 
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Figure 4-2.  The 1-dimensional line dose profiles along the AP axis at isocenter for a 20 mm 

beam. The AP and Lat 1-dimensional line dose profiles are symmetric. 

Table 4-7.  The spatial difference between isodose contours for a 20 mm beam for the UF in-

house TPS and the dose algorithm. 

Collimator diameter 

(mm) 

Maximum difference 

(mm) 

Minimum difference 

(mm) 

Average difference 

(mm) 

20 2.54 0.04 0.32 

 

Table 4-8.  The dose percent difference between spatial diameters for a 20 mm beam for the UF 

in-house TPS and the dose algorithm. 

Collimator diameter 

(mm) 

Maximum dose 

percent difference  

Minimum dose 

percent difference  

Average dose 

percent difference  

20 3.76% 0.12% 0.80% 

 

Results analysis. For 20 mm diameter circularly collimated beam plan, the dose 

algorithm accurately reproduced the dose at isocenter and the maximum dose of the 3-

dimensional dose distribution with percent errors of 0.04% and 0.15% respectively, which are 

well within the 3% dose tolerance as compared to the UF in-house TPS for the 20 mm diameter 

circularly collimated beam. 

For the steep dose gradient region of the 20 mm diameter circularly collimated beam 

plan’s 3-dimensional dose distribution, the dose algorithm’s 1-dimensional line dose profile 

showed excellent spatial agreement with the UF in-house TPS with an average difference of 0.32 
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mm, which is within the 3 mm tolerance, and excellent dose percent agreement with the UF in-

house TPS with an average difference of 0.80 cGy, which is which is within the 3% dose 

tolerance. The maximum dose percent difference is 3.76%, which is just greater than the 3% 

tolerance, but it corresponds to a spatial distance of 2.54 mm, which is still within the 3 mm 

tolerance. 

30 mm diameter circularly collimated beam 

Table 4-9.  The dose at isocenter for a 30 mm beam. 

Collimator diameter 

(mm) 

UF in-house TPS dose 

(cGy) 

Dose algorithm dose 

(cGy) 

Percent 

error 

30 1713.5 1713.5 0.00% 

 

Table 4-10.  The maximum dose for a 30 mm beam. 

Collimator diameter 

(mm) 

UF in-house TPS 

maximum dose (cGy) 

Dose algorithm 

maximum dose (cGy) 

Percent 

error 

30 1874.5 1875.0 0.03% 

 

 
 

Figure 4-3.  The 1-dimensional line dose profiles along the AP axis at isocenter for a 30 mm 

beam. The AP and Lat 1-dimensional line dose profiles are symmetric. 

Table 4-11.  The spatial difference between isodose contours for a 30 mm beam for the UF in-

house TPS and the dose algorithm. 

Collimator diameter 

(mm) 

Maximum difference 

(mm) 

Minimum difference 

(mm) 

Average difference 

(mm) 

30 0.32 0.02 0.15 
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Table 4-12.  The dose percent difference between spatial diameters for a 30 mm beam for the UF 

in-house TPS and the dose algorithm. 

Collimator diameter 

(mm) 

Maximum dose 

percent difference  

Minimum dose 

percent difference  

Average dose 

percent difference  

30 3.75 0.01 0.52 

 

Results analysis. For 30 mm diameter circularly collimated beam plan, the dose 

algorithm accurately reproduced the dose at isocenter and the maximum dose of the 3-

dimensional dose distribution with percent errors of 0.0% and 0.03% respectively, which are 

well within the 3% dose tolerance as compared to the UF in-house TPS for the 30 mm diameter 

circularly collimated beam. 

For the steep dose gradient region of the 30 mm diameter circularly collimated beam 

plan’s 3-dimensional dose distribution, the dose algorithm’s 1-dimensional line dose profile 

showed excellent spatial agreement with the UF in-house TPS with an average difference of 0.15 

mm, which is within the 3 mm tolerance, and excellent dose percent agreement with the UF in-

house TPS with an average difference of 0.52%, which is within the 3% dose tolerance. The 

maximum dose percent difference is 3.75%, which is just greater than the 3% tolerance, but it 

corresponds to a spatial distance of 0.32 mm, which is still within very close proximity. 

Multi-Beam 

12 mm beam set inside a 40 mm, with unequal weights: 12 mm < 40 mm 

This plan setup consists of a 12 mm diameter circularly collimated beam set inside a 40 

mm diameter circularly collimated beam at equal depths. The beam weights were set so that the 

12 mm diameter circularly collimated beam was weighted lower than the 40 mm diameter 

circularly collimated beam. 
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Table 4-13.  The dose at isocenter for a setup consisting of a 12 mm beam set inside a 40 mm 

beam with the 12 mm beam weighted lower. 

Weighting 
Collimator diameter 

(mm) 

UF in-house TPS 

dose (cGy) 

Dose algorithm 

dose (cGy) 

Percent 

error 

12 mm < 40 mm     

 12 mm 1974.0 1974.1 0.01% 

 40 mm 1974.0 1974.1 0.01% 

 

Table 4-14.  The maximum dose for a 12 mm beam set inside a 40 mm beam with the 12 mm 

beam weighted lower. 

Weighting 
UF in-house TPS 

maximum dose (cGy) 

Dose algorithm 

maximum dose (cGy) 
Percent error 

12 mm < 40 mm 2142.9 2143.0 0.01% 

 

 
 

Figure 4-4.  The 1-dimensional line dose profiles along the AP axis at isocenter for a 12 mm 

beam set inside a 40 mm beam with the 12 mm beam weighted lower. 

Table 4-15.  The spatial difference between isodose contours for a 12 mm beam set inside a 40 

mm beam with the 12 mm beam weighted. 

Weighting 
Maximum difference 

(mm) 

Minimum difference 

(mm) 

Average difference 

(mm) 

12 mm < 40 mm 0.36 0.01 0.15 

 

Table 4-16.  The dose percent difference between spatial diameters for a 12 mm beam set inside 

a 40 mm beam with the 12 mm beam weighted lower. 

Weighting 
Maximum dose 

percent difference  

Minimum dose 

percent difference  

Average dose 

percent difference  

12 mm < 40 mm 2.47% 0.14% 0.67% 
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Results analysis. For the 12 mm diameter circularly collimated beam set inside a 40 mm 

circularly collimated beam with the 12 mm diameter circularly collimated beam weighted lower 

than the 40 mm diameter circularly collimated beam plan, the dose algorithm accurately 

reproduced the 3-dimensional dose distribution dose at isocenter with a percent error of 0.01% 

for each isocenter and the maximum dose with a percent error of 0.01%, which are well within 

the 3% dose tolerance as compared to the UF in-house TPS.  

For the steep dose gradient region of the 12 mm diameter circularly collimated beam set 

inside a 40 mm circularly collimated beam with the 12 mm diameter circularly collimated beam 

weighted lower than the 40 mm diameter circularly collimated beam plan’s 3-dimensional dose 

distribution, the dose algorithm’s 1-dimensional line dose profile showed excellent spatial 

agreement with the UF in-house TPS with an average difference of 0.15 mm, which is within the 

3 mm tolerance, and excellent dose percent agreement with the UF in-house TPS with an average 

difference of 0.67%, which is within the 3% dose tolerance.  

12 mm beam set inside a 40 mm, with unequal weights: 12 mm > 40 mm 

This plan setup consists of a 12 mm diameter circularly collimated beam set inside a 40 

mm diameter circularly collimated beam at equal depths. The beam weights were set so that the 

12 mm diameter circularly collimated beam weighted higher than the 40 mm diameter circularly 

collimated beam. 

Table 4-17.  The dose at isocenter for a 12 mm beam set inside a 40 mm beam with the 12 mm 

beam weighted higher. 

Weighting 
Collimator diameter 

(mm) 

UF in-house TPS 

dose (cGy) 

Dose algorithm 

dose (cGy) 

Percent 

error 

12 mm > 40 mm     

 12 mm 1990.8 1991.0 0.01% 

 40 mm 1990.8 1991.0 0.01% 
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Table 4-18.  The maximum dose for a 12 mm beam set inside a 40 mm beam with the 12 mm 

beam weighted higher. 

Weighting 
UF in-house TPS 

maximum dose (cGy) 

Dose algorithm 

maximum dose (cGy) 
Percent error 

12 mm > 40 mm 2142.8 2143.2 0.02% 

 

 
 

Figure 4-5.  The 1-dimensional line dose profiles the AP axis at isocenter for a 12 mm beam set 

inside a 40 mm beam with the 12 mm beam weighted higher. 

Table 4-19.  The spatial difference between isodose contours for a 12 mm beam set inside a 40 

mm beam with the 12 mm beam weighted higher. 

Weighting 
Maximum difference 

(mm) 

Minimum difference 

(mm) 

Average difference 

(mm) 

12 mm > 40 mm 0.80 0.01 0.22 

 

Table 4-20.  The dose percent difference between spatial diameters for a 12 mm beam set inside 

a 40 mm beam with the 12 mm beam weighted higher. 

Weighting 
Maximum dose 

percent difference  

Minimum dose 

percent difference  

Average dose 

percent difference  

12 mm > 40 mm 3.43% .002% 0.83% 

 

Results analysis. The dose algorithm accurately reproduced the 3-dimensional dose 

distribution dose at isocenter with a percent error of 0.01% for each isocenter and the maximum 

dose with a percent error of 0.02%, which are well within the 3% dose tolerance as compared to 
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the UF in-house TPS for the 12 mm diameter circularly collimated beam set inside a 40 mm 

circularly collimated beam with the 12 mm diameter circularly collimated beam weighted higher 

than the 40 mm diameter circularly collimated beam.  

For the steep dose gradient region of the 12 mm diameter circularly collimated beam set 

inside a 40 mm circularly collimated beam with the 12 mm diameter circularly collimated beam 

weighted higher than the 40 mm diameter circularly collimated beam plan’s 3-dimensional dose 

distribution, the dose algorithm’s 1-dimensional line dose profile showed excellent spatial 

agreement with the UF in-house TPS with an average difference of 0.22 mm, which is within the 

3 mm tolerance, and excellent dose percent agreement with the UF in-house TPS with an average 

difference of 0.83%, which is within the 3% dose tolerance. At the high low dose region, the 

dose percent agreement was most poor, with giving maximum dose percent difference of 3.43%, 

which is just greater than the 3% tolerance, but it corresponds to a maximum spatial difference of 

only 0.80 mm, which is still within a very close proximity. 

Two 16 mm beams set laterally, with equal weights: #1 = #2 

This plan setup consists of two 16 mm diameter circularly collimated beams set at equal 

depths and offset laterally 18 mm from each other so as to not overlapping. The beam weights 

were set to be equal. The two 16 mm beams were designated #1 and #2. #1 was placed at the 

center of the distribution with #2’s isocenter set 18 mm laterally from #1’s isocenter. 

Table 4-21.  The dose at isocenter for two 16 mm beams offset laterally by 18 mm with equal 

beam weights.  

Weighting Beam 
UF in-house TPS 

dose (cGy) 

Dose algorithm 

dose (cGy) 

Percent 

error 

#1 = #2     

 #1 1674.3 1673.1 0.07% 

 #2 1674.3 1673.1 0.07% 
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Table 4-22.  The maximum dose for two 16 mm beams offset laterally by 18 mm with equal 

beam weights.  

Weighting 
UF in-house TPS 

maximum dose (cGy) 

Dose algorithm 

maximum dose (cGy) 
Percent error 

#1 = #2 1874.9 1885.3 0.55% 

  

 
 

Figure 4-6.  The 1-dimensional line dose profiles the AP axis at isocenter for two 16 mm beams 

offset laterally 18 mm with equal beam weights. 

Table 4-23.  The spatial difference between isodose contours for two 16 mm beams offset 

laterally by 18 mm with equal beam weights. 

Weighting 
Maximum difference 

(mm) 

Minimum difference 

(mm) 

Average difference 

(mm) 

#1 = #2 0.50 0.01 0.28 

 

Table 4-24.  The dose percent difference between spatial diameters for two 16 mm beams offset 

laterally by 18 mm from each other so as to not overlapping with equal beam weights. 

Weighting 
Maximum dose 

percent difference  

Minimum dose 

percent difference  

Average dose 

percent difference  

#1 = #2 4.05% 0.02% 1.03% 

 

Results analysis. The dose algorithm accurately reproduced the 3-dimensional dose 

distribution dose at isocenter with a percent error of 0.07% for each isocenter and the maximum 

dose with a percent error of 0.55%, which are well within the 3% dose tolerance as compared to 

the UF in-house TPS for the two 16 mm diameter circularly collimated beams set at equal depths 

and offset laterally 18 mm from each other so as to not overlapping with equal beam weights.  
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For the steep dose gradient region of the two 16 mm diameter circularly collimated 

beams set at equal depths and offset laterally 18 mm from each other so as to not overlapping 

with equal beam weights plan’s 3-dimensional dose distribution, the dose algorithm’s 1-

dimensional line dose profile showed excellent spatial agreement with the UF in-house TPS with 

an average difference of 0.28 mm, which is within the 3 mm tolerance, and excellent dose 

percent agreement with the UF in-house TPS with an average difference of 1.03%, which is 

within the 3% dose tolerance. At the high low dose region, the dose percent agreement was most 

poor, with giving maximum dose percent difference of 4.05%, which is just greater than the 3% 

tolerance, but it corresponds to a maximum spatial difference of only 0.50 mm, which is still 

within a very close proximity. 

Two 16 mm beams set laterally, with unequal weights: #1 > #2 

This plan setup consists of two 16 mm diameter circularly collimated beams set at equal 

depths and offset laterally 18 mm from each other so as to not overlapping. The beam weights 

were set to be unequal. The two 16 mm beams were designated #1 and #2. #1 was placed at the 

center of the distribution with #2’s isocenter set 18 mm laterally from #1’s isocenter, and #1 was 

weighted higher than #2. 

Table 4-25.  The dose at isocenter for two 16 mm beams offset laterally by 18 mm with #1 

weighted higher than #2.  

Weighting Beam 
UF in-house TPS 

dose (cGy) 

Dose algorithm 

dose (cGy) 

Percent 

error 

#1 > #2     

 #1 1621.7 1620.1 0.01% 

 #2 1459.3 1458.2 0.08% 

 

Table 4-26.  The maximum dose for two 16 mm beams offset laterally by 18 mm with #1 

weighted higher than #2.  

Weighting 
UF in-house TPS 

maximum dose (cGy) 

Dose algorithm 

maximum dose (cGy) 
Percent error 

#1 > #2 1874.8 1884.9 0.54% 
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Figure 4-7.  The 1-dimensional line dose profiles the AP axis at isocenter for two 16 mm beams 

offset laterally by 18 mm with #1 weighted higher than #2. 

Table 4-27.  The spatial difference between isodose contours for two 16 mm beams offset 

laterally by 18 mm with #1 weighted higher than #2. 

Weighting 
Maximum difference 

(mm) 

Minimum difference 

(mm) 

Average difference 

(mm) 

#1 > #2 0.37 0.003 0.19 

 

Table 4-28.  The dose percent difference between spatial diameters for two 16 mm beams offset 

laterally by 18 mm with #1 weighted higher than #2. 

Weighting 
Maximum dose 

percent difference  

Minimum dose 

percent difference  

Average dose 

percent difference  

#1 > #2 4.00% 0.02% 0.97% 

 

Results analysis. The dose algorithm accurately reproduced the 3-dimensional dose 

distribution dose at isocenter with percent errors of 0.10% and 0.08% for #1 and #2 respectively, 

and the maximum dose with a percent error of 0.54%, which are well within the 3% dose 

tolerance as compared to the UF in-house TPS for the two 16 mm diameter circularly collimated 

beams set at equal depths and offset laterally 18 mm from each other so as to not overlapping 

with #1 weighted higher than #2.  

For the steep dose gradient region of the two 16 mm diameter circularly collimated 

beams set at equal depths and offset laterally 18 mm from each other so as to not overlapping 

with #1 weighted higher than #2 plan’s 3-dimesional dose distribution, the dose algorithm’s 1-
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dimensional line dose profile showed excellent spatial agreement with the UF in-house TPS with 

an average difference of 0.19 mm, which is within the 3 mm tolerance, and excellent dose 

percent agreement with the UF in-house TPS with an average difference of 0.97%, which is 

within the 3% dose tolerance. At the high low dose region, the dose percent agreement was most 

poor, with giving maximum dose percent difference of 4.00%, which is just greater than the 3% 

tolerance, but it corresponds to a maximum spatial difference of only 0.37 mm, which is still 

within a very close proximity. 

Two 16 mm beams set laterally, with unequal weights: #1 < #2 

This plan setup consists of two 16 mm diameter circularly collimated beams set at equal 

depths and offset laterally 18 mm from each other so as to not overlapping. The beam weights 

were set to be unequal. The two 16 mm beams were designated #1 and #2. #1 was placed at the 

center of the distribution with #2’s isocenter set 18 mm laterally from #1’s isocenter, and #1 was 

weighted lower than #2. 

Table 4-29.  The dose at isocenter for two 16 mm beams offset laterally by 18 mm with #1 

weighted lower than #2.  

Weighting Beam 
UF in-house TPS 

dose (cGy) 

Dose algorithm 

dose (cGy) 

Percent 

error 

#1 < #2     

 #1 1412.6 1411.4 0.08% 

 #2 1569.8 1568.1 0.11% 

 

Table 4-30.  The maximum dose for two 16 mm beams offset laterally by 18 mm with #1 

weighted lower than #2.  

Weighting 
UF in-house TPS 

maximum dose (cGy) 

Dose algorithm 

maximum dose (cGy) 
Percent error 

#1 < #2 1874.8 1884.8 0.53% 
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Figure 4-8.  The 1-dimensional line dose profiles the AP axis at isocenter for two 16 mm beams 

offset laterally by 18 mm with #1 weighted lower than #2. 

Table 4-31.  The spatial difference between isodose contours for two 16 mm beams offset 

laterally by 18 mm with #1 weighted lower than #2. 

Weighting 
Maximum difference 

(mm) 

Minimum difference 

(mm) 

Average difference 

(mm) 

#1 < #2 0.78 0.004 0.21 

 

Table 4-32.  The dose percent difference between spatial diameters for two 16 mm beams offset 

laterally by 18 mm with #1 weighted lower than #2. 

Weighting 
Maximum dose 

percent difference  

Minimum dose 

percent difference  

Average dose 

percent difference  

#1 < #2 3.86% 0.02% 0.93% 

 

Results analysis. The dose algorithm accurately reproduced the 3-dimensional dose 

distribution dose at isocenter with percent errors of 0.08% and 0.11% for #1 and #2 respectively, 

and the maximum dose with a percent error of 0.53%, which are well within the 3% dose 

tolerance as compared to the UF in-house TPS for the two 16 mm diameter circularly collimated 

beams set at equal depths and offset laterally 18 mm from each other so as to not overlapping 

with #1 weighted lower than #2.  

For the steep dose gradient region of the two 16 mm diameter circularly collimated 

beams set at equal depths and offset laterally 18 mm from each other so as to not overlapping 
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with #1 weighted lower than #2 plan’s 3-dimensional dose distribution, the dose algorithm’s 1-

dimensional line dose profile showed excellent spatial agreement with the UF in-house TPS with 

an average difference of 0.21 mm, which is within the 3 mm tolerance, and excellent dose 

percent agreement with the UF in-house TPS with an average difference of 0.93%, which is 

within the 3% dose tolerance. At the high low dose region, the dose percent agreement was most 

poor, with giving maximum dose percent difference of 3.86%, which is just greater than the 3% 

tolerance, but it corresponds to a maximum spatial difference of only 0.78 mm, which is still 

within a very close proximity. 

14 mm beam set on edge of 40 mm, with unequal weights: 14 mm < 40 mm 

This plan setup consists of a 14 mm diameter circularly collimated beam set on the edge 

of a 40 mm diameter circularly collimated beam at equal depths. The beam weights were set so 

that the 14 mm diameter circularly collimated beam was weighted lower than the 40 mm 

diameter circularly collimated beam. 

Table 4-33.  The dose at isocenter for a 14 mm beam set on the edge of a 40 mm beam with the 

14 mm beam weighted lower. 

Weighting 
Collimator diameter 

(mm) 

UF in-house TPS 

dose (cGy) 

Dose algorithm 

dose (cGy) 

Percent 

error 

14 mm < 40 mm     

 14 mm 885.7 776.5 12.33% 

 40 mm 1460.0 1461.9   0.13% 

 

Table 4-34.  The maximum dose for a 14 mm beam set on the edge of a 40 mm beam with the 14 

mm beam weighted lower. 

Weighting 
UF in-house TPS 

maximum dose (cGy) 

Dose algorithm 

maximum dose (cGy) 
Percent error 

14 mm < 40 mm 2142.6 2094.4 2.25% 
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Figure 4-9.  The 1-dimensional line dose profiles the AP axis at isocenter for a 14 mm beam set 

on the edge of a 40 mm beam with the 14 mm beam weighted lower. 

Table 4-35.  The spatial difference between isodose contours for a 14 mm beam set on the edge 

of a 40 mm beam with the 14 mm beam weighted lower. 

Weighting 
Maximum difference 

(mm) 

Minimum difference 

(mm) 

Average difference 

(mm) 

14 mm < 40 mm 1.47 0.03 0.71 

 

Table 4-36.  The dose percent difference between spatial diameters for a 14 mm beam set on the 

edge of a 40 mm beam with the 14 mm beam weighted lower. 

Weighting 
Maximum dose 

percent difference  

Minimum dose 

percent difference  

Average dose 

percent difference  

14 mm < 40 mm 13.75% 0.04% 2.34% 

 

Results analysis. For the 14 mm diameter circularly collimated beam weighted lower 

than the 40 mm diameter circularly collimated beam plan, the dose algorithm accurately 

reproduced the 3-dimensional dose distribution dose at isocenter with percent errors of 12.33% 

and 0.13% for the 14mm and 40 mm beams respectively, and the maximum dose with a percent 

error of 2.25% compared as to the UF in-house TPS. All but the dose at isocenter for the 14 mm 

beam fell within the 3% dose tolerance. The dose for the 14 mm beam was far outside of the 3% 

tolerance, which can be attributed to the isocenter for the 14 mm beam being set very close to the 

dose gradient of the 40 mm beam.  



 

72 

For the steep dose gradient region of the 14 mm diameter circularly collimated beam set 

on the edge of a 40 mm circularly collimated beam with the 14 mm diameter circularly 

collimated beam weighted lower than the 40 mm diameter circularly collimated beam plan’s 3-

dimensional dose distribution, the dose algorithm’s 1-dimensional line dose profile showed good 

spatial agreement with the UF in-house TPS with an average difference of 0.71 mm, which is 

within the 3 mm tolerance, and excellent dose percent agreement with the UF in-house TPS with 

an average difference of 2.34%, which is within the 3% dose tolerance. At the high low dose 

region, the dose percent agreement was most poor, with giving maximum dose percent 

difference of 13.75%, which is much greater than the 3% tolerance, but it corresponds to a 

maximum spatial difference of only 1.47 mm, which is still within close proximity. 

14 mm beam set on edge of 40 mm, with unequal weights: 14 mm > 40 mm 

This plan setup consists of a 14 mm diameter circularly collimated beam set on the edge 

of a 40 mm diameter circularly collimated beam at equal depths. The beam weights were set so 

that the 14 mm diameter circularly collimated beam was weighted higher than the 40 mm 

diameter circularly collimated beam. 

Table 4-37.  The dose at isocenter for a 14 mm beam set on the edge of a 40 mm beam with the 

14 mm beam weighted higher. 

Weighting 
Collimator diameter 

(mm) 

UF in-house TPS 

dose (cGy) 

Dose algorithm 

dose (cGy) 

Percent 

error 

14 mm > 40 mm     

 14 mm 1535.4 1491.8 2.84% 

 40 mm   591.4   595.8 0.74% 

 

Table 4-38.  The maximum dose for a 14 mm beam set on the edge of a 40 mm beam with the 14 

mm beam weighted higher. 

Weighting 
UF in-house TPS 

maximum dose (cGy) 

Dose algorithm 

maximum dose (cGy) 
Percent error 

14 mm > 40 mm 2143.3 2084.6 2.74% 
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Figure 4-10.  The 1-dimensional line dose profiles the AP axis at isocenter for a 14 mm beam set 

on the edge of a 40 mm beam with the 14 mm beam weighted higher. 

Table 4-39.  The spatial difference between isodose contours for a 14 mm beam set on the edge 

of a 40 mm beam with the 14 mm beam weighted higher. 

Weighting 
Maximum difference 

(mm) 

Minimum difference 

(mm) 

Average difference 

(mm) 

14 mm > 40 mm 1.11 0.003 0.33 

 

Table 4-40.  The dose percent difference between spatial diameters for a 14 mm beam set on the 

edge of a 40 mm beam with the 14 mm beam weighted higher. 

Weighting 
Maximum dose 

percent difference  

Minimum dose 

percent difference  

Average dose 

percent difference  

14 mm > 40 mm 5.00% 0.04% 1.31% 

 

Results analysis. For the 14 mm diameter circularly collimated beam weighted higher 

than the 40 mm diameter circularly collimated beam plan, the dose algorithm accurately 

reproduced the 3-dimensional dose distribution dose at isocenter with percent errors of 2.84% 

and 0.74% for the 14mm and 40 mm beams respectively, and the maximum dose with a percent 

error of 2.74% compared as to the UF in-house TPS. All the doses predicted fell within the 3% 

dose tolerance.  

For the steep dose gradient region of the 14 mm diameter circularly collimated beam set 

on the edge of a 40 mm circularly collimated beam with the 14 mm diameter circularly 
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collimated beam weighted lower than the 40 mm diameter circularly collimated beam plan’s 3-

dimensional dose distribution, the dose algorithm’s 1-dimensional line dose profile showed good 

spatial agreement with the UF in-house TPS with an average difference of 0.33 mm, which is 

within the 3 mm tolerance, and excellent dose percent agreement with the UF in-house TPS with 

an average difference of 1.31%, which is within the 3% dose tolerance. At the high low dose 

region, the dose percent agreement was most poor, with giving maximum dose percent 

difference of 5.00%, which is much greater than the 3% tolerance, but it corresponds to a 

maximum spatial difference of only 1.11 mm, which is still within close proximity. 

Single-sphere  

The plan setups for Single-spheres cover the relevant range of circular collimator sizes. 

The collimator sizes selected were 10 mm, 20 mm, and 30 mm, to represent small medium and 

large diameter circularly collimated spheres respectively. 

10 mm diameter circularly collimated sphere 

Table 4-41.  The dose at isocenter for a 10 mm sphere. 

Collimator diameter 

(mm) 

UF in-house TPS dose 

(cGy) 

Dose algorithm dose 

(cGy) 

Percent 

error 

10 1875.1 1875.0 0.01% 

 

Table 4-42.  The maximum dose for a 10 mm sphere. 

Collimator diameter 

(mm) 

UF in-house TPS 

maximum dose (cGy) 

Dose algorithm 

maximum dose (cGy) 

Percent 

error 

10 1875.1 1881.9 0.36% 
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Figure 4-11.  The 1-dimensional line dose profiles along the AP axis at isocenter for a 10 mm 

sphere. 

 

 
 

Figure 4-12.  The 1-dimensional line dose profiles along the Lat axis at isocenter for a 10 mm 

sphere. 
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Figure 4-13.  The 1-dimensional line dose profiles along the Ax axis at isocenter for a 10 mm 

sphere. 

Table 4-43.  The spatial difference between isodose contours for a 10 mm sphere. 

Collimator diameter 

(mm) 
Axis 

Maximum 

difference (mm) 

Minimum 

difference (mm) 

Average 

difference (mm) 

10     

 AP 0.55 0.01 0.22 

 Lat 0.59 0.01 0.21 

 Ax 0.70 0.02 0.22 

 

Table 4-44.  The dose percent difference between spatial diameters for a 10 mm sphere. 

Collimator diameter 

(mm) 
Axis 

Maximum dose 

percent difference  

Minimum dose 

percent difference  

Average dose 

percent difference  

10     

 AP 3.73% 0.50% 2.40% 

 Lat 3.24% 0.97% 1.97% 

 Ax 3.33% 0.39% 1.89% 

 

Results analysis. For 10 mm diameter circularly collimated sphere plan, the dose 

algorithm accurately reproduced the dose at isocenter and the maximum dose of the 3-

dimensional dose distribution with percent errors of 0.01% and .036% respectively, which are 

well within the 3% dose tolerance as compared to the UF in-house TPS.  
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For the steep dose gradient region of the 10 mm diameter circularly collimated plan’s 

sphere 3-dimensional dose distribution, the dose algorithm’s 1-dimensional line dose profile 

showed excellent spatial agreement with the UF in-house TPS with an maximum average 

difference of 0.22 mm, which is within the 3 mm tolerance, and good dose percent agreement 

with the UF in-house TPS with a maximum average difference of 2.40%, which is within the 3% 

dose tolerance. At the high low dose region, the dose percent agreement was most poor, 

contributing to a greater than tolerance average, but the maximum dose percent difference of 

3.73% corresponds to a maximum spatial difference of only 0.70 mm, which is still within a very 

close proximity. 

20 mm diameter circularly collimated sphere 

Table 4-45.  The dose at isocenter for a 20 mm sphere. 

Collimator diameter 

(mm) 

UF in-house TPS dose 

(cGy) 

Dose algorithm dose 

(cGy) 

Percent 

error 

20 1852.3 1853.2 0.05% 

 

Table 4-46.  The maximum dose for a 20 mm sphere. 

Collimator diameter 

(mm) 

UF in-house TPS 

maximum dose (cGy) 

Dose algorithm 

maximum dose (cGy) 

Percent 

error 

20 1875.3 1882.1 0.37% 

 

 
 

Figure 4-14.  The 1-dimensional line dose profiles along the AP axis at isocenter for a 20 mm 

sphere. 
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Figure 4-15.  The 1-dimensional line dose profiles along the Lat axis at isocenter for a 20 mm 

sphere. 

 

 
 

Figure 4-16.  The 1-dimensional line dose profiles along the Ax axis at isocenter for a 20 mm 

sphere. 
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Table 4-47.  The spatial difference between isodose contours for a 20 mm sphere. 

Collimator diameter 

(mm) 
Axis 

Maximum 

difference (mm) 

Minimum 

difference (mm) 

Average 

difference (mm) 

20     

 AP 0.29 0.01 0.12 

 Lat 0.27 0.01 0.09 

 Ax 0.31 0.01 0.10 

 

Table 4-48.  The dose percent difference between spatial diameters for a 20 mm sphere. 

Collimator diameter 

(mm) 
Axis 

Maximum dose 

percent difference  

Minimum dose 

percent difference  

Average dose 

percent difference  

20     

 AP 2.58% 0.10% 1.09% 

 Lat 1.99% 0.04% 0.62% 

 Ax 2.68% 0.11% 0.72% 

 

Results analysis. For 20 mm diameter circularly collimated sphere plan, the dose 

algorithm accurately reproduced the dose at isocenter and the maximum dose of the 3-

dimensional dose distribution with percent errors of 0.05% and .037% respectively, which are 

well within the 3% dose tolerance as compared to the UF in-house TPS.  

For the steep dose gradient region of the 20 mm diameter circularly collimated sphere 

plan’s 3-dimensional dose distribution, the dose algorithm’s 1-dimensional line dose profile 

showed excellent spatial agreement with the UF in-house TPS with an maximum average 

difference of 0.11 mm, which is within the 3 mm tolerance, and good dose percent agreement 

with the UF in-house TPS with a maximum average difference of 1.09%, which is within the 3% 

dose tolerance.  

30 mm diameter circularly collimated sphere 

Table 4-49.  The dose at isocenter for a 30 mm sphere. 

Collimator diameter 

(mm) 

UF in-house TPS dose 

(cGy) 

Dose algorithm dose 

(cGy) 

Percent 

error 

30 1816.2 1816.5 0.02% 
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Table 4-50.  The maximum dose for a 30 mm sphere. 

Collimator diameter 

(mm) 

UF in-house TPS 

maximum dose (cGy) 

Dose algorithm 

maximum dose (cGy) 

Percent 

error 

30 1879.4 1882.1 0.38% 

 

 
 

Figure 4-17.  The 1-dimensional line dose profiles along the AP axis at isocenter for a 30 mm 

sphere. 
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Figure 4-18.  The 1-dimensional line dose profiles along the Lat axis at isocenter for a 30 mm 

sphere. 

 

 
 

Figure 4-19.  The 1-dimensional line dose profiles along the Ax axis at isocenter for a 30 mm 

sphere. 

Table 4-51.  The spatial difference between isodose contours for a 30 mm sphere. 

Collimator diameter 

(mm) 
Axis 

Maximum 

difference (mm) 

Minimum 

difference (mm) 

Average 

difference (mm) 

30     

 AP 0.29 0.01 0.12 

 Lat 0.27 0.01 0.09 

 Ax 0.31 0.01 0.10 

 

Table 4-52.  The dose percent difference between spatial diameters for a 30 mm sphere. 

Collimator diameter 

(mm) 
Axis 

Maximum dose 

percent difference  

Minimum dose 

percent difference  

Average dose 

percent difference  

30     

 AP 2.58% 0.10% 1.09% 

 Lat 1.99% 0.04% 0.62% 

 Ax 2.68% 0.11% 0.72% 

 

Results analysis. For 30 mm diameter circularly collimated sphere plan, the dose 

algorithm accurately reproduced the dose at isocenter and the maximum dose of the 3-
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dimensional dose distribution with percent errors of 0.02% and .038% respectively, which are 

well within the 3% dose tolerance as compared to the UF in-house TPS.  

For the steep dose gradient region of the 30 mm diameter circularly collimated sphere 3-

dimensional dose distribution, the dose algorithm’s 1-dimensional line dose profile showed 

excellent spatial agreement with the UF in-house TPS with an maximum average difference of 

0.19 mm, which is within the 3 mm tolerance, and good dose percent agreement with the UF in-

house TPS with a maximum average difference of 0.91%, which is within the 3% dose tolerance.  

Multi-sphere  

Two 16 mm spheres offset laterally, with equal beam weights: #1 = #2 

This plan setup consists of two 16 mm diameter circularly collimated spheres set at equal 

depths and offset laterally 17 mm from each other so as to not overlapping. The beam weights 

were set to be equal. The two 16 mm spheres were designated #1 and #2. #1 was placed at the 

center of the distribution with #2’s isocenter set 17 mm laterally from #1’s isocenter. 

Table 4-53.  The dose at isocenter for two 16 mm spheres offset laterally by 17 mm with equal 

beam weights.  

Weighting Sphere 
UF in-house TPS 

dose (cGy) 

Dose algorithm 

dose (cGy) 

Percent 

error 

#1 = #2     

 #1 1771.6 1762.3 0.52% 

 #2 1771.2 1763.0 0.46% 

 

Table 4-54.  The maximum dose for two 16 mm beams offset laterally by 18 mm with equal 

beam weights.  

Weighting 
UF in-house TPS 

maximum dose (cGy) 

Dose algorithm 

maximum dose (cGy) 
Percent error 

#1 = #2 2142.9 2082.5 2.82% 
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Figure 4-20.  The 1-dimensional line dose profiles along the Lat axis at isocenter for two 16 mm 

spheres offset laterally by 17 mm with equal beam weights. 

Table 4-55.  The spatial difference between isodose contours for two 16 mm spheres offset 

laterally by 17 mm with equal beam weights. 

Weighting 
Maximum difference 

(mm) 

Minimum difference 

(mm) 

Average difference 

(mm) 

#1 = #2 0.45 0.01 0.14 

 

Table 4-56.  The dose percent difference between spatial diameters for two 16 offset laterally by 

18 mm with equal beam weights. 

Weighting 
Maximum dose 

percent difference  

Minimum dose 

percent difference  

Average dose 

percent difference  

#1 = #2 1.70% 0.01% 0.45% 

 

Results analysis. The dose algorithm accurately reproduced the 3-dimensional dose 

distribution dose at isocenter with percent errors of 0.08% and 0.15% for sphere #1 and #2 

respectively, and the maximum dose with a percent error of 2.82%, which are well within the 3% 

dose tolerance as compared to the UF in-house TPS for the two 16 mm diameter circularly 

collimated spheres set at equal depths and offset laterally 17 mm from each other so as to not 

overlapping with equal beam weights.  
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For the steep dose gradient region of the two 16 mm diameter circularly collimated 

spheres set at equal depths and offset laterally 17 mm from each other so as to not overlapping 

with equal beam weights plan’s 3-dimensional dose distribution, the dose algorithm’s 1-

dimensional line dose profile showed excellent spatial agreement with the UF in-house TPS with 

an average difference of 0.14 mm, which is within the 3 mm tolerance, and excellent dose 

percent agreement with the UF in-house TPS with an average difference of 0.45%, which is 

within the 3% dose tolerance.  

Two 16 mm spheres offset laterally, with equal beam weights: #1 > #2 

This plan setup consists of two 16 mm diameter circularly collimated spheres set at equal 

depths and offset laterally 17 mm from each other so as to not overlapping. The beam weights 

were set to be unequal. The two 16 mm spheres were designated #1 and #2, with #1 weighted 

higher than #2. #1 was placed at the center of the distribution with #2’s isocenter set 17 mm 

laterally from #1’s isocenter. 

Table 4-57.  The dose at isocenter for two 16 mm spheres offset laterally by 17 mm with #1 

weighted higher than #2.  

Weighting Sphere 
UF in-house TPS 

dose (cGy) 

Dose algorithm 

dose (cGy) 

Percent 

error 

#1 > #2     

 #1 2059.4 2051.7 0.37% 

 #2 1212.1 1203.5 0.71% 

 

Table 4-58.  The maximum dose for two 16 mm beams offset laterally by 18 mm with #1 

weighted higher than #2.  

Weighting 
UF in-house TPS 

maximum dose (cGy) 

Dose algorithm 

maximum dose (cGy) 
Percent error 

#1 > #2 2143.0 2133.9 0.42% 
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Figure 4-21.  The 1-dimensional line dose profiles along the Lat axis at isocenter for two 16 mm 

spheres offset laterally by 17 mm with #1 weighted higher than #2. 

Table 4-59.  The spatial difference between isodose contours for two 16 mm spheres offset 

laterally by 17 mm with #1 weighted higher than #2. 

Weighting 
Maximum difference 

(mm) 

Minimum difference 

(mm) 

Average difference 

(mm) 

#1 > #2 0.62 0.002 0.16 

 

Table 4-60.  The dose percent difference between spatial diameters for two 16 mm spheres offset 

laterally by 17 mm with #1 weighted higher than #2. 

Weighting 
Maximum dose 

percent difference  

Minimum dose 

percent difference  

Average dose 

percent difference  

#1 > #2 2.56% 0.01% 0.59% 

 

Results analysis. The dose algorithm accurately reproduced the 3-dimensional dose 

distribution dose at isocenter with percent errors of 0.37% and 0.71% for sphere #1 and #2 

respectively, and the maximum dose with a percent error of 0.42%, which are well within the 3% 

dose tolerance as compared to the UF in-house TPS for the two 16 mm diameter circularly 

collimated spheres set at equal depths and offset laterally 17 mm from each other so as to not 

overlapping with #1 weighted higher than #2.  
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For the steep dose gradient region of the two 16 mm diameter circularly collimated 

spheres set at equal depths and offset laterally 17 mm from each other so as to not overlapping 

with #1 weighted higher than #2 plan’s 3-dimensional dose distribution, the dose algorithm’s 1-

dimensional line dose profile showed excellent spatial agreement with the UF in-house TPS with 

an average difference of 0.16 mm, which is within the 3 mm tolerance, and excellent dose 

percent agreement with the UF in-house TPS with an average difference of 0.59%, which is 

within the 3% dose tolerance.  

Two 16 mm spheres offset laterally, with equal beam weights: #1 < #2 

This plan setup consists of two 16 mm diameter circularly collimated spheres set at equal 

depths and offset laterally 17 mm from each other so as to not overlapping. The beam weights 

were set to be unequal. The two 16 mm spheres were designated #1 and #2, with #1 weighted 

lower than #2. #1 was placed at the center of the distribution with #2’s isocenter set 17 mm 

laterally from #1’s isocenter. 

Table 4-61.  The dose at isocenter for two 16 mm spheres offset laterally by 17 mm with #1 

weighted lower than #2.  

Weighting Sphere 
UF in-house TPS 

dose (cGy) 

Dose algorithm 

dose (cGy) 

Percent 

error 

#1 < #2     

 #1 1211.7 1203.0 0.72% 

 #2 2059.8 2051.3 0.41% 

 

Table 4-62.  The maximum dose for two 16 mm beams offset laterally by 18 mm with #1 lower 

higher than #2.  

Weighting 
UF in-house TPS 

maximum dose (cGy) 

Dose algorithm 

maximum dose (cGy) 
Percent error 

#1 < #2 2143.0 2133.6 0.44% 
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Figure 4-22.  The 1-dimensional line dose profiles along the Lat axis at isocenter for two 16 mm 

spheres offset laterally by 17 mm with #1 weighted lower than #2. 

Table 4-63.  The spatial difference between isodose contours for two 16 mm spheres offset 

laterally by17 mm with #1 weighted lower than #2. 

Weighting 
Maximum difference 

(mm) 

Minimum difference 

(mm) 

Average difference 

(mm) 

#1 < #2 0.58 0.001 0.14 

 

Table 4-64.  The dose percent difference between spatial diameters for two 16 mm spheres offset 

laterally by 17 mm with #1 weighted lower than #2. 

Weighting 
Maximum dose 

percent difference  

Minimum dose 

percent difference  

Average dose 

percent difference  

#1 < #2 2.44% 0.004% 0.60% 

 

Results analysis. The dose algorithm accurately reproduced the 3-dimensional dose 

distribution dose at isocenter with percent errors of 0.72% and 0.41% for sphere #1 and #2 

respectively, and the maximum dose with a percent error of 0.44%, which are well within the 3% 

dose tolerance as compared to the UF in-house TPS for the two 16 mm diameter circularly 

collimated spheres set at equal depths and offset laterally 17 mm from each other so as to not 

overlapping with #1 weighted lower than #2.  
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For the steep dose gradient region of the two 16 mm diameter circularly collimated 

spheres set at equal depths and offset laterally 17 mm from each other so as to not overlapping 

with #1 weighted lower than #2 plan’s 3-dimensional dose distribution, the dose algorithm’s 1-

dimensional line dose profile showed excellent spatial agreement with the UF in-house TPS with 

an average difference of 0.14 mm, which is within the 3 mm tolerance, and excellent dose 

percent agreement with the UF in-house TPS with an average difference of 0.60%, which is 

within the 3% dose tolerance.  

Two 16 mm spheres above and below, with equal beam weights: #1 = #2 

This plan setup consists of two 16 mm diameter circularly collimated spheres set above 

and below each other separated by 17 mm. The beam weights were set to be equal. The two 16 

mm spheres were designated #1 and #2. #1 was placed at the center of the distribution with #2’s 

isocenter set 17 mm axially below #1’s isocenter. 

Table 4-65.  The dose at isocenter for two 16 mm spheres set above and below each other 

separated by 17 mm with equal weights.  

Weighting Sphere 
UF in-house TPS 

dose (cGy) 

Dose algorithm 

dose (cGy) 

Percent 

error 

#1 = #2     

 #1 1688.9 1687.6 0.08% 

 #2 1710.1 1712.6 0.15% 

 

Table 4-66.  The maximum dose for two 16 mm spheres set above and below each other 

separated by 17 mm with equal weights.  

Weighting 
UF in-house TPS 

maximum dose (cGy) 

Dose algorithm 

maximum dose (cGy) 
Percent error 

#1 = #2 2142.7 2086.7 2.61% 

  



 

89 

 
 

Figure 4-23.  The 1-dimensional line dose profiles along the Ax axis at isocenter for two 16 mm 

spheres set above and below each other separated by 17 mm with equal weights. 

Table 4-67.  The spatial difference between isodose contours for two 16 mm spheres set above 

and below each other separated by 17 mm with equal weights. 

Weighting 
Maximum difference 

(mm) 

Minimum difference 

(mm) 

Average difference 

(mm) 

#1 > #2 0.82 0.01 0.19 

 

Table 4-68.  The dose percent difference between spatial diameters for two 16 mm spheres set 

above and below each other separated by 17 mm with equal weights. 

Weighting 
Maximum dose 

percent difference  

Minimum dose 

percent difference  

Average dose 

percent difference  

#1 > #2 3.23% 0.01% 0.65% 

 

Results analysis. The dose algorithm accurately reproduced the 3-dimensional dose 

distribution dose at isocenter with percent errors of 0.08% and 0.15% for sphere #1 and #2 

respectively, and the maximum dose with a percent error of 2.61%, which are within the 3% 

dose tolerance as compared to the UF in-house TPS for the two 16 mm diameter circularly 

collimated spheres set above and below each other separated by 17 mm with equal weights.  

For the steep dose gradient region of the two 16 mm diameter circularly collimated 

spheres set above and below each other separated by 17 mm with equal weights plan’s 3-
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dimensional dose distribution, the dose algorithm’s 1-dimensional line dose profile showed 

excellent spatial agreement with the UF in-house TPS with an average difference of 0.19 mm, 

which is within the 3 mm tolerance, and excellent dose percent agreement with the UF in-house 

TPS with an average difference of 0.65%, which is within the 3% dose tolerance. At the high low 

dose region, the dose percent agreement was most poor, with giving maximum dose percent 

difference of 3.23%, which is just greater than the 3% tolerance, but it corresponds to a 

maximum spatial difference of only 0.82 mm, which is still within a close proximity. 

Two 16 mm spheres above and below, with equal beam weights: #1 > #2 

This plan setup consists of two 16 mm diameter circularly collimated spheres set above 

and below each other separated by 17 mm. The beam weights were set to be unequal. The two 16 

mm spheres were designated #1 and #2 with #1 weighted higher than #2. #1 was placed at the 

center of the distribution with #2’s isocenter set 17 mm axially below #1’s isocenter. 

Table 4-69.  The dose at isocenter for two 16 mm spheres set above and below each other 

separated by 17 mm with #1 weighted higher than #2.  

Weighting Sphere 
UF in-house TPS 

dose (cGy) 

Dose algorithm 

dose (cGy) 

Percent 

error 

#1 > #2     

 #1 2012.9 2010.9 0.10% 

 #2 1191.8 1197.7 0.50% 

 

Table 4-70.  The maximum dose for two 16 mm spheres set above and below each other 

separated by 17 mm with equal with #1 weighted higher than #2.  

Weighting 
UF in-house TPS 

maximum dose (cGy) 

Dose algorithm 

maximum dose (cGy) 
Percent error 

#1 > #2 2142.6 2113.6 1.35% 
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Figure 4-24.  The 1-dimensional line dose profiles along the Ax axis at isocenter for two 16 mm 

spheres set above and below each other separated by 17 mm with #1 weighted higher 

than #2. 

Table 4-71.  The spatial difference between isodose contours for two 16 mm spheres set above 

and below each other separated by 17 mm with #1 weighted higher than #2. 

Weighting 
Maximum difference 

(mm) 

Minimum difference 

(mm) 

Average difference 

(mm) 

#1 > #2 0.55 0.02 0.17 

 

Table 4-72.  The dose percent difference between spatial diameters for two 16 mm spheres set 

above and below each other separated by 17 mm with #1 weighted higher than #2. 

Weighting 
Maximum dose 

percent difference  

Minimum dose 

percent difference  

Average dose 

percent difference  

#1 > #2 2.20% 0.01% 0.66% 

 

Results analysis. The dose algorithm accurately reproduced the 3-dimensional dose 

distribution dose at isocenter with percent errors of 0.10% and 0.50% for sphere #1 and #2 

respectively, and the maximum dose with a percent error of 1.35%, which are well within the 3% 

dose tolerance as compared to the UF in-house TPS for the two 16 mm diameter circularly 

collimated spheres set above and below each other separated by 17 mm with #1 weighted higher 

than #2.  
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For the steep dose gradient region of the two 16 mm diameter circularly collimated 

spheres set above and below each other separated by 17 mm with #1 weighted higher than #2 

plan’s 3-dimensional dose distribution, the dose algorithm’s 1-dimensional line dose profile 

showed excellent spatial agreement with the UF in-house TPS with an average difference of 0.17 

mm, which is within the 3 mm tolerance, and excellent dose percent agreement with the UF in-

house TPS with an average difference of 0.66%, which is within the 3% dose tolerance.  

Two 16 mm spheres above and below, with equal beam weights: #1 < #2 

This plan setup consists of two 16 mm diameter circularly collimated spheres set above 

and below each other separated by 17 mm. The beam weights were set to be unequal. The two 16 

mm spheres were designated #1 and #2 with #1 weighted lower than #2. #1 was placed at the 

center of the distribution with #2’s isocenter set 17 mm axially below #1’s isocenter. 

Table 4-73.  The dose at isocenter for two 16 mm spheres set above and below each other 

separated by 17 mm with #1 weighted lower than #2.  

Weighting Sphere 
UF in-house TPS 

dose (cGy) 

Dose algorithm 

dose (cGy) 

Percent 

error 

#1 < #2     

 #1 1150.6 1151.6 0.09% 

 #2 1970.7 1969.7 0.05% 

 

Table 4-74.  The maximum dose for two 16 mm diameter circularly collimated spheres set above 

and below each other separated by 17 mm with equal with #1 weighted lower than #2.  

Weighting 
UF in-house TPS 

maximum dose (cGy) 

Dose algorithm 

maximum dose (cGy) 
Percent error 

#1 < #2 2142.8 2117.1 1.20% 

  



 

93 

 
 

Figure 4-25.  The 1-dimensional line dose profiles along the Ax axis at isocenter for two 16 mm 

spheres set above and below each other separated by 17 mm with #1 weighted lower 

than #2. 

Table 4-75.  The spatial difference between isodose contours for two 16 mm spheres set above 

and below each other separated by 17 mm with #1 weighted lower than #2. 

Weighting 
Maximum difference 

(mm) 

Minimum difference 

(mm) 

Average difference 

(mm) 

#1 < #2 0.59 0.02 0.17 

 

Table 4-76.  The dose percent difference between spatial diameters for two 16 mm diameter 

spheres set above and below each other separated by 17 mm with #1 weighted lower 

than #2. 

Weighting 
Maximum dose 

percent difference  

Minimum dose 

percent difference  

Average dose 

percent difference  

#1 < #2 2.38% 0.01% 0.60% 

 

Results analysis. The dose algorithm accurately reproduced the 3-dimensional dose 

distribution dose at isocenter with percent errors of 0.09% and 0.05% for sphere #1 and #2 

respectively, and the maximum dose with a percent error of 1.20%, which are well within the 3% 

dose tolerance as compared to the UF in-house TPS for the two 16 mm diameter circularly 

collimated spheres set above and below each other separated by 17 mm with #1 weighted lower 

than #2.  
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For the steep dose gradient region of the two 16 mm diameter circularly collimated 

spheres set above and below each other separated by 17 mm with #1 weighted lower than #2 

plan’s 3-dimensional dose distribution, the dose algorithm’s 1-dimensional line dose profile 

showed excellent spatial agreement with the UF in-house TPS with an average difference of 0.17 

mm, which is within the 3 mm tolerance, and excellent dose percent agreement with the UF in-

house TPS with an average difference of 0.60%, which is within the 3% dose tolerance.  

Dose Algorithm Validation of Single Source Point SRS Method 

The single source point SRS method was used to simulate the 3-dimensional dose 

distributions generated by SRS via IMRT using MLCs. IMRT plans utilize a single source point 

with MLCs to spatially and temporally modulate the fluence. Each multi-beam and multi-sphere 

plan was generated using the single source point SRS method. Single-beam and single-isocenter 

3-dimensional dose profiles generated by the single source point SRS method are identical to 

their normal source point SRS method counterparts because each beam set has a single source 

point.  

Dose at Isocenter 

Multi-beam 

Table 4-77.  The dose at isocenter for each multi-beam setup with each beam weighting 

combination for the single source point SRS method.  

Beams setup Weighting 
Collimator 

diameter (mm) 

UF in-house 

TPS dose (cGy) 

Dose algorithm 

dose (cGy) 

Percent 

error 

Beam Inside 

a beam 

 
 

   

 12 mm = 40 mm     

 12 mm < 40 mm     

  12 mm 1974.0 1974.2   0.01% 

  40 mm 1974.0 1974.2   0.01% 

 12 mm > 40 mm     

  12 mm 1990.8 1991.0   0.01% 

  40 mm 1990.8 1991.0   0.01% 

Beams side 

by side 

 
 

   



 

95 

Table 4-77 Continued. 

Beams setup Weighting 
Collimator 

diameter (mm) 

UF in-house 

TPS dose (cGy) 

Dose algorithm 

dose (cGy) 

Percent 

error 

 #1 = #2     

  16 mm (#1) 1674.3 1673.3   0.06% 

  16 mm (#2) 1674.3 1677.2   0.17% 

 #1 > #2     

  16 mm (#1) 1621.7 1620.2   0.09% 

  16 mm (#2) 1459.3 1461.8   0.17% 

 #1 < #2     

  16 mm (#1) 1412.6 1411.6   0.07% 

  16 mm (#2) 1569.8 1572.1   0.15% 

Beam on 

beam’s edge 

 
 

   

 14 mm = 40 mm     

 14 mm < 40 mm     

  14 mm   885.7   777.3 12.24% 

  40 mm 1460.0 1461.9   0.13% 

 14 mm > 40 mm     

  14 mm 1535.4 1493.8   2.71% 

  40 mm   591.4   595.9   0.76% 

 

The dose at isocenter for every isocenter in each multi-beam, plan except for one, gave a 

percent error within the acceptable level of 3%. The dose at isocenter for the lower weighted 

beam for 14 mm diameter circularly collimated beam set inside a 40 mm diameter circularly 

collimated beam plan recorded a percent error of 12.24%. This percent error correlates to the 

same normal source point SRS method percent error of 12.33%. This percent error is attributed 

to the isocenter of the 14 mm beam falling within the dose gradient of the 40 mm beam.  

Multi-sphere 

Table 4-78.  The dose at isocenter for each multi-sphere setup with sphere beam weighting 

combination for the single source point SRS method. 

Spheres setup Weighting 
Collimator 

diameter (mm) 

UF in-house 

TPS dose (cGy) 

Dose algorithm 

dose (cGy) 

Percent 

error 

Spheres side 

by side 

 
 

   

 #1 = #2     

  16 mm (#1) 1771.6 1763.9 0.43% 

  16 mm (#2) 1771.2 1766.6 0.26% 

 #1 > #2     
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Table 4-78 continued. 

Spheres setup Weighting 
Collimator 

diameter (mm) 

UF in-house 

TPS dose (cGy) 

Dose algorithm 

dose (cGy) 

Percent 

error 

  16 mm (#1) 2059.4 2052.7 0.33% 

  16 mm (#2) 1212.1 1206.1 0.50% 

 #1 < #2     

  16 mm (#1) 1211.7 1205.2 0.54% 

  16 mm (#2) 2059.8 2057.4 0.12% 

Sphere above 

a sphere 

 
 

   

 #1 = #2     

  16 mm (#1) 1688.9 1704.1 0.90% 

  16 mm (#2) 1710.1 1744.1 1.99% 

 #1 > #2     

  16 mm (#1) 2012.9 2021.6 0.43% 

  16 mm (#2) 1191.8 1216.4 2.06% 

 #1 < #2     

  16 mm (#1) 1150.6 1171.9 1.85% 

  16 mm (#2) 1970.7 2009.6 1.97% 

 

The dose at isocenter for every isocenter in each multi-beam plan gave a percent error 

within the acceptable level of 3%.  

Maximum Dose 

Multi-beam 

Table 4-79.  The maximum dose for each multi-beam setup with each beam weighting 

combination for the single source point SRS method. 

Beams setup Weighting 

UF in-house 

TPS maximum 

dose (cGy) 

Dose algorithm 

maximum dose 

(cGy) 

Percent 

error 

Beam Inside 

a beam 

    

 12 mm = 40 mm    

 12 mm < 40 mm 2142.9 2143.1 0.01% 

 12 mm > 40 mm 2142.8 2143.2 0.02% 

Beams side 

by side 

    

 16 mm (#1) = 16 mm (#2) 1874.9 1885.1 0.54% 

 16 mm (#1) > 16 mm (#2) 1874.7 1884.8 0.54% 

 16 mm (#1) < 16 mm (#2) 1874.8 1843.5 1.67% 

Beam on 

beam’s edge 

    

 14 mm = 40 mm    
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Table 4-79 continued. 

Beams setup Weighting 

UF in-house 

TPS maximum 

dose (cGy) 

Dose algorithm 

maximum dose 

(cGy) 

Percent 

error 

 14 mm < 40 mm 2142.6 2107.8 1.62% 

 14 mm > 40 mm 2143.3 2067.1 3.65% 

 

The maximum dose for each multi-beam plan, except for one, gave a percent error within 

the acceptable level of 3%. The percent error for the maximum dose for the 14 mm diameter 

circularly collimate beam set on the edge of a 40 mm diameter circularly collimated beam was 

3.65%, which is just greater than 3%. This can be attributed to the maximum dose point falling 

along the dose gradient of the 40 mm diameter circularly collimated beam. 

Multi-sphere 

Table 4-80.  The maximum dose for each multi-sphere setup with each sphere weighting 

combination for the single source point SRS method. 

Spheres setup Weighting 

UF in-house 

TPS maximum 

dose (cGy) 

Dose algorithm 

maximum dose 

(cGy) 

Percent 

error 

Spheres side 

by side 

    

 16 mm (#1) = 16 mm (#2) 2142.9 2086.6 2.63% 

 16 mm (#1) > 16 mm (#2) 2143.0 2137.2 0.27% 

 16 mm (#1) < 16 mm (#2) 2143.0 2141.8 0.06% 

Sphere above 

a sphere 

    

 16 mm (#1) = 16 mm (#2) 2142.7 2122.7 0.93% 

 16 mm (#1) > 16 mm (#2) 2142.6 2134.6 0.37% 

 16 mm (#1) < 16 mm (#2) 2142.8 2157.1 0.67% 

 

The maximum dose for each multi-beam plan gave a percent error within the acceptable 

level of 3%. 

1-Dimensional Line Dose Profiles 

Multi-beam 

12 mm beam set inside a 40 mm, with unequal weights: 12 mm < 40 mm. 
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Figure 4-26.  The 1-dimensional line dose profiles along the AP axis at isocenter for a 12 mm 

beam set inside a 40 mm beam with the 12 mm beam weighted lower. 

 
 

Figure 4-27.  The 1-dimensional line dose profiles along the AP axis at isocenter for a 12 mm 

beam set inside a 40 mm beam with the 12 mm beam weighted higher. 
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Figure 4-28.  The 1-dimensional line dose profiles along the AP axis at isocenter for two 16 mm 

beams offset laterally by 18 mm with equal beam weights. 

 
 

Figure 4-29.  The 1-dimensional line dose profiles along the AP axis at isocenter for two 16 mm 

beams offset laterally 18 mm with #1 weighted higher than #2. 
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Figure 4-30.  The 1-dimensional line dose profiles along the AP axis at isocenter for two 16 mm 

beams offset laterally by 18 mm with #1 weighted lower than #2. 

 
 

Figure 4-31.  The 1-dimensional line dose profiles along the AP axis at isocenter for a 14 mm 

beam set on the edge of a 40 mm beam with the 14 mm beam weighted lower. 
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Figure 4-32.  The 1-dimensional line dose profiles along the AP axis at isocenter for a 14 mm 

beam set on the edge of a 40 mm beam with the 14 mm weighted higher. 

Table 4-81.  The spatial difference between isodose contours for each multi-beam setup with 

each beam weighting combination for the single source point SRS method.  

Beams setup Weighting 

Maximum 

difference 

(mm) 

Minimum 

difference 

(mm) 

Average 

difference 

(mm) 

Beam inside 

a Beam 

    

 12 mm = 40 mm    

 12 mm < 40 mm 0.36 0.01 0.15 

 12 mm > 40 mm 0.80 0.01 0.22 

Beams side 

by side 

    

 16 mm (#1) = 16 mm (#2) 1.32 0.01 0.53 

 16 mm (#1) > 16 mm (#2) 0.36 0.003 0.18 

 16 mm (#1) < 16 mm (#2) 0.79 0.004 0.21 

Beam on 

beam’s edge 

    

 14 mm = 40 mm    

 14 mm < 40 mm 1.81 0.003 0.78 

 14 mm > 40 mm 1.44 0.01 0.37 

 

The maximum, minimum, and average spatial differences between isodose contours for 

each multi-beam plan were within the acceptable distance of 3 mm. 
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Table 4-82.  The dose percent difference between spatial diameters for each multi-beam setup 

with each beam weighting combination for the single source point SRS method. 

Beams setup Weighting 

Maximum dose 

percent 

difference  

Minimum dose 

percent 

difference  

Average dose 

percent 

difference  

Beam inside 

a Beam 

    

 12 mm = 40 mm    

 12 mm < 40 mm   2.47% 0.13% 0.67% 

 12 mm > 40 mm   3.43% 0.01% 0.83% 

Beams side 

by side 

    

 16 mm (#1) = 16 mm (#2) 13.75% 0.01% 2.50% 

 16 mm (#1) > 16 mm (#2)   3.99% 0.04% 0.99% 

 16 mm (#1) < 16 mm (#2)   3.78% 0.02% 0.95% 

Beam on 

beam’s edge 

    

 14 mm = 40 mm    

 14 mm < 40 mm 14.21% 0.02% 2.82% 

 14 mm > 40 mm   5.91% 0.01% 1.51% 

 

The average dose percent difference between spatial diameters for each multi-beam plan 

within the acceptable level of 3%. The maximum dose for each multi-beam plan, except for one, 

was greater than the acceptable level of 3%. The maximum dose level for most was just greater 

the 3% acceptable level, but Table 4-# shows that these dose percent differences are within well 

the spatial difference of 3 mm. 

Multi-sphere 

 
 

Figure 4-33.  The 1-dimensional line dose profiles along the Lat axis at isocenter for two 16 mm 

spheres offset laterally by 17 mm with equal beam weights. 
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Figure 4-34.  The 1-dimensional line dose profiles along the Lat axis at isocenter for two 16 mm 

spheres offset laterally by 17 mm with #1 weighted higher than #2. 

 
 

Figure 4-35.  The 1-dimensional line dose profiles along the Lat axis at isocenter for two 16 mm 

spheres offset laterally by 17 mm with #1 weighted lower than #2. 
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Figure 4-36.  The 1-dimensional line dose profiles along the Ax axis at isocenter for two 16 mm 

spheres set above and below separated by 17 mm with equal weights. 

 
 

Figure 4-37.  The 1-dimensional line dose profiles along the Ax axis at isocenter for two 16 mm 

spheres set above and below separated by 17 mm with #1 weighted higher than #2. 
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Figure 4-38.  The 1-dimensional line dose profiles along the Ax axis at isocenter for two 16 mm 

spheres set above and below separated by 17 mm with #1 weighted lower than #2. 

Table 4-83.  The spatial difference between isodose contours for each multi-sphere setup with 

each sphere weighting combination for the single source point SRS method.  

Beams setup Weighting 

Maximum 

difference 

(mm) 

Minimum 

difference 

(mm) 

Average 

difference 

(mm) 

Spheres side 

by side 

    

 16 mm (#1) = 16 mm (#2) 0.36 0.01 0.14 

 16 mm (#1) > 16 mm (#2) 0.59 0.01 0.15 

 16 mm (#1) < 16 mm (#2) 0.49 0.001 0.12 

Sphere above 

a sphere 

    

 16 mm (#1) = 16 mm (#2) 1.27 0.01 0.25 

 16 mm (#1) > 16 mm (#2) 0.88 0.003 0.18 

 16 mm (#1) < 16 mm (#2) 1.94 0.004 0.25 

 

The maximum, minimum, and average spatial differences between isodose contours for 

each multi-sphere plan were within the acceptable distance of 3 mm. 
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Table 4-84.  The dose percent difference between spatial diameters for each multi-beam setup 

with each beam weighting combination for the single source point SRS method. 

Beams setup Weighting 

Maximum 

dose percent 

difference  

Minimum dose 

percent 

difference  

Average dose 

percent 

difference  

Spheres side 

by side 

    

 16 mm (#1) = 16 mm (#2) 1.65% 0.02% 0.45% 

 16 mm (#1) > 16 mm (#2) 2.41% 0.002% 0.55% 

 16 mm (#1) < 16 mm (#2) 2.29% 0.002% 0.54% 

Sphere above 

a sphere 

    

 16 mm (#1) = 16 mm (#2) 1.89% 0.24% 1.02% 

 16 mm (#1) > 16 mm (#2) 1.82% 0.04% 0.76% 

 16 mm (#1) < 16 mm (#2) 2.18% 0.02% 1.00% 

 

The maximum, minimum, and average dose percent differences between spatial 

diameters were within the acceptable level of 3%. 

Fluence Dampening 

The goal of fluence dampening is to create new 3-dimensional dose distributions that 

maintain the clinical characteristics of their original normal source point SRS plan, while 

allowing for a faster reproducibility via IMRT using MLCs. To be clinically viable, the new 

fluence dampened plans must meet the key plan objectives. The key plan objectives, in order of 

importance, are to principally deliver the Rx dose to the entire target volume, then to minimize 

the dose to surrounding normal tissue, and lastly, to maintain a steep dose gradient at the target 

to normal tissue boundary. The target volume was defined to contain every voxel in the original 

normal source point SRS method generated 3-dimensional dose distribution. The ability of 

fluence dampening to generate 3-dimensional dose distributions that meet the key plan objectives 

was evaluated.  
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  Overlap Removal Method 

The overlap removal method was the primary method investigated in this work. In the 

overlapping regions, the overlap removal method involves removing the dose delivered by the 

lower contributing beam(s), only preserving the largest single beam contribution. For the sake of 

space, the results for the multi-sphere plans only will be presented. The multi-sphere results are 

also the most relevant because most SRS plans involve spheres with multiple beams each. 

1-Dimensional line dose profiles of multi-sphere plans generated using the single source 

SRS method with dampening were compared to the same 1-dimensional line dose profiles 

generated using the normal source point SRS method as was done in the Dose Algorithm 

Validation section.  

Dose intensity maps were generated at isocenter to show the dose intensity levels present 

in the 3-dimensional dose distribution. The normal source point SRS method generated intensity 

maps were compared to single source point SRS method with dampening by the overlap removal 

method generated intensity maps.  

1-Dimensional line dose profiles 

 
 

Figure 4-39.  The effect of dampening on a 1-dimensional line dose profile for two 16 mm 

spheres offset laterally by 17 mm with equal sphere weighting (#1 = #2). 
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Figure 4-40.  The effect of dampening on a 1-dimensional line dose profile for two 16 mm 

spheres offset laterally by 17 mm with unequal sphere weighting (#1 > #2). 

 
 

Figure 4-41.  The effect of dampening on a 1-dimensional line dose profile for two 16 mm 

spheres offset laterally by 17 mm with unequal sphere weighting (#1 < #2). 
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Figure 4-42.  The effect of dampening on a 1-dimensional line dose profile for two 16 mm 

spheres offset axially by 17 mm with equal sphere weighting (#1 = #2). 

 
 

Figure 4-43.  The effect of dampening on a 1-dimensional line dose profile for two 16 mm 

spheres offset axially 17 mm with unequal sphere weighting (#1 > #2). 
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Figure 4-44.  The effect of dampening on a 1-dimensional line dose profile for two 16 mm 

spheres offset axially by 17 mm with unequal sphere weighting (#1 < #2). 

1-Dimensional line dose profiles results analysis 

The overlap removal method successfully removed the hot spots for the combined 3-

dimensional dose distribution as shown by the 1-dimensional line dose profiles for overlap 

removal method dose distributions. The resulting 3-dimensional dose distribution showed each 

sphere to be clearly differentiated from each other. The 1-dimensional line dose profiles also 

demonstrate that the overlap removal method adequately maintains the steep dose gradient. 

The 1-dimensional line dose profiles exhibited two main side effects of the overlap 

removal method: an overall reduction of the dose in the 3-dimensional dose distribution, and 

significant loss of dose to the target volume between spheres. The 1-dimensional dose profiles 

demonstrated an over-dampening of the target volume between spheres. Also, significant 

portions of each profile fall well below the previously defined Rx level of 70% on each 1-

dimensional line dose profile above, especially for plans involving unequal sphere weights.  
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Therefore, the overlap removal method generated 3-dimensional dose distribution failed 

to deliver the Rx dose to the target volume. The most significant dose was lost by portions of the 

target volume that fall between spheres. Figure 4-39 above showed this effect as the region 

between the two spheres was a hot spot before the overlap removal method was applied. After 

the overlap removal method was applied the dose dropped to well below the required Rx dose 

level. 

Dose intensity maps 

  
   A       B 

Figure 4-45.  Dose intensity maps of axial slices through isocenter for a two 16 mm spheres 

offset laterally by 17 mm with equal weights (#1 = #2). A) shows the original dose 

intensity, B) shows the dampened dose intensity. 

  
   A       B 

Figure 4-46.  Dose intensity maps of axial slices through isocenter for a two 16 mm spheres 

offset laterally by 17 mm with unequal weights (#1 > #2). A) shows the original dose 

intensity, B) shows the dampened dose intensity. 
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   A       B 

Figure 4-47.  Dose intensity maps of axial slices through isocenter for a two 16 mm spheres 

offset laterally by 17 mm with unequal weights (#1 < #2). A) shows the original dose 

intensity, B) shows the dampened dose intensity. 

  
   A       B 

Figure 4-48.  Dose intensity maps of sagittal slices through isocenter for a two 16 mm spheres 

offset laterally by 17 mm with equal weights (#1 = #2). A) shows the original dose 

intensity, B) shows the dampened dose intensity. 
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   A       B 

Figure 4-49.  Dose intensity maps of sagittal slices through isocenter for a two 16 mm spheres 

offset laterally by 17 mm with unequal weights (#1 > #2). A) shows the original dose 

intensity, B) shows the dampened dose intensity. 

  
   A       B 

Figure 4-50.  Dose intensity maps of sagittal slices through isocenter for a two 16 mm spheres 

offset laterally by 17 mm with unequal weights (#1 < #2). A) shows the original dose 

intensity, B) shows the dampened dose intensity. 

Dose intensity map results analysis 

The dose intensity maps above demonstrate clearly the overlap removal method’s ability 

to reduce the number of intensity levels within a plan’s 3-dimensional dose distribution. The 

overlap removal method improves on the third key plan objective of minimizing intensity levels 
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over the corresponding original plan. The overlap removal method generated distributions clearly 

had a more uniform dose compared to the original dose distribution.  

The intensity maps also showed how the overlap removal method completely removed 

hot spots that lay between spheres. The overlap removal method also clearly differentiated from 

each other. This result was attributed to the over-dampening of the target volume between 

spheres as previously observed in the analysis of the 1-dimensional line dose profiles. 

Dose Correction of Overlap Removal Method 

The over-dampening caused by the overlap removal method necessitated further 

modification of the 3-dimensional dose distributions to compensate for the excessive loss of 

dose. As observed in the analysis of the dampened 1-dimensional line dose profiles, the overlap 

removal method removed a substantial amount of dose from many regions of the target volume 

which previously at the Rx dose level. Primarily, it was identified that the regions between 

spheres where hot spots were previously found, suffered the largest dose reduction to below the 

Rx dose level. Figure 4-51 below shows where target volume voxels were maintained, and where 

they were lost.  

 
 

Figure 4-51.  Analysis of the target volume following dampening using the overlap removal 

method. The green marks are voxel at the Rx dose level, and the red crosses are 

voxels below the Rx dose level.  
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Furthermore, Figure 4-51 shows that target volume voxels between the spheres that are 

not within a geometrically defined sphere suffered the largest reduction in dose. Target volume 

voxels that are not within a geometrically defined sphere receive their dose by falling along the 

paths of multiple radiation beams intersecting in the region between spheres. Therefore, regions 

of target volume between spheres but not within a geometrically defined sphere will see fewer 

overlapping beams and lose a more severe amount of dose due to dampening. A method of 

identifying these voxels in order to correct for their over-dampening was developed. 

OUT voxel dose correction method 

The target volume voxels that are not within a defined sphere in the original plan’s 3-

dimensional dose distribution were labeled OUT voxels, for not being located inside any of the 

spheres. The OUT voxels were identified and examined in each beam set to see which beam(s) 

they fall or do not fall within. Figure 4-52 shows how OUT voxels are concentrated between two 

adjacent spheres 

 
 

Figure 4-52.  The distribution of OUT voxels, in the region highlighted in red, of two adjacent 

spheres. 

Since the OUT voxels are concentrated primarily between spheres they are inherently 

very close to if not within at least one beam in each beam set. By taking advantage of the dose 

modulation provided by the SRS via IMRT plan using MLCs, the MLCs can be opened along the 
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edge of a defined beam to add dose coverage to OUT voxels that fall just outside a beam. This 

technique preserves the number of dose levels within in the 3-dimensional dose distribution of a 

beam set, while adding lost dose to the OUT voxels. 

Each beam set’s 3-dimensional dose distribution in a plan was analyzed to identify the 

location of each OUT voxel relative to each beam in the beam set. If the OUT voxel did not fall 

within any beam it was assigned the dose intensity of the beam closest to it. This algorithm was 

applied only to beam sets with at least 25% of all the OUT points lying out of all the beams in 

the beam set. After the 3-dimensional dose distribution for each beam set was sum, a significant 

overall loss of dose was still present. Therefore, a new dose percent level was chosen to which 

the Rx dose level would be re-prescribe. This is analogous to renormalizing the Rx level to a new 

dose percent level. 

The dampened with subsequent dose correction 3-dimensional dose distribution was 

analyzing to see whether target volume voxels were returned to above the Rx dose level or not. If 

the target volume voxel was returned to above the Rx dose level, then they were considered to be 

matched volume, meaning the voxel matched the Rx dose level. If the target volume voxel did 

not return to above the Rx dose level, then that voxel was considered to be missed volume, 

meaning the dampening with subsequent dose correction plan failed to maintain the Rx to that 

voxel. If a voxel in the dampened with subsequent dose correction plan was above the Rx dose 

level, but was below the Rx dose level in the original plan, then that voxel was considered to be 

added volume. These added volume voxels represents an increase in dose to the surrounding 

normal tissue. 

Rx dose voxel comparison analysis 

The new Rx dose levels for the dampened with subsequent dose correction plans used to 

raise the dose to target volume voxels were 85% and 80% of the previous Rx dose level. 
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   A       B 

Figure 4-53.  Effect of the overlap removal method with dose correction for two 16 mm spheres 

offset laterally by 17 mm with equal sphere weighting (#1 = #2). A) Shows the 85% 

Rx dose level, B) shows the 80% Rx dose level. 

Table 4-85.  The percentage of the target volume matched, missed, and added after the overlap 

removal method with dose correction for two 16 mm spheres offset laterally by 17 

mm with equal sphere weighting (#1 = #2). 

Rx dose percent 

level 

Volume percent 

matched 

Volume percent 

missed 

Volume percent 

added 

85% 93.8% 6.2% 14.4% 

80% 99.2% 0.8% 30.3% 

 

 
   A       B 

Figure 4-54.  Effect of the overlap removal method with dose correction for two 16 mm spheres 

offset laterally by 17 mm with unequal sphere weighting (#1 > #2). A) Shows the 

85% Rx dose level, B) shows the 80% Rx dose level. 
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Table 4-86.  The percentage of the target volume matched, missed, and added after the overlap 

removal method with dose correction for two 16 mm spheres offset laterally by 17 

mm with unequal sphere weighting (#1 > #2). 

Rx dose percent 

level 

Volume percent 

matched 

Volume percent 

missed 

Volume percent 

added 

85% 95.4% 4.6% 13.1% 

80% 96.2% 3.8% 21.6% 

 

 
   A       B 

Figure 4-55.  Effect of the overlap removal method with dose correction for two 16 mm spheres 

offset laterally by 17 mm with unequal sphere weighting (#1 < #2). A) Shows the 

85% Rx dose level, B) shows the 80% Rx dose level. 

Table 4-87.  The percentage of the target volume matched, missed, and added after the overlap 

removal method with dose correction for two 16 mm spheres offset laterally by 17 

mm with unequal sphere weighting (#1 < #2). 

Rx dose percent 

level 

Volume percent 

matched 

Volume percent 

missed 

Volume percent 

added 

85% 95.3% 4.7% 13.4% 

80% 96.3% 3.7% 22.1% 

 

 
    A    B 

Figure 4-56.  Effect of the overlap removal method with dose correction for two 16 mm spheres 

offset axially by 17 mm with equal sphere weighting (#1 = #2). A) Shows the 85% Rx 

dose level, B) shows the 80% Rx dose level. 
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Table 4-88.  The percentage of the target volume matched, missed, and added after the overlap 

removal method with dose correction for two 16 mm spheres offset axially by 17 mm 

with equal sphere weighting (#1 = #2). 

Rx dose percent 

level 

Volume percent 

matched 

Volume percent 

missed 

Volume percent 

added 

85% 91.5% 8.5% 11.8% 

80% 99.0% 1.0% 26.7% 

 

 
    A     B 

Figure 4-57.  Effect of the overlap removal method with dose correction for two 16 mm spheres 

offset axially by 17 mm with unequal sphere weighting (#1 > #2). A) Shows the 85% 

Rx dose level, B) shows the 80% Rx dose level. 

Table 4-89.  The percentage of the target volume matched, missed, and added after the overlap 

removal method with dose correction for two 16 mm spheres offset axially by 17 mm 

with unequal sphere weighting (#1 > #2). 

Rx dose percent 

level 

Volume percent 

matched 

Volume percent 

missed 

Volume percent 

added 

85% 93.0% 7.0%   9.4% 

80% 94.3% 5.7% 17.7% 

 

 
    A     B 

Figure 4-58.  Effect of the overlap removal method with dose correction for two 16 mm spheres 

offset axially by 17 mm with unequal sphere weighting (#1 < #2). A) Shows the 85% 

Rx dose level, B) shows the 80% Rx dose level. 
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Table 4-90.  The percentage of the target volume matched, missed, and added after the overlap 

removal method with dose correction for two 16 mm spheres offset axially by 17 mm 

with unequal sphere weighting (#1 < #2). 

Rx dose percent 

level 

Volume percent 

matched 

Volume percent 

missed 

Volume percent 

added 

85% 94.6% 5.4% 13.7% 

80% 95.7% 4.3% 21.9% 

 

OUT voxel dose correction results analysis 

The OUT voxel dose correction method as shown by the target volume voxel analysis of 

the previous section was effective in adding dose to the OUT voxels between spheres of equal 

weighting (see Figure 4-# and 4-#), but was not effective in adding dose to OUT voxels which 

fall between spheres of unequal weighting. It was observed in analysis of the 1-dimensional line 

dose profiles that the overlap removal method over-dampened unequally weighted sphere. The 

OUT voxel dose correction method is not strong enough to overcome the over-dampening of 

unequally weighted multi-sphere plans. 

The OUT voxel method also quickly added a significant amount of normal tissue to the 

Rx dose volume as the new Rx dose percent level is lowered to include more of the target volume 

in the dampened with subsequent dose correction 3-dimensional dose distribution. This 

complicates the relationship between to the first two key plan objectives. As shown in Table 4-# 

(for two 16mm equal), the drop from the 85% to 80% Rx dose level lowered the amount of 

missed volume to below 1.0%, but more than doubled the volume added from an already 

significant amount of 14.4% to 30.3%.
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CHAPTER 5 

CONCLUSIONS AND DISCUSSIONS 

Dose Algorithm 

Conclusion for Dose Algorithm Validation 

Normal source point SRS method conclusion 

The dose algorithm’s normal source point SRS method demonstrated its ability to 

accurately reproduce numerically as well as spatially the 3-dimensional dose distribution of the 

UF in-house TPS for SRS via sphere-packing plans using static beams. It computed numerical 

values of dose at isocenter and maximum dose for nearly every plan within the acceptable dose 

percent tolerance of 3%. It also managed to produce 1-dimensional line dose profiles that on 

average agreed spatially within the 3 mm tolerance, and on average agreed numerically in terms 

of dose within the 3% tolerance for each point compared to the UF in-house TPS. 

The dose algorithm’s normal source point SRS method recorded percent errors outside of 

tolerances mainly for plans involving multi-beams with unequal weightings. For example, the 14 

mm diameter circularly collimated beam set on the edge of a 40 mm diameter circularly 

collimated beam with the 12 mm beam weighted less than the 40 mm beam plan gave a dose at 

isocenter that exceed the 3% dose tolerance with a percent error of 12.3%.  

The 1-dimensional line dose profiles also showed that the steep dose gradient was 

accurately modeled by the dose algorithm’s normal source point SRS method.  

Single source point SRS point method conclusion 

The dose algorithm’s single source point method demonstrated its ability to maintain the 

fidelity of its 3-dimensional dose distribution to the normal source point SRS method’s 3-

dimensional dose distribution by applying the appropriate correction factors. Therefore, the dose 
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algorithm’s single source point SRS method proved to accurately replicate the 3-dimensional 

dose distribution of the UF in-house TPS. 

The dose algorithm’s single source point SRS method produced numerical values for 

dose at isocenter and maximum dose for multi-beam and multi-sphere plans that were nearly 

identical to the normal sources point SRS method and in many instances slightly more accurate. 

Evaluation of the 1-dimensional line dose profiles for the single source point SRS method once 

again produced results nearly identical and in some instances slightly more accurate than the 

normal source point SRS method. It also accurately modeled the steep dose gradient. 

Discussion of Dose Algorithm Validation 

Both the dose algorithm’s normal and single source point SRS methods proved to be 

accurate tools for computing the 3-dimensional dose distributions of SRS via sphere-packing 

plans using static beams. Furthermore, the single source points SRS method accurately models 

the 3-dimensional dose distribution of an SRS via IMRT plan using MLCs for the purpose of 

allowing for experimental modification of the 3-dimensional dose distribution by fluence 

dampening using the MLCs.  

The dose algorithm’s two methods were only run on the most basic of plan setups that 

constitute the building blocks for more complex SRS plans (i.e., single-beam, multi-beam, 

single-sphere, and multi-sphere). Each plan had at most two beams or two spheres. Further 

investigation into the accuracy of the dose algorithm’s two methods for SRS plans involving 

more than two beams or two spheres is needed.  
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Fluence Dampening 

Conclusion for Fluence Dampening 

Overlap removal method conclusion 

Fluence dampening by the overlap removal method successfully accomplished its goal of 

removing the radiation hot spots generated by the unnecessary overlapping fluence in each beam 

set. The new 3-dimensional dose distributions generated at each beam set contained fewer 

intensity levels. The resulting sum of all the beam sets’ 3-dimensional dose distributions 

contained a more uniform dose than the original dose distribution.  

However, the overlap removal method proved to over-dampen the target volume between 

spheres. The dose to target volume voxels that lie between spheres that do not fall geometrically 

within a sphere lost a significant portion of their dose, such that they typically fell far below the 

Rx dose level. For fluence dampening using the overlap removal method to be clinically viable, it 

must meet the first key plan objective of delivering the Rx dose to the entire target volume. The 

overlap removal method fails to maintain the dose to each target volume voxel, and therefore 

required a correction method be applied to augment the dose to target volume voxels. 

OUT voxel correction method conclusion 

The OUT voxel correction method was devised to add dose to the target volume between 

spheres that fell below the Rx dose level after fluence dampening using the overlap removal 

method. The OUT voxel correction method successfully augmented the dose to the OUT voxels, 

but not before a substantial amount of normal tissue was added to the Rx dose level volume. The 

overall dose lost by in the target volume voxels required a new Rx dose percent level. As the new 

Rx dose percent dose was lowered to include more of the target volume, the amount of normal 

tissue added to the Rx dose level accumulated too quickly. Therefore, the OUT voxel correction 
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method violated the second key plan objective before adequately correcting the dose to OUT 

voxels to meet the demands of the first key plan objective. 

Discussion of Fluence Dampening 

Fluence dampening by the overlap removal method was able remove the unnecessary 

overlapping fluence as it was designed to do, but the resultant 3-dimensional dose distribution 

proved to not be clinically viable as it removed too much dose from the entire distribution. After 

subsequent correction using the OUT voxel correction method, the 3-dimensional dose 

distributions added too much normal tissue to the Rx dose volume. In the process of augmenting 

the dose to the target volume due to over-dampening to satisfy the first key objective, the plans 

failed to be clinically viable by violating the second key plan objective.  

The proven ability of fluence dampening by the overlap removal method to reduce MUs 

and treatment times shows promise if a method can be devised to carefully augment the dose to 

the over-dampened target volume between spheres without adding significant amounts of normal 

tissue to the Rx dose level. An effective method for correcting the over-dampening could be 

found by taking advantage of the ability of the MLCs to modulate the dose to regions between 

spheres. 
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