
IN THE UNITED STATES DISTRICT COURT 
FOR THE MIDDLE DISTRICT OF FLORIDA 

ORLANDO DIVISION 
 
SUN NUCLEAR CORPORATION,  
a Florida corporation; and  
JOHNS HOPKINS UNIVERSITY, 
a Maryland corporation,  
 

 Plaintiffs, 
 

vs. 
 
MOBIUS MEDICAL SYSTEMS, LP, 
a Texas limited partnership;  
 
  Defendant. 

 
 
 

Case No. 6:14-CV-321-Orl-36DAB

INJUNCTIVE RELIEF REQUESTED

JURY TRIAL REQUESTED
 

 
AMENDED COMPLAINT 

 
 Plaintiffs SUN NUCLEAR CORPORATION, and JOHNS HOPKINS 

UNIVERSITY, through their undersigned counsel, for their complaint against 

Defendant MOBIUS MEDICAL SYSTEMS, LP, states:  

PARTIES, JURISDICTION AND VENUE 

1. Plaintiff SUN NUCLEAR CORPORATION (“Sun”) is a Florida 

corporation with its principle place of business in Melbourne, Florida. 

2. Plaintiff JOHNS HOPKINS UNIVERSITY (“JHU”) is a Maryland 

corporation. 

3. Defendant MOBIUS MEDICAL SYSTEMS, LP (“Mobius”) is a 

Texas limited liability company, which sells and offers products which infringe the 

patents-in-suit.  
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4. This Court has jurisdiction over the subject matter of this action 

pursuant to 28 U.S.C. §§ 1331 and 1338(a).   

5. This Court has in personam jurisdiction as to Mobius as Mobius is 

subject to both general and specific jurisdiction in this State.  More particularly, 

Mobius regularly conducts business activity in the State of Florida, has appointed 

agents to act on its behalf in the State of Florida and this District, and upon 

information and belief, sells and offers to sell products that infringe one or more 

claims of JHU’s patents in the State of Florida.  

6. Venue properly lies within this judicial district and division, pursuant 

to 28 U.S.C. §§1391(c) and 1400(b). 

STATEMENT OF FACTS 
 

7. JHU is the assignee of U.S. Patent 8,325,878 (the “‘878 Patent”).  A 

true and correct copy of the ‘878 Patent is attached hereto as Exhibit A. 

8. JHU has licensed all of its rights to the inventions claimed in the 

‘878 Patent exclusively to Sun in the field of use practiced by Mobius. 

9. Plaintiff Johns Hopkins University and the inventors of the ‘878 

Patent are well known in the field of radiation therapy and are recognized for their 

expertise in developing dose computations and related analysis.  It is well known 

in the industry that Johns Hopkins University protects its developments by 

securing patent protection from the United States Patent Office and requires 

licenses from the community of medical physicists who wish to exploit John 

Hopkins’ inventions. 
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10. Mobius, through its principal, Nathan Childress, is and since at 

least 2008, was actively engaged in the business of selling software for medical 

physicists which utilize dose computations for radiation therapy.  Mobius is active 

in the relatively small community of medical physicists and holds positions in The 

American Association of Physicists in Medicine.  

11. In May of 2008, Johns Hopkins University and the inventors of the 

‘878 Patent filed a provisional application for their invention of real-time dose 

computation for radiation therapy.  Thereafter, a description of the invention was 

published in scholarly journals and circulated to those in the field, including 

Mobius.  

12. After disclosure of the inventions, Mobius, upon information and 

belief, began to attempt to incorporate the invention into its commercial product, 

Mobius 3D.  Indeed, Mobius published a “white paper” in which it describes the 

use of dose calculations in its products, specifically referencing the Johns 

Hopkins’ invention as the source of material and calculations for the Mobius 3D 

product.  

13. On or about May of 2011, the patent application was published by 

the United States Patent Office.  

14. Almost immediately after the patent published, Mobius, through 

Nathan Childress, had a phone conversation with one of the inventors, Dr. 

McNutt, asking Dr. McNutt questions about his invention and how best to 

implement the invention.  Upon information and belief, Mobius was aware of the 
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patent application at the time, sufficient to put Mobius on notice of the claims 

asserted. 

15. On December 4, 2012, the ‘878 Patent issued.  There was press 

coverage announcing to the industry the patent had issued in December of 2012.  

The patent award was of interest to this relatively small niche industry and upon 

information and belief, Mobius was aware of the patent and the need for a 

license, but failed to seek a license.  Indeed, it appears Mobius actively studied 

the invention, was fully aware of the patent, and yet chose to utilize the invention 

without first obtaining a license to do so. 

16. In August of 2013, the inventors gave a presentation which 

included details of the invention to a meeting of The American Association of 

Physicists in Medicine.  The presentation included information about licensing the 

invention and specifically identified existing licensees.  Upon information and 

belief, details of the patent were addressed.  Mobius, through Nathan Childress, 

attended the meeting and upon information and belief, was made aware of the 

patent and was aware of the need for a license, but failed to seek a license. 

17. On or about March 3, 2014, Plaintiffs specifically and unequivocally 

accused Mobius of infringing the patent.  Despite the notice, Mobius continued 

and has continued to infringe the ‘878 Patent despite having no basis to contend 

it does not infringe. 
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18. Mobius had actual knowledge of the patent claims at issue at a time 

known by Defendant, but as early as the second quarter of 2008, but no later 

than March 3, 2014. 

19. Upon information and belief, Mobius has directly infringed one or 

more claims of the Patent-in-Suit through the sale and offer for sale of its Mobius 

3D product.  Further, Mobius has contributed to the infringement of the ‘878 

Patent by offering software modules for sale in the United States as part of the 

Mobius 3D product which Mobius knows is designed to be used in an infringing 

manner and has no substantial non-infringing uses.  Mobius also, despite being 

aware of the patent, instructs its customers to perform the method steps of the 

‘878 Patent and sells the product designed to be used as a part of systems that 

infringe the ‘878 Patent, knowing its customers who use the module will be 

infringing the patent. 

20. Plaintiffs have not granted Mobius a license to practice the ‘878 

Patent for the accused products.  

Action for Infringement of the ‘878 Patent 

21. Plaintiffs are entitled to compensatory damages and injunctive relief 

for Mobius’ infringing activities. 

22. Upon information and belief, Mobius lacks justifiable belief that 

there is no infringement or that the infringed claims are invalid.  Mobius has, 

upon information and belief, been aware of the invention and Johns Hopkins’ 

exclusive rights, but has refused to seek a license.  In fact, Mobius specifically 
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contacted one of the inventors, at Johns Hopkins, to obtain help in implementing 

the infringement, which help was provided.  Mobius’ infringement is upon 

information and belief, willful and Plaintiffs are entitled to an award of enhanced 

damages, attorneys’ fees, and costs in bringing this action.  

Wherefore, Plaintiffs pray this Honorable Court enter such preliminary and 

final orders and judgments as are necessary to provide Plaintiffs with the 

following requested relief: 

A. A preliminary and then permanent injunction enjoining Mobius from 

infringing the ‘878 Patent;  

B. An award of damages against Mobius under 35 U.S.C. §284 in an 

amount adequate to compensate Plaintiffs for Mobius’ infringement, but in no 

event less than a reasonable royalty for the use made by Mobius of the 

inventions set forth in the ‘878 Patent; 

C. An award against Mobius for exemplary damages, attorneys' fees, 

and costs under 35 U.S.C. § 285; and 

D. Such other and further relief as this Court deems just and proper. 

JURY TRIAL REQUEST 

 Plaintiffs request a trial by jury as to all matters so triable. 
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 Respectfully submitted May 5, 2014. 

 /s/Brian R. Gilchrist    
Brian R. Gilchrist, FL Bar #774065 
bgilchrist@addmg.com  
Jeffrey S. Boyles, FL Bar #722308  
jboyles@addmg.com  
Ryan T. Santurri, FL Bar #15698 
rsanturri@addmg.com  
ALLEN, DYER, DOPPELT 
   MILBRATH & GILCHRIST, P.A. 
255 South Orange Avenue, Suite 1401 
Post Office Box 3791 
Orlando, FL  32802-3791 
Telephone:  407-841-2330 
Facsimile:   407-841-2343 
 
Attorneys for Plaintiffs, 
Sun Nuclear Corporation and  
Johns Hopkins University 
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CERTIFICATE OF SERVICE 

 I hereby certify that on May 5, 2014, I electronically-filed the foregoing 
using the Case Management/Electronic Case Filing (“CM/ECF”) System, which 
will send a Notice of Electronic Filing to the following CM/ECF participants: 
  
Richard E. Fee, FL Bar #813680 
Kathleen M. Wade, FL Bar #127965 
FEE & JEFFRIES, P.A. 
1227 N. Franklin Street 
Tampa, Florida 33602 
(813) 229-8008 
(813) 229-0046 (Facsimile) 
rfee@feejeffries.com  
kwade@feejeffries.com  
 
Local counsel for Defendant, 
Mobius Medical Systems, LP 
 

Chanler A. Langham,  
TX Bar #24053314 
(pro hac vice motion pending) 
John P. Lahad, TX Bar #24068095 
(pro hac vice motion pending) 
SUSMAN GODFREY, L.L.P. 
1000 Louisiana, Ste. 5100 
Houston, TX 77002-5096 
(713) 651-9366 
(713) 654-6666 (Facsimile) 
clangham@susmangodfrey.com  
jlahad@susmangodfrey.com  
 
Trial counsel for Defendant, 
Mobius Medical Systems, LP 
 

 /s/Brian R. Gilchrist    
Brian R. Gilchrist , FL Bar #774065 
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REAL-TIME DOSE COMPUTATION FOR 
RADIATION THERAPY USING GRAPHICS 
PROCESSING UNIT ACCELERATION OF 
THE CONVOLUTION/SUPERPOSITION 

DOSE COMPUTATION METHOD 

CROSS-REFERENCE OF RELATED 
APPLICATION 

This application claims priority to US. Provisional Appli 
cation No. 61/126,936 ?led May 8, 2008, the entire contents 
of Which are hereby incorporated by reference, and is a US. 
national stage application under 35 U.S.C. §371 of PCT/ 
US2009/043341 ?led May 8, 2009, the entire contents of 
Which are incorporated herein by reference. 

BACKGROUND 

1. Field of Invention 
The current invention relates to radiation therapy systems, 

and more particularly external beam radiation therapy sys 
tems. 

2. Discussion of RelatedArt 
Radiation therapy is the medical use of radiation to treat 

malignant cells, such as cancer cells. This radiation can have 
an electromagnetic form, such as a high-energy photon, or a 
particulate form, such as an electron, proton, neutron, or 
alpha particle. 
By far, the most common form of radiation used in practice 

today is high-energy photons. Photon absorption in human 
tissue is determined by the energy of the radiation, as Well as 
the atomic structure of the tissue in question. The basic unit of 
energy used in radiation oncology is the electron volt (eV); 
103 eV:1 keV, 106 eV:1 MeV. Three interactions can be 
involved in photon absorption in tissue: the photoelectric 
effect, Compton effect, and pair production. 

In the photoelectric effect, an incoming photon transfers 
energy to a tightly bound electron. The photon transfers prac 
tically all of its energy to the electron and ceases to exist. The 
electron departs With mo st of the energy from the photon and 
begins to ionize surrounding molecules. This interaction 
depends on the energy of the incoming photon, as Well as the 
atomic number of the tissue; the loWer the energy and the 
higher the atomic number, the more likely that a photoelectric 
effect Will take place. The energy range in Which the photo 
electric effect predominates in tissue is about 10-25 keV. 

The Compton effect is the most important photon-tissue 
interaction for the treatment of cancer. In this case, a photon 
collides With a “free electron,” i.e., one that is not tightly 
bound to the atom. Unlike the photoelectric effect, in the 
Compton interaction both the photon and electron are scat 
tered. The photon can then continue to undergo additional 
interactions, albeit With a loWer energy. The electron begins to 
ionize With the energy given to it by the photon. The prob 
ability of a Compton interaction is inversely proportional to 
the energy of the incoming photon and is independent of the 
atomic number of the material. The Compton effect domi 
nates in the range of ~25 keV-25 MeV and is therefore the 
most common interaction occurring clinically, as most radia 
tion treatments are performed at energies of about 6-20 MeV. 

In pair production, a photon interacts With the nucleus of an 
atom. The photon gives up energy to the nucleus and, in the 
process, creates a positron-electron pair of particles. The 
positive electron (positron) ionizes until it combines With a 
free electron in positron-electron annihilation. This positron 
electron annihilation generates tWo photons that travel in 
opposite directions. The probability of pair production is 
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2 
proportional to the logarithm of the energy of the incoming 
photon and is dependent on the atomic number of the mate 
rial. The energy range in Which pair production dominates is 
225 MeV. This interaction occurs to some extent in routine 
radiation treatment With high-energy photon beams. 

With the advent of high-energy linear accelerators, elec 
trons have become a viable option in treating super?cial 
tumors up to a depth of about 5 cm. Electron depth dose 
characteristics are unique in that they produce a high skin 
dose but exhibit a falloff after only a feW centimeters. 

Electron absorption in human tissue is greatly in?uenced 
by the presence of air cavities and bone. The most common 
clinical uses of electron beams include the treatment of skin 
lesions, such as basal cell carcinomas, and boosting of areas 
that have previously received photon irradiation, such as post 
operative lumpectomy or mastectomy scar in breast cancer 
patients, as Well as select nodal areas in the head and neck. 

Fast, accurate dose computation algorithms are important 
for radiation therapy planning as they are the only available 
method of ensuring that the desired dose is delivered to a 
speci?c patient. Dose computation includes tWo parts: a 
source model and a transport model. The source model pro 
vides the incident ?uence. The transport model computes the 
dose that results from the incident ?uence and is currently the 
performance bottleneck. The three main transport algorithms 
in the order of increasing accuracy/decreasing performance 
are pencil beam, superposition/convolution, and Monte 
Carlo. Superposition/convolution is the current clinical stan 
dard method of calculating radiation dose for external beam 
radiation therapy. 

In recent years, treatment quality has been increased by the 
use of intensity modulation. This technique uses a multi-leaf 
collimator to de?ne multiple apertures from a single beam 
direction providing the ability to vary the intensity of radia 
tion across the beam. This technique alloWs us to conform 
radiation treatment to the shape of the target and avoid critical 
structures While drastically increasing the number of beam 
parameters. In order to determine the best set of multi-leaf 
collimator settings, the treatment planning system must opti 
mize, through multiple iterations of dose calculations, an 
objective function having the drastically increased number of 
beam parameters. In practice, the treatment planner repeats 
the optimizations multiple times in order to achieve the best 
results possible for the patient. Therefore, While a single 
optimization may take ?ve minutes for a set of ?ve beams, the 
entire process may take several hours to produce a clinically 
acceptable plan. This limits both the quantity and quality of 
intensity modulated plans in clinical Work How. 

This clinical Work?oW limitation extends to more complex 
techniques such as volumetric modulated arc therapy (Otto, 
K., Med. Phys. 35, 310-317, 2008), intensity modulated arc 
therapy (Yu, C. X., Phys. Med. Biol. 40, 1435-1449, 1995), 
and adaptive radiation therapy (Y an, D., Vicini, F., Wong, 1., 
Martinez, A, Phys. Med. Biol. 42, 123-132, 1997). Further 
more, this clinical Work?oW limitation prohibits real-time 
radiation therapy; the ability to scan, re-plan and treat every 
patient daily. A thorough revieW of dose calculation in radia 
tion therapy is available from Ahnesjo et al. (Ahnesjo, A., 
Aspradakis, M, Phys. Med. Biol. 44, R99-R155 1999). 

Thus, computational performance of the dose computation 
is a limiting factor in radiation therapy treatment plan quality. 
Traditionally, improvements in treatment quality have been 
realized by faster hardWare. But, Moore’s laW has changed. 
Instead of doubling in speed every 18 months, computers are 
doubling the number of processing cores. And as processors 
are becoming multi-core, the many-core architectures of 
graphics processing units (GPUs) are gaining the ?exibility to 
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run general purpose algorithms. To realize the promised per 
formance gains from the recent trend in computer hardware, 
traditional serial algorithms used in radiation dose computa 
tion should be replaced With parallel ones. Recently, Nucle 
tron corporation made an announcement regarding GPU 
acceleration in their treatment planning system, though pub 
lished details are not yet available. HoWever, straight-forWard 
partitioning of the existing serial algorithms to produce mul 
tiple threads for multiple processing cores does not Work. 
This is because the threads are farmed out to calculate the 
same radiation dose based on the same input data and read/ 
Write con?icts may easily arise. When a Write-on-Write 
(WOW) con?ict arises, for example, it can happen that only 
the last Write is stored, leading to inaccurate dose calcula 
tions. Thus, there is a need in the art for improved dose 
calculation by utilizing parallel computing on multiple pro 
cessing cores. There also remains a need for real-time dose 
calculation. 

SUMMARY 

Some embodiments of the current invention provides a 
system for radiation therapy comprising a radiation planning 
system, Wherein the radiation planning system comprises a 
parallel processor adapted to receive input information con 
cerning a body having an intended radiation treatment region 
and to output information for providing radiation treatment to 
the intended radiation treatment region of the body, Wherein 
the parallel processor is adapted to perform a plurality of 
reverse ray tracing calculations based on the input informa 
tion concerning the body in determining the output informa 
tion for providing radiation treatment, each of the plurality of 
reverse ray tracing calculations comprising: calculating a ?rst 
physical property corresponding to a ?rst sub-region of the 
intended radiation treatment region of the body that is inter 
sected by a ray traced betWeen a source position and the 
intended radiation treatment region; and calculating, subse 
quent to the ?rst-mentioned calculating, a second physical 
property corresponding to a second sub-region of the 
intended radiation treatment region that is intersected by the 
ray at a location closer to the source position than is the ?rst 
sub-region. 
Some embodiments of the current invention provide a 

method of determining radiation therapy parameters, com 
prising: obtaining information concerning an intended radia 
tion treatment region of a body; computing, based on the 
information, in a direction from the body to a source position, 
a physical property at a ?rst sub-region and a second sub 
region along a ray that is traced betWeen the source position 
and the body and intersecting the body in the intended radia 
tion treatment region, the second sub-region along the ray 
being closer to the source position than the ?rst sub-region 
along the ray; and determining the radiation therapy param 
eters for providing radiation treatment to the intended radia 
tion treatment region based on the computing. 
Some embodiments of the current invention provide a 

computer readable medium, When executed by a computer, 
causes the computer to implement the method above. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Further objectives and advantages Will become apparent 
from a consideration of the description, draWings, and 
examples. 

FIG. 1 shoWs a schematic diagram of an embodiment of the 
present invention. 

FIG. 2 illustrate a conventional forWard ray tracing. 
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4 
FIG. 3 illustrates a reverse ray tracing according to an 

embodiment of the present invention. 
FIG. 4 shoWs the Total Energy Released per unit Mass 

(TERMA) along the central axis calculated analytically, 
using a commercial Pinnacle system (Philips Radiation 
Oncology Systems Madison Wis.) and an embodiment of the 
present invention, each normalized at a depth of 10 cm. 

FIG. 5A shoWs a penumbra slice of TERMA With discreti 
zation artifacts calculated using forWard tracing. 

FIG. 5B shoWs the same penumbra slice of TERMA With 
out discretization artifacts calculatedusing an embodiment of 
the present invention. 

FIGS. 6A and 6B shoW calculated slices of TERMA using 
a ?xed step size and an exact radiological distance according 
to an embodiment of the present invention, respectively. 

FIGS. 7A and 7B illustrate titled kernel and non-tilted 
kernel during the superposition operation. 

FIGS. 8A and 8B shoW the diagrams of the memory access 
patterns according to the conventional uniform sampling and 
a small ?eld (5 mm) dose deposition slice calculated, respec 
tively. 

FIGS. 9A and 9B shoW the diagrams of the memory access 
patterns according to an embodiment of the present invention 
and a small ?eld (5 mm) dose deposition slice calculated, 
respectively. 

FIG. 10 shoWs absorbed dose patterns along the central 
axis calculated by a commercial Pinnacle system (Philips 
Radiation Oncology Systems Madison Wis.) and an embodi 
ment of the present invention, each normalized at a depth of 
10 cm. 

FIG. 11 shoWs absorbed dose pro?les calculated by a com 
mercial Pinnacle system (Philips Radiation Oncology Sys 
tems Madison Wis.) and an embodiment of the present inven 
tion at a depth of 10 cm, each normalized at the midpoint. 

FIG. 12 illustrates a method according to another embodi 
ment of the present invention. 

DETAILED DESCRIPTION 

Some embodiments of the current invention are discussed 
in detail beloW. In describing embodiments, speci?c termi 
nology is employed for the sake of clarity. HoWever, the 
invention is not intended to be limited to the speci?c termi 
nology so selected. A person skilled in the relevant art Will 
recognize that other equivalent components can be employed 
and other methods developed Without departing from the 
broad concepts of the current invention. All references cited 
herein are incorporated by reference as if each had been 
individually incorporated. 

FIG. 1 is a schematic diagram of a radiation therapy system 
100 according to an embodiment of the current invention. 
Radiation therapy system 100 comprises a radiation planning 
system 101, Which further comprises a parallel processor 102. 
Parallel processor 102 is adapted to receive input information 
concerning a body 105 having an intended radiation treat 
ment region. Parallel processor 102 is also adapted to gener 
ate output information for providing radiation treatment to 
the intended radiation treatment region of the body 105. Par 
allel processor 102 is adapted to perform a plurality of reverse 
ray tracing calculations based on the received input informa 
tion in determining the output information for providing 
radiation treatment. Each reverse ray tracing comprises cal 
culating a ?rst physical property corresponding to a ?rst 
sub-region of the intended radiation treatment region of the 
body that is intersected by a ray traced from a source position 
through the intended radiation treatment region; and calcu 
lating, subsequent to the ?rst-mentioned calculating, a second 
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physical property corresponding to a second sub-region of the 
intended radiation treatment region that is intersected by the 
ray at a location closer to the source position than is the ?rst 
sub-region. The radiation planning system 101 may further 
comprise storage 107, display 108, and I/O 109. Storage 107 
may be, for example, a hard disk drive, a CD-ROM drive, a 
DVD drive, a ?ash drive, etc. Display 108 may be, for 
example, a Liquid Crystal Display (LCD), a cathode ray tube 
(CRT) monitor, a plasma display, etc. I/O device 109 may 
include, for example, a mouse, a keyboard, an interface for 
data transfer over a netWork or a data bus, etc. 

Radiation therapy system 100 may further comprise a 
radiation treatment system 103 that is in communication With 
radiation planning system 101. Radiation treatment system 
103 further comprises a radiation source 106. Radiation 
source 106 is a source that emits a beam of radiation to be 
directed onto body 105 for treatment. Examples of radiation 
sources may include, a X-ray source, a gamma ray source, an 
electron beam source, etc. Radiation source 106 may further 
comprise a multi-leaf collimator (MLC) to collimate the 
beam. By adjusting the position of the leaves of the MLC, a 
dosimetrist may match the radiation ?eld to a shape of the 
treatment region of body 105. Other beam shaping and/or 
contouring can be included in some embodiments. Radiation 
source 106 can have a corresponding source model. Radiation 
system 103 may be controlled by radiation treatment plan 
ning system 101, for example, to deliver intensity modulated 
radiation energy to conform radiation treatment to the shape 
of the intended radiation treatment region of the body 105. 

Radiation therapy system 1 00 may further comprise a diag 
nostic system, in communication With the radiation planning 
system 101, that generates empirical data of body 105. The 
empirical data may be used as input information to radiation 
planning system 101 and parallel processor 102 and may be 
used in reverse ray tracing calculations. Diagnostic system 
104 comprises sensors to obtain the empirical data of body 
105. An example diagnostic system may be a Computed 
Tomography (CT) scanner, a Magnetic Resonance Imaging 
(MRI) scanner, a Positron Emission Tomography (PET) scan 
ner, etc. 
Body 105 can be a human or an animal, for example. 
The superposition/convolution algorithm has been shoWn 

to produce an accurate calculation of the dose distribution 
(Mackie, T. R., Scrimger, J. W., Battista, J. 1., Med. Phys. 12, 
188-196, 1985; Mackie, T. R.,Ahnesjo,A., Dickof, P., Snider, 
A, Use ofComp. In Rad. Ther., 107-110 1987; Mackie, T. R., 
ReckWerdt, P. 1., McNutt, T. R., Gehring, M., Sanders, C., 
Proceedings of the 1996 AAPM Summer School, 1996). It 
includes tWo stages. First, the incident ?uence is transported 
through the density representation of the patient to compute 
the Total Energy Released per unit MAss (TERMA) at each 
location. The TERMA, TE(r'), of a particular energy E of at 
point r' is de?ned as the ?uence of energy E, \PE(r'), Weighted 
by the density relative to Water, p(r'), and linear attenuation, 
uE(r'), at point r', as shoWn in the folloWing Eq 1. 

#50’) (1) 

The linear attenuation coe?icient, uE(r'), is also dependent 
on the atomic material. Since Compton scattering dominates 
in the energy range of mega volts associated With radiation 
therapy and Compton scattering is dependent on electron 
density not material, clinically, there is a pieceWise linear 
relation betWeen standard CT numbers and density for nor 
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6 
mal human tissues. In general, non-Compton interactions are 
considered negligible in this energy range. The ?uence, 
\PE(r'), at point r' of energy E is determined by the source focal 
point s and the incident ?uence lI'E,O(r') of energy E in the 
direction r' according the folloWing Eq. 2: 

(2) W500“) efs/ iuEmab 

Then, the superposition/ convolution algorithm spreads this 
energy by a dose deposition kernel to determine the ?nal dose 
at each location. To alloW the dose deposition kernel to scale 
realistically With tissue inhomogeneities the radiological dis 
tance betWeen points, dp(r,r'), is used, based on the folloWing 
Eq. 3, Which differentiates superposition from convolution. 

The dose at point r, D(r), is computed from an integration 
over the TERMA volume Weighted by the energy dependent 
dose deposition kernel, KE, according to the folloWing Eq. 4. 
The standard collapsed cone kernel is indexed by radiological 
distance and relative angle, 00, betWeen the point and the 
kernel axis, and lacks the geometric distance squared effect. 

Typically the mono-energetic contribution of every voxel, 
as in Eq. 4, is not calculated. Instead, as in Eq. 7, Which is 
based on Eqs. 5 and 6, a discrete set of ray angles, 00, and 
directions, v, are chosen and integrated along using a single 
poly-energetic kernel. This is justi?ed by the approximately 
exponential kernel fall-off and the drastically reduced contri 
bution of any single distant voxel due to the distance squared 
effect. The distance squared effect is negated by the increase 
in volume of the solid angle the rays represent. Ray directions 
are chosen to balance geometric and kernel energy factors. 

W) = Z Tm’)- (5) 
E 

K(d,, w) = z KE(d,, w). (6) 
E 

(7) 

Traditionally, TERMA is calculated by casting a set of rays 
that deposit the incident ?uence to volume according to Eqs. 
1 and 2. For numerical accuracy, approximately four rays 
should pass through each TERMA voxel, attenuation should 
begin at the patient’s surface and the ?uence to each voxel 
should be normalized by the total length of the rays that 
contributed to that voxel. This normalization removes the 
normal inverse square ?uence drop-off due to a diverging 
source. The normalization must therefore be reapplied, nor 
mally to the TERMA grid. A clinically acceptable speed 
enhancement is to not tilt the dose deposition kernel to align 
With the ray axis at each voxel. In this case it is more accurate 
to apply the divergence correction to the dose grid (Papani 
kolaou, N., Mackie, T. R., Meger-Wells, C., Gehring, M., 
ReckWerdt, P., Med. Phys. 20, 1327-1336, 1993). 
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TERMA is strongly dependent on the beam spectrum. The 
spectrum is rotationally symmetric about the beam axis and 
hardens With depth in material. By a hardened spectrum, We 
mean that the spectrum becomes more dominated by higher 
energy components as loWer energy components are more 
preferentially scattered and absorbed out of the beam. Tradi 
tionally, the attenuation is modeled using a lookup table 
Which When combined With the linear attenuation lookup 
table has axes of depth, density and off-axis angle. This table 
also requires the use of a ?xed step ray-casting algorithm, 
Which avoids evaluating the traditionally costly exponential 
at every step. Though clinically accepted for performance 
reasons, this look-up table assumes a homogenous medium. 
This is incorrect as heterogeneous tissues preferentially 
attenuate different spectra. Furthermore, the ?xed step siZe 
and discretiZed rays results in numerical artifacts. 

The dose deposition kernel also has a dependence on the 
energy spectrum at each voxel. HoWever, this effect is negli 
gible and a single poly-energetic kernel has been shoWn to be 
suf?ciently accurate for clinical use and is the current stan 
dard of care. Poly-energetic kernels are created by combining 
a spectrum of mono-energetic kernels, Which are generated 
using Monte Carlo simulations that forces mono-energetic 
photons to interact at the center of a Water sphere and tallying 
the dose deposited everyWhere in that sphere (Ahnesjo, A., 
Andreo, P., Brahme, A., Acta. Oncol., 26, 49-56, 1987; 
Mackie, T. R., BielajeW,A. F., Rogers, D. W. O., Battista, J. 1., 
Phys. Med. Biol. 33, l-20, 1988). 

Algorithms for image processing have obviously been 
adapted to parallel or graphic processing unit (GPU) archi 
tectures. There are several ray cast, ray trace and volumetric 
visualization algorithms adapted in conventional graphics 
systems, for example. HoWever, dose calculation for radia 
tion therapy is fundamentally concerned With the interaction 
of a line With a volume While visualiZation algorithms are 
interested in a property of a line, such as its integral or maxi 
mum. This distinction renders many parallel ray tracing algo 
rithms developed for visualization inapplicable for radiation 
therapy. Part of the traditional TERMA algorithm may be 
super?cially similar to volumetric ray-casting although 
nai'vely adapting the previous GPU implementation as done 
in (Kruger, 1., Westermann, R., 2003) is impractical and 
Would fail to produce accurate results. Because dose deposi 
tion deals primarily With electron interactions, it is fundamen 
tally different from visualiZation algorithms. 

According to an embodiment of the current invention, the 
superposition/convolution algorithm can be adapted to the 
GPU using a combination of NVlDA’s Compute Uni?ed 
DeviceArchitecture (CUDA) softWare development environ 
ment and the Digital Mars’ D programming language for our 
implementation. The folloWing describes the details of the 
adaptation. 
As discussed, superposition/convolution is a tWo stage 

algorithm: ?rst the TERMA is calculated and then the dose 
deposition kernel is superimposed. 

During the TERMA calculation, a standard forWard 
TERMA algorithm may be implemented. This method 
requires overlapping scattered accumulation, Which results in 
read-Write con?icts When run in parallel. A read-Write con?ict 
occurs When threads simultaneously attempt to read, process 
and then Write to the same memory, resulting in only the last 
update being recorded. This drastically reduces the effective 
number of contributing rays to each voxel to beloW the limit 
required for numerical accuracy. HoWever, the divergent 
nature of the source may be utiliZed to create sets of rays 
guaranteed to be one voxel apart at all times. While individual 
sets are large enough to be e?iciently run on the GPU, this 
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serialiZation causes excessive GPU call overhead. The tradi 
tional 3D spectral attenuation lookup table exceeded the tex 
ture cache siZe, reducing performance. Performance can be 
improved by individually attenuating separate spectral bins, 
using shared memory to reduce register usage. This reduced 
the lookup to a small 2D texture of linear attenuation coe?i 
cients parameteriZed by energy and density. This may be 
enabled by the hardWare accelerated exponential on the GPU. 
Accuracy can also be improved as the spectrum is correctly 
attenuated in heterogeneous media. HoWever, the number of 
rays required for numerical accuracy exhibit an unclear rela 
tion With resolution, discretiZation effects can be evident, as 
Will be discussed and computation may comprise a signi?cant 
fraction of the total dose calculation time. 

These issues can be avoided by an inverse TERMA algo 
rithm according to some embodiments of the current inven 
tion. By rearranging equations (1), (2) and (5), separating the 
incidence ?uence, lI'E,O(r'), into a spectral Weight, W E, and net 
?uence factor, IPO(r'), and de?ning an attenuation factor, the 
folloWing Eq. 8 is obtained. 

(3) #5 eff quEmdr 

FIG. 2 illustrates a conventional forWard ray tracing. FIG. 
3 illustrates a reverse ray tracing according to an embodiment 
of the present invention. By casting a ray from each TERMA 
voxel back toWards the source, gathering the net attenuation 
along the Way, early ray termination can be achieved When the 
patient boundary is reached, increasing both performance and 
accuracy. In calculating the above de?ned attenuation factor, 
a pre-compiled look-up table may be used for the quantity 

For example, based on a CT image, in Houns?eld units, of a 
radiation treatment region, one may look up this quantity 
from the look-up table. The spectral Weight, W E, for example, 
may be contained in a model of the radiation source for the 
radiation treatment, and each spectral bin may be attenuated 
independently for a given ray. 
Then TERMA may then be calculated by multiplying the 

net attenuation for each voxel by the net incident ?uence from 
the source toWards that voxel according to the folloWing Eq. 
9: 

FIG. 4 shoWs TERMA energies along the central axis 
calculated analytically, using a commercial Pinnacle system 
(Philips Radiation Oncology Systems Madison Wis.), and 
according to an embodiment of the present invention, each 
normaliZed at a depth of 10 cm. 

While Eq. 9 is an O(n4) algorithm, as opposed to the O(n~3) 
for the standard forWard method, each thread only Writes to its 
oWn voxel, thus avoiding read-Write con?icts. The algorithm 
alloWs for coalesced read access to texture memory Which 
drastically enhances memory performance. Both the standard 
forWard and the reverse ray-tracing algorithms may be used 
over a variety of clinical resolutions and may compute the 
computationally expensive attenuation volume once during 
interactive use or intensity modulation optimiZation, When 
only the ?uence ?eld is changed. This pre-computation can 
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provide a multiple order of magnitude performance improve 
ment according to some embodiments of the current inven 
tion. 

TABLE 1 

Performance of the standard forward, novel inverse and approximate 
TERMA calculation methods. Also included is the performance of only 
updating the incidence ?uence ?eld which is useful during intensity 

modulation 

Approximate Intensity 
Size Forward Reverse attenuation Modulation 

323 23 ms 2 ms 1 ms 1 ms 

643 44 ms 18 ms 2 ms 1 ms 

1283 150 ms 220 ms 26 ms 3 ms 

2563 1869 ms 3317 ms 454 ms 13 ms 

Performance of the attenuation volume based TERMA 
algorithm relative to the traditional ray cast algorithm was 
compared across a variety of resolutions as shown in Table 1. 
Both methods incorporate physically correct multi-spectral 
attenuation and have been optimiZed for the GPU. Ray-cast, 
used in forward ray tracing calculations, can have read/write 
con?icts. The scalability of ray-cast exhibits sweet spots and 
required parameter tweaking to maintain the prerequisite 
number of rays traversing each voxel. The tweaking is labo 
rious and highly unintuitive. The attenuation volume based 
TERMA computation by reverse ray tracing calculations 
exhibits an empirical performance of O(n3'76), which is a 
slight improvement over its theoretical O(n4). Reverse ray 
tracing calculations, according to some embodiments of the 
current invention, does not suffer from read/write con?ict. 
The fast, approximate radiological depth based attenuation 
algorithm, which makes the standard homogeneous material 
approximation, provided a speedup of ~8><. The performance 
of only updating the incident ?uence, as commonly used in 
intensity modulation in treatment planning, is reported under 
intensity modulation. 
One advantage of the reverse ray tracing calculation is the 

elimination of artifacts due to ray discretiZation. This is 
because an exact radiological path can be used in the reverse 
ray-tracing method, similar to the rasteriZation method 
(Amanatides, 1., Woo., A., Eurographics ’87, Conference 
Proceedings, 1987), which reduces the per ray per voxel 
memory accesses to one and eliminates related discretiZation 
artifacts. FIGS. 5A and 5B show calculated slices of TERMA 
using a ?xed step siZe and an exact radiological distance 
according to an embodiment of the present invention, respec 
tively. 

Further, physically correct multi-spectral attenuation (Liu, 
H. H., Mackie, T. R., McCullough, E. C., Med. Phys. 24, 
1729-1741, 1997) can be applied in the reverse ray tracing 
calculations. For interactive beam angle changes, a simpler 
variant without physically correct multi-spectral attenuation 
can be implemented, as typically used in current clinical 
systems and can result in a signi?cant performance improve 
ment. During the TERMA calculation, physically correct 
multi-spectral attenuation (Liu, H. H., Mackie, T. R., 
McCullough, E. C., Med. Phys. 24, 1729-1741, 1997) can be 
used for the reverse ray calculations. The current clinical 
standard is a ?xed-step, fast, approximate forward method 
which lacks physically correct multi-spectral attenuation. 
The use of a cached attenuation volume, as identi?ed accord 
ing to some embodiments of the current invention, can be 
used to accelerate the TERMA calculation. FIG. 6A shows a 
penumbra slice of TERMA with discretiZation artifacts cal 
culated using the standard forward ray tracing without multi 
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10 
spectral attenuation. FIG. 6B shows the same penumbra slice 
of TERMA without discretiZation artifacts calculated accord 
ing to an embodiment of the present invention with multi 
spectral attenuation. 
Once TERMA is calculated, superposition of a dose depo 

sition kernel to compute an amount of absorbed radiation 
energy can be applied. Superposition has two standard for 
mulations. The forward formulation spreads dose from a 
TERMA voxel to the surrounding dose voxels. This forward 
formulation requires calculating the dose to every patient 
voxel and suffers from read-write con?icts as multiple 
TERMA voxels contribute to every dose voxel. The inverse 
kernel formulation gathers the contribution to a dose voxel 
from the surrounding TERMA voxels. This is computation 
ally e?icient as only the dose to the volume of interest is 
calculated. This is possible because the dose deposition ker 
nel is invertible. 

FIGS. 7A and 7B illustrate titled kernel and non-tilted 
kernel during the superposition operation. Strictly speaking, 
use of kernel tilting in standard superposition breaks the 
invertible kernel assumption. However, given the distant 
source and the kernel’s rapid fall-off, invertibility is still a 
reasonable assumption and is in clinical use. Nonetheless, the 
kernel’s rapid fall-off also creates numerical sampling issues 
at typical clinical resolutions. There are two standard alter 
natives. The cumulative kernel (CK) (Ahnesjo, A., Med. 
Phys. 16, 577-92, 1989) represents the dose deposition from 
a ray segment to a point, according to the following Eq. 10. 

CK(x,0)):fO‘K(z,0J)dz. 

The cumulative-cumulative kernel (CCK) (Lu, W., Oliv 
era, G. H., Chen, M., Reckwerdt, P. 1., Mackie, T. R., Phys. 
Med. Biol. 50, 655-680, 2005) represents the dose deposition 
from a ray segment to a ray segment. 

(10) 

Both are derived from integrating the standard point to 
point kernel, K(d,, n1), for particular radiological depths, d,, 
and angles, 00. 

While more accurate, particularly at coarser resolutions, 
the CCK formulation has traditionally been 50% slower than 
the CK formulation. However, the GPU’s texture unit, which 
caches memory accesses and provides dedicated linear inter 
polation hardware, allows the use of the CCK formulation 
with a negligible performance decrease. Thus, the superposi 
tion calculation can be enhanced with the cumulative-cumu 
lative kernel (Lu, W., Olivera, G. H., Chen, M., Reckwerdt, P. 
J., Mackie, T. R., Phys. Med. Biol. 50, 655-680, 2005). 

Serial CPU implementations allows the reuse of ray-cast 
index calculation, by moving all indexes one voxel over. But, 
this prevents kernel tilting, resulting in errors at large off-axis 
angles, as will be discussed in Table 2. In contrast, some 
embodiments of the present invention implemented on a GPU 
allow both tilting and non-tilting kernels to be calculated. 
Kernel tilting has traditionally resulted in 300% loss in per 
formance (Liu, H. H., Mackie, T. R., McCullough, E. C., 
Med. Phys. 24, 1729-1741, 1997), but some embodiments of 
the present invention implemented on a GPU has a perfor 
mance loss of only 19%. 

Because the superposition operation maintains accuracy at 
coarse resolutions and the kernel exhibits rapid fall-off at 
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edges, a multi-resolution superposition algorithm that 
approximates each ray as a true solid angle can be employed 
according to some embodiments of the current invention. 
Unlike a ray, the Width of a solid angle increases With geo 
metric distance. In a discretiZed volume, a ray’s Width is 
proportional to the voxel’s Width. Therefore, by increasing 
the voxel Width With geometric distance, a ray can approxi 
mate a solid angle. This approximation also increases the step 
siZe in a logarithmic manner Which increases the performance 
by shrinking the computational complexity from O(u)DTl/3) 
to O(u)D log(Tl/3)); Where no is the number ofangles, D is the 
number of dose voxels, and T is the number of TERMA 
voxels. 

Compared to the standard method, the multi-resolution 
superposition according to an embodiment of the present 
invention exhibits an interesting accuracy trade-off. Table 2 
compares the accuracy of the multi-resolution superposition 
algorithm according to some embodiments of the present 
invention to the standard methods across multiple ?eld siZes 
and kernel ray samplings. The multi-resolution superposition 
algorithm according to some embodiments of the present 
invention generally can perform better in the penumbra and 
loW dose regions for small ?eld siZes, as less TERMA is 
geometrically missed by rays. HoWever, accuracy in the high 
dose region may be compromised slightly as the larger steps 
can cause the beam boundary to be blurred. A variant of the 
multi-resolution superposition algorithm as a variant embodi 
ment of the present invention, using the same step siZes, but 
not using a multi-resolution data structure can exhibit 
reduced cache performance and may increase the mean error 
by 60% on average. 

TABLE 2 
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liams, L., SIGGRAPH Comput. Graph. 17, 3, 1-11, 1983), as 
it is both ef?cient to calculate and has good cache perfor 
mance. Resolution changes may be limited to a maximum of 
once per step and may be only alloWed to occur at voxel 
boundaries in the coarser resolution. This can prevent a 
TERMA voxel from contributing multiple times to the same 
dose voxel. Kernel tilting may not be incorporated as adding 
tilting Would increase the required registers beyond a perfor 
mance threshold, dropping GPU occupancy from 25% to 
17%. 

Several strategies can be used to optimiZe Compute Uni 
?ed Device Architecture (CUDA) performance. CUDA’ s 
execution model is a 2D grid of 3D blocks of threads Which 
execute a function (called a kernel). Each block represents 
one parallel Work unit and therefore is limited in siZe. Block 
thread counts Were optimiZed using NVlDlA’s CUDA occu 
pancy calculator. For volume processing, a 1:1 mapping of 
threads to voxels in the x and y direction may be used. The Z 
direction may be handled by looping over the per voxel func 
tion With increasing Z indices. The stride may be the Z block 
siZe, Which maintains thread spatial cohesion. Increased 
thread spatial cohesion, enhanced by cube-like block dimen 
sions, can reduce cache misses and improve performance. All 
input array data may be cached, generally in textures, Which 
in the case of the superposition can provide a ~2>< improve 
ment in performance. Shared memory may be used to cache 
the array multi-resolution volume structures. Shared memory 
may also offer a performance improvement over registers for 
the multi-spectral TERMA calculation. A maximum number 
of 21 energy bins may be chosen as being both su?icient for 
high energy beams and free of bank con?icts. 

The average mean depositied dose error relative to Dmax, the maximum deposited dose, for ?eld siZes 
from 1 cm to 23 cm. Error is broken doWn by region With the penumbra region de?ned as having a dose 

gradient greater than 0.3 Dmax and the loW dose region being below 0.2 Dmax. Fields Were 
square and siZe Was de?ned at a depth of 10 cm Reference dose deposition Was calculated using 
a tilted kernel sampled With 4608 rays. Pencil beam accuracy Was approximated by truncating the 
superposition kernel at a 3 cm radius. An absolute dosimetry error of 2—5% is clinically acceptable 

(Ahnesio A. A nradakis M. Phys. Med. Biol. 44 R99-R155 1999). 

High dose region Penumbra region LoW dose region 
# ofRavs 

80 72 32 80 72 32 80 72 32 

Tiled 0.15% 0.13% 0.34% 0.22% 0.13% 0.30% 0.21% 0.14% 0.25% 
Not-Tilted 0.37% 0.38% 0.53% 0.79% 0.73% 0.73% 0.43% 0.39% 0.44% 
Multi-Resolution 0.64% 0.55% 0.76% 0.76% 0.78% 0.81% 0.37% 0.39% 0.38% 
Pencil Beam 5.92% 5.98% 5.83% 2.77% 2.81% 2.69% 1.68% 1.69% 1.68% 

Small ?eld artifacts, Which occur When an entire beam is 
missed due to sparse ray sampling, can be reduced by using a 
multi-resolution grid according to some embodiments of the 
present invention. FIGS. 8A and 8B shoW the diagrams of the 
memory access patterns according to the conventional uni 
form sampling and a small ?eld (5 mm) dose deposition slice 
calculated, respectively. FIGS. 9A and 9B shoW the diagrams 
of the memory access patterns according to an embodiment of 
the current invention using a multi-resolution grid and a small 
?eld (5 mm) dose deposition slice calculated, respectively. 

HoWever, larger step siZes can decrease the dose deposition 
kernel accuracy. Artifacts are introduced When neighbouring 
voxels transverse different coarse resolution voxels. It is 
noted that our implementation is inherently isotropic Which 
tends to decrease the bene?t of non-uniform angle sampling. 

The multi-resolution algorithm can be implemented using 
a volumetric maximum intensity projection (MlP)-map (Wil 

50 

55 

In both stages of TERMA computation and superposition 
according to an embodiment of the present invention, the 
standard ?xed step siZe ray-cast algorithm may be replaced 
With an exact radiological path method, similar to line raster 
iZation (Amanatides, 1., Woo., A., Eurographics’87, Confer 
ence Proceedings, 1987). 

FIG. 10 shoWs absorbed dose patterns along the central 
axis calculated by a commercial Pinnacle system (Philips 
Radiation Oncology Systems Madison Wis.) and an embodi 
ment of the present invention, each normaliZed at a depth of 
10 cm. FIG. 11 shoWs absorbed dose pro?les calculated by a 
commercial Pinnacle system and an embodiment of the 
present invention at a depth of 10 cm, each normaliZed at the 
midpoint. 

Quantitative analysis of a transport algorithm, such as 
superposition/convolution, can be complicated by a strong 
dependence on the incidence ?uence from the source model 
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