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The purpose of this research is to determine the feasibility of introducing the
Monte Carlo (MC) dose calculation algorithm into the clinical practice. Unlike the Ray
Tracing (RT) algorithm, the MC algorithm is not affected by the tissue inhomogeneities,
which are significant inside the chest cavity. A retrospective study was completed for
102 plans calculated using both the RT and MC algorithms. The D95 of the PTV was
26% lower for the MC calculation. The first parameter of conformality, as defined as the
ratio of the Prescription Isodose VVolume to the PTV Volume was on average 1.27 for RT
and 0.67 for MC. The results confirm that the RT algorithm significantly overestimates
the dosages delivered confirming previous analyses. Correlations indicate that these
overestimates are largest for small PTV and/or when the ratio of the volume of lung

tissue to the PTV approaches 1.
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I. INTRODUCTION

Lung cancer incidence is of growing concern across the world. In the U.S. it has
seen an increase in mortality rate among the female population — from 3% of all cancer
related deaths in the 1950s to 28% in 2008. Within the male population, its occurrence
registered an increase during the 1980s, but has since declined from 1992 onwards'.
Worldwide, lung cancer accounted for 1.37 million deaths in 2008, which was 18% of all
cancer related deaths. The occurrence and mortality patterns exhibited by lung cancer
closely follow cigarette smoking, with an interval of 20 years. Tobacco consumption in
various forms annually account for 71% of all lung cancer related deaths across the
world".

Because of its high incidence and mortality rates, lung cancer has attracted
significant research efforts in terms of conventional drug delivery as well as radiotherapy.
Molecular characterization of the disease has led to the development of targeted kinase
inhibitor delivery, while the fields of interventional pulmonology and surgical resection
of epithelial lung cancer have also witnessed progress. In the field of radiotherapy, the
challenges involve tumor motion due to respiration, lung tissue interface heterogeneity,
radiation dose to organs at risk, and effective dose delivery. A number of strategies have
been delivered in order to meet these challenges, such as 3 Dimensional Conformal
Radiation Therapy (3DCRT), Intensity Modulated Radiation Therapy (IMRT),

Volumetrically Modulated Arc Therapy (VMAT), Stereotactic Body Radiation Therapy



(SBRT), Positron Emission Tomography (PET) mediated biological targeting, and other
treatment methods'". Procedures for lung cancer surgery (thoracotomy of non-small cell
lung cancer) have improved to include removal of single or multiple lobes, removal of a
whole lung or a section of it, and removal of lymph nodes. These are sometimes being
replaced by non-invasive procedures that deliver a calculated radiation dose to a specific
part of the organ at high precision levels.

It is expected that improvements in radiotherapy methods and non-invasive

radiosurgery techniques will lead to a better prognosis as well as quality of life for

patients suffering from lung cancer.

A. Purpose: Correlating RT and MC Dose Calculations

The purpose of this research is to determine the feasibility of introducing the
Monte Carlo (MC) dose calculation algorithm into the clinical practice. The Ray Tracing
(RT) algorithm significantly overestimates the dose delivered as compared to the MC
algorithm for lung". Unlike the RT, the MC algorithm is not affected by the tissue
inhomogeneities, which are significant inside the chest cavity. This study will quantify
this overestimation and identify significant correlations between the RT and MC
calculated dose distributions. Additionally, the data will be subdivided into size and
density regimes to attempt to maximize the correlation between the PTV volume and the
dose coverage changes. The changes in RTOG 0813 protocol criteria and Organs at Risk

(OAR) will also be recorded and analyzed.



B. Lung Cancer

Lung cancer incidence has been associated primarily with tobacco intake, but the
International Agency for Research on Cancer (IARC) has also identified arsenic,
asbestos, cadmium, and other industrial pollutants as contributing carcinogenic agents.
The industries that have been identified as high risk for this disease are asbestos mining,
textile manufacturing, construction, insulation, and those that involve significant long-
term exposure of workers to diesel fumes’. Another common agent that has been
identified is radon gas, which can be found in households as well as in deep mineshafts.
Apart from these environmental factors, a degree of genetic predisposition towards lung
cancer has also been observed. For example Samet, Humble, and Pathak"' showed that
the risk of lung cancer for an offspring increased five times if at least one of his or her
parents was diagnosed with lung cancer. This study also concluded that those with a
family incidence of lung cancer were at increased risk if they also used tobacco.

Lung carcinogenesis is divided into two types — small cell carcinoma (SCLC) and
non-small cell carcinoma (NSCLC). NSCLS is in turn of three types — adenocarcinoma,
squamous cell lung carcinoma, and large cell lung carcinoma. NSCLS represents 80-85%
of the incidence of lung cancer, while the balance is accounted for by SCLC. Both these
types have been observed to occur through anomalous signaling that result in growth-
stimulant pathways switching on and oncogene activation through mutation,
overexpression, and other pathways. Lung cancers have also been associated with
anomalous behavior of the Receptor Tyrosine Kinases (RTKSs), usually resulting in the
occurrence of anomalous fusion proteins. Some of the common oncogenes that have been

identified are MET and Epidermal Growth Factor Receptor (EGFR), while the
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Figure 1: A study of signaling pathways involved in lung cancer*".

inactivation of TSGs has also been associated with the onset of carcinoma". Figure 1
shows a detailed study of the signaling pathways responsible for both types of lung
cancer.

Diagnosis of lung cancer is performed by tissue recovery, usually through
percutaneous lung/lymph node biopsy or through a variety of bronchoscopy techniques.
Post diagnosis, the course of therapy is determined by staging. Staging can be either
clinical or pathological. The former involves clinical examination and radiography, CT,
PET, MRI, or other imaging methods. The latter involves a histology tissue examination,

with the tissue obtained through Endo Bronchial Ultra Sound (EBUS), Endoscopic Ultra

Sound (EUS) or other methods. The Tumor-Node-Metastases (TNM) process is used for



classification, as recommended by the International Association for the Study of Lung
Cancer (IASLC)"".

Post staging, the treatment method is applied: surgery, radiotherapy,
chemotherapy, or an appropriate combination. Most lung cancers, especially in the early
stage (I and 1), and those involving NSCLC are treated by a surgical procedure. If a
patient is deemed to be at risk from surgery, then radiotherapy is recommended. Various
dose delivery techniques are available and will be discussed later in this report. Those in
an advanced stage (111 and 1V) are offered chemotherapy, either as a stand-alone
procedure or in conjunction with neoadjuvant radiotherapy and surgery. Advanced stages
of metastasis are treated solely with chemotherapy.

One of the chief causes of mortality in any form of cancer is metastasis. In case of
lung cancer, the metastatic pathway is either through the lymphatic or through the
vascular network, as shown in Figure 2. Out of these, the former represents the dominant
pathway because of the utilization of thoracic ducts by the cancerous cells. Metastasis
through the lymphatic pathway, or lymphangiogenesis, is mediated by the growth factors
VEGF-C and VEGF-D. The other pathway, representing hematogenous carcinoma, has
very poor prognosis. Tumor cell spread via this mechanism is mediated by growth factors

VEGF-A, VEGF-C, and VEGF-D™.

C. Radiation Therapies
As already stated, radiation therapy is recommended procedure for patients
diagnosed with an early stage of lung cancer and those who are at risk from surgery.

Within the thoracic cavity, the organs at risk (OAR) from radiation are the lungs,
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Figure 2: Schematic diagram of lung cancer metastases. Red represents blood vessels

and yellow represents the lymphatic network™.

esophagus, ribs, heart, great vessels, trachea and main bronchi, and the spinal cord. The
effect on these OARs must be carefully evaluated before radiotherapy and various groups
(such as the Radiation Therapy Oncology Group, RTOG; European Organization for
Research and Treatment of Cancer; and Southwest Oncology Group, SWOG) have
determined the upper limits of dose delivery for these organs™. Table 1 lists the upper

dose limits for OARs in the thoracic cavity.



Table I: Dose limits for OARSs in the thorax. V5 denotes the percentage of lungs that

receives dose greater than 20Gy, fx denotes fraction*.

Dose limits 3D-CRT (RTOG 3D-CRT (RTOG SBRT (RTOG SBRT
for OARs 0617) 0972/CALGB 0618, 3 fx) (ROSEL
36050) European
trial, 3or5
X)
Spinal cord . . <18 Gy (6 18 Gy (3 fx)
. Point dose < 50.5 Gy | Any portion <50 G
(point dose) ' - y YP - Y Gy/fx) 25 Gy (5fx)
M \ dose <20
Lung e‘g‘y"\l/if Eg;f;)— Vo <35% Va0 < 10% Vo <5-10%
o 24 Gy (3 fx)
Esophagus Mean dose <34 Gy Not limited <27 Gy (9 Gy/fx)
27 Gy (5 fx)
Brachial 24 Gy (3 fx)
plexus <66 Gy Not limited <24 Gy (8 Gy/fx)
(point dose) 27 Gy (5 fx)
<60, <45, <40 Gy for | <60>=43,=<40Gy <30Gy (10 | 24Gy (3
Heart 1/3, 2/3, 313 of heart for Gy/fx)
e 1/3, 2/3, 3/3 of heart 27 Gy (5x)
30 Gy (3 fx
Trachea, Not limited Not limited =30 Gy (10 y 859
bronchus Gy/fx) 32 Gy (5 fx)
Ribs Not limited Not limited Not limited Not limited
Skin Not limited Not limited <24 Gy (8 Gy/fx) | Not limited

Radiation oncology works primarily by damaging the DNA strands of cancerous
cells. Depending on the positioning of the radiation source, it can be divided into three
types: External Beam Radiotherapy (EBRT), sealed source radiotherapy or
Brachytherapy, and unsealed source radiotherapy (the last utilizes a soluble radioactive
salt to achieve targeted destruction of carcinogenic cells). Brachytherapy and EBRT are

discussed in this report.



1. Brachytherapy

Brachytherapy is a type of conformal therapy, and can be defined as delivery of
irradiating beams at close range to the target cells. This allows delivery of hyperdose to
the cancer cells, sufficient dose to the tissue interface, and minimal dose to normal tissues
surrounding the tumor®. The method involves introduction of radiation sources (known
as seeds) in near vicinity of the tumor source. Commonly used seeds are Iridium-192
(**21r), lodine-125 (**1), and Palladium-103 (}**Pd). Earlier the presence of
inhomogeneity such as bone was ignored, and the American Association of Physicists in
Medicine (AAPM) Task Group 43 (TG-43) recommended dose planning based on
homogenous medium. Later, however, work was done to account for inhomogeneity — for
example by Slate e al."', who used a Monte Carlo simulation to study the effectiveness of
dose prediction in the presence of bone.

The International Commission on Radiation Units and Measurements (ICRU)
defined three types of brachytherapy depending on the dose limits used: Low Dose Rate
(LDR) with a rate of 0.4-2 Gy/hr (sometimes extended up to 1.9 Gy/hr), Medium Dose
Rate (MDR) with a rate of 2-12 Gy/hr, and High Dose Rate (HDR) with a dose rate
above 12 Gy/hr*". Pulsed Dose Rate (PDR) brachytherapy, in contrast, uses a high
number of smaller doses in order to combine the advantages of LDR and HDR. Another
way in which brachytherapy is classified is based on radioactive source location: intra-
cavity (source is placed within the body cavity in near vicinity to tumor), interstitial
(source is surgically implanted within the tumor volume), surface or mold (source placed

over the tumor), and intraluminal (source located inside a lumen). In case of interstitial

placement, the source can be placed either in an intraoperative or in an intravascular



manner. The implant can also be either temporary (removed after a prescribed dose has
been delivered) or permanent (source is allowed to deliver its complete dose and decays
within the body). Intra-cavity and interstitial brachytherapy are used most frequentlyx“’. A
recent development in brachytherapy has been image guidance, in which a target volume
enveloping the implant can be defined and dose delivery can be calculated (similar to
external beam radiotherapy).

In order to reduce the danger of radiation exposure of physicians and staff, the
technique of afterloading has been developed. This is performed in two stages —
emplacement of a non-radioactive applicator in the cancer patient followed by placement
of the radioactive source. In manual afterloading, typically used for LDR treatment, the
source is placed manually by a staff wearing shielding equipment. This has a high
probability of exposing the operator or staff to radiation. On the other hand, remote
afterloading allows the use of a microprocessor guided machine in a shielded treatment
room for placing the source within the carrier. This has very little chance of exposing
staff to radiation, and is followed in HDR as well as LDR treatment procedures™”.

Dose calculation in brachytherapy has traditionally followed the “Manchester
system”, which recommends arranging the radiation sources according to precise
geometrical configurations. Dose delivery of isotope of different elements is calculated in
milligram equivalents by converting these into radium substitutes. The equivalence is
calculated by taking into account the same dose rate at the same distance from the source,

and is expressed by the equation,



where A represents the source activity, I is its exposure rate constant and I'r, IS the
exposure rate constant of radium. The value of radium equivalence is determined

XVi

experimentally in air equivalent ionization chambers™. The Biological Effective Dose

(BED) is calculated as a fraction of the total dose D by multiplying it with a factor:

BED :D(1+ d ]
(a/ p)

where the total dose D is delivered in n fractions of dose d each. If the dose rate is

denoted by R and treatment time by T, then D = RT and the above equation can be

expressed for LDR therapy as

BED=R[(1+ 2R J
we/ P

where [ is the sub-lethal damage (SLD) repair rate constant™. Interstitial brachytherapy
is often used for lung cancer in early stages as well as for lesions within the bronchus.
The advantage of brachytherapy is that it allows dose delivery to a localized target
volume and constant irradiation of the tumor; its disadvantage is that it cannot be used for
non-localized or larger tumors and it may lead to bleeding, tissue swelling, and other
discomforts to the patient™". Brachytherapy has traditionally been most effective in

treating gynecological and prostate cancers.

2. External Beam Radiation Therapy for Lung Cancer

In contrast to brachytherapy, external beam radiotherapy employs high energy X-
ray beams to destroy carcinogenic cells. An earlier method involved delivering a 2
dimensional beam to the treatment volume without control over dose delivered to healthy

tissue; this has now been largely supplanted by 3 dimensional conformal therapy using

10



multi-leaf collimators and other techniques. Some of these therapies are discussed in the

next sections.

a. 3D Conformal Radiation Therapy (3DCRT)

Any conformal radiotherapy procedure aims to irradiate an irregularly shaped
target with a homogenous dose while at the same time avoiding normal tissue adjacent to
the treatment volume. 3D radiotherapy as a conformal planning and delivery system of
ionizing radiation has been in development since the 1980s. It has led to better dose
control in the treatment of cancer of a number of areas, including head and neck, lung,
breast, and prostate. 3DCRT has been made possible mainly due to advances in two areas
— imaging techniques and dose delivery technology. Variations in beam geometry are
achieved through use of wedge or compensator blocks, or through multi leaf collimator
restricted fields. In order to calculate dose distribution, different algorithms are used —
these can be either measurement-based or model-based. The former utilize water or tissue
equivalent phantoms to calculate the dose distribution in patients, while the latter employ
computer generated models for the same calculations. While the former method is more
accurate since it can take tissue inhomogeneity effects into consideration, the latter is
usually faster™'". An example of 3DCRT is shown in Figure 3, where the planning target
volume (PTV) is shown in red. Several opposed beams are used to create a high isodose
region within the PTV.

Surrounding normal tissue are contoured in the tomography image and shown as
3D surfaces. Beams are delivered using different gantry and couch positions such that

normal tissue is not irradiated by all the beams simultaneously. A comparison between

11



Figure 3: 3DCRT of a tumor (denoted by red) in the left upper lobe™™.

3DCRT and IMRT plan generation in a complex target geometry showed that IMRT was
more effective in avoiding dose delivery to healthy tissue. 3DCRT had a better target

coverage, but also delivered excessive planned dose to the spinal cord™.

b. IMRT-IGRT
While 3DCRT achieves spatial localization of the radiation beam, it still cannot
yield an accurate treatment plan for tumors that have highly convoluted shapes or when

critical organs are in the vicinity. Intensity Modulated Radiation Therapy (IMRT) goes a

12



step further in this direction by modulating the intensity of radiation beam during each
dose delivery.

IMRT uses computerized beam control and intensity variation to conform to the
target shape in three dimensions. In an ideal situation, the radiation beam should be
conformed to the shape of the tumor at each beam angle for optimal delivery of radiation
dosage. IMRT aims to achieve this by use of Multi Leaf Collimators (MLCs) that are
controlled by a computer to create several openings at each desired angle, thus
modulating the radiation. The radiation is segmented into various shapes by the leaves by
varying them into different positions from “open” to “close”, and this gives high
conformity with complex tumor shapes. Figure 4 shows a comparison between traditional
radiotherapy and computerized IMRT. For conducting an IMRT session, at first an
anatomical and structural plan is prepared by contouring and identifying dosage
constraints, together with their weightings. The incident beam is then divided into
numerous small beam-lets, varying in intensity from 0% to 100%, through software that
uses several iterations to prepare the optimal dosage plan. Any IMRT procedure takes
into account several factors, such as dose distribution, extent of coverage of the target,
delivery time, time needed from the planning stage to actual delivery, quality assurance
etc. IMRT uses various delivery techniques such as Modulated Arc Therapy, Dynamic
Arc Therapy, Step-and-Shoot Delivery and combinations of the above. IMRT treatments
can be administered with the MLCs operating in any one of three basic modes:
Segmented MLC (SMLC) mode, or the step-and-shoot mode, Dynamic MLC (DMLC)
mode, or the sliding window mode, and Intensity Modulated Arc Therapy (IMAT). In the

step-and-shoot mode the IM fields are divided into a sequence of small sections or sub-

13



.........

(B) (©

Figure 4: Comparison between IMRT and conventional radiotherapy. (A) non-conformal
therapy without blocking (B) rotational therapy where the uniform-intensity beam is
rotated through an angle of 27 (C) intensity-controlled field that is also geometrically

shaped by using MLCs — the goal of IMRT*.

fields, each having a uniform intensity value. The beam is switched on only when the
leaves are in a stationary position in each of the prescribed sub-field positions, and the
MLC does not move while the beam is on. Step-and-shoot IMRT can be performed with
“forward” and “inverse” planning. In the former, the oncologist uses a number of
placements of the MLCs manually to deliver a homogenous dose distribution. The final
dosage is calculated from a Dose Volume Histogram (DVH) of the target tissue and the
surrounding tissue that is to remain unaffected. On the other hand, in “inverse planning”
the physician develops the desired DVH, while the treatment planner sets the dose
objectives and constraints. An algorithm uses several iterations to calculate an optimum
fluence pattern that is best suited to meet the objective. While Pencil Beam (PB)
convolution/supervision algorithms are most common for IMRT, application of Monte

Carlo based simulation algorithms has also been investigated™" i
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Usually less than 10 Monitor Units (MUSs) are used with several segments, thus
necessitating a performance of the accelerator within required safety levels at a minimal
interval from its startup. During the initial starting period, the beam energy can have a
slightly different value from its designated value, depending on the design employed, and
this can affect different beam characteristics such as dose/MU, Percentage Depth Dose
(PDD), and the profile of the beam. Hence it is essential to calculate the startup
characteristics of the accelerator during its pre-deployment trial, as well as check the
characteristics on a regular basis as part of QA"

In the DMLC mode the IM fields are delivered dynamically with the leaves of the
MLC moving into different positions during irradiation. A computer controls the
movement so that each pair of opposite leaves creates an opening; this opening moves
across the intended delivery volume. The radiation is kept on during the whole process in
order to achieve the fluence map determined earlier. The accumulated intensity of
radiation at each point is proportional to the interval during which one leaf opens over the
point and the next leaf closes over it. Delivering the determined intensity profile requires
the appropriate correlation between the speeds of each leaf pair, not a correlation in time.
An important check of the DMLC mode is whether the leaf system moves at the same
uniform speed that the calculation algorithm uses to calculate the leaf motion.

A variety of Image Guided Radiotherapy (IGRT) techniques have also been
developed along with IMRT. For example, Single Photon Emission Computed
Tomography (SPECT) is a method of acquiring tomographic images of the body using
gamma rays emitted by a radioisotope (usually Technetium 99). It utilizes single or

multiple rotating gamma cameras to acquire a series of 2D images, projections, of the
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human body from different angles. A radioisotope attached to a binding ligand is
administered to the patient prior to the imaging process, and the concentration of the
ligand in the organ of interest is then imaged by the gamma camera. The data obtained
from the camera is then processed to remove noise and other types of errors, and
reconstructed into images using a variety of algorithms. SPECT imaging is used for a
multitude of diagnostic purposes, including cardiac study, brain imaging, investigation of
tumors etc. Commercial SPECT systems use single or dual rotating gamma cameras in
order to capture data, from which tomographic images are constructed. The images are
constructed at resolutions of 64 x 64 or 128 x 128 pixels. A series of contiguous images,
or slices, of the volume under investigation are pieced together to build-up a 3-D image
of the volume. SPECT has been found to be particularly useful for tumor detection and
localization in the thorax, abdomen, and brain™". Parallel-hole collimators usually need
64-128 views at a distance of 20-60cm; for higher resolution and data correction
requirements, a full 360° Field-of-View is usually captured. Since computer screen sizes
are normally 1024 x 768 with 16 bit or higher color depth, linear interpolation is used to
approximate the additional pixels™"'. SPECT imaging is replaced by Positron Emission
Tomography (PET) when images with higher sensitivity are required, since PET cameras

Xxvii

can record a greater number of emission events than SPECT cameras

c. RapidArc IGRT
RapidArc is a radiotherapy technique developed by Varian Medical Systems. It

employs Volumetric Modulated Arc Therapy (VMAT) along with single or double arc
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gantry rotations. In order to develop a conformal dose delivery regime, it employs MLCs
as well as variations in dose rate and gantry positions. The dose rate is varied
continuously through MLC leaf motion as the linac traces an arc. While IMAT is
somewhat similar to dynamic VMRT in that both therapies use MLC movement during
beam-on, the former allows a more sophisticated treatment planning and delivery
program. For a given treatment plan quality, RapidArc can perform its therapy more
quickly delivering less number of Monitor Units (MUs) than a DMLC system™"". Since
VMAT plans can take advantage of more advanced MLC configurations such as
positioning leaves in the beam path and small MLC openings, there is also a
correspondingly greater need for performing commissioning and quality assurance (QA)
for equipment such as RapidArc.

Van Esch et al. ™ performed a comprehensive study of machine and patient QA
as well as treatment planning system (TPS) for such a system under a variety of
conditions. The measurement devices used were Gafchromic film, a standard ion
chamber array, and an Electronic Portal Imaging Device (EPID). For the TPS validation
program, the authors observed good agreement with calculated dose at different
collimator positions (within 2%), while greater resolution in fluence calculation was
achieved. In another comparison between VMRT and RapidArc, Seppala et al.™ studied
possible calculation errors and dose build-up for small lung tumor irradiation. Lung
heterogeneity was simulated using two polycarbonate phantoms, and dose distribution
was calculated using pencil beam convolution (PBC) and anisotropic analytic algorithm

(AAA). They observed that the high definition MLCs (HD-MLCs), employed in the

equipment, were able to generate very small field sizes, but this also affected the
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peripheral dose distribution. In fact the highest difference between the observed and
calculated isodose lines occurred at a sliding window aperture size of 2mm, and at this
size the PBC failed to predict the peripheral dose accurately. From this study, it is evident
that the RapidArc should be operated with an aperture size of 6mm or higher. It seems,
however, that AAA performs slightly better for smaller aperture sizes; while it still
calculates lower doses and higher spread, the results can be improved by using a smaller
calculation grid. This is especially true for increased MUs, in which a 1mm grid

XXXi

resolution should be used even though it increases the calculation time™".

d. Cyberknife

The CyberKnife is a stereotactic IGRT system developed by AccuRay, Inc. It
deploys an X-band 6MV linac on a robotic arm in order to provide sub-millimeter
accuracy during patient treatment™". The arm has multiple joints and has 6 degrees of
freedom, enabling it to achieve a series of positions (called nodes) during treatment. At
each node the CyberKnife TPS obtains two images, calculates the patient position, cone
size, and MUs and makes necessary corrections™". Figure 5 shows the volume covered

by the robotic arm of CyberKbnife:
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Figure 5: Side view of the axes of movement and volume covered by CyberKnife’s
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robotic arm

For tracking tumors in real-time, the system uses the Synchrony Respiratory
Tracking System, which continually compares X-Ray images of the tumor with an
external breathing signal that is updated in real-time. The breathing signal and the tumor
motion are correlated by a software model, which positions the arm at the beginning of
each node. However, there is a lag of 115 ms for each beam positioning and a predictive
algorithm is used to compensate for the lag. In actual practice, a combined algorithm that
takes data from three separate prediction algorithms has been observed to yield an
accuracy of less than 1mm. Another type of error that the Synchrony system compensates
for is the relative motion between the internal tumor and external chest or abdomen

movement. Another module, the Xsight Lung Tracking system, can perform respiratory
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tracking and does not require emplacement of fiducial markers for spine treatments™".
A clinical study of the Synchrony system, during treatment of 70 patients having Stage |
NSCLC, was performed by Zyp et al.*"' 59 patients received a dose of 60 Gy and 11
patients received a dose of 45 Gy, both groups receiving the dose in 3 fractions. The
authors reported a very high local control of 96% at 1 and 2 years for the former group,
while the second group had a 78% actuarial control rate. 10% of all the treated patients
exhibited grade 3 toxicity related to the treatment. All patients were allowed to breathe
normally, and even those having inferior lung function underwent therapy by virtue of
different marker placement methods. This shows that the CyberKnife can be a viable

treatment system for lung cancer patients.

i. Stereotactic Body Radiation Therapy (SBRT)

The CyberKnife is a Stereotactic Body Radiation Therapy (SBRT) unit,
employing a co-ordinate system to treat localized tumors with accurate radiation dosage.
The co-ordinate system allows delivery of a higher BED to a relatively smaller area with
sharp drop-off, thus lowering associated toxicity levels. SBRT brings together advances
in imaging, dose simulation, TPS, and dose delivery. While conventional 3DCRT and
IMRT deliver 1.8-3 Gy in 10-30 fractions, SBRT delivers as much as 6-30 Gy in 1-5
fractions. However, the application of SBRT requires tumors with well-defined
boundaries, so that gross tumor volume (GTV) equates exactly to the clinical target
volume (CTV). In addition, the radiobiological principles behind SBRT are less

-I-xxxvii

understood that in the case of IMR . Because of the requirement of precise tumor

demarcation, SBRT requires acquisition of 3D data sets from a four dimensional
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computed tomography (4DCT) system for dose calculation. Image acquisition through
MRI and PET scans is also used for SBRT visualization. While planning a SBRT session,
the lung is divided into two regions — central and peripheral. This is shown in Figure 6, in
which a thick green line denotes the proximal bronchus tree and a dashed green line
denotes the division between the central and peripheral lung. A constant 2-cm expansion
in all directions, except in the superior, from the proximal bronchus tree is shown™.

Treatment planning in SBRT involves identifying a small volume that contains
the gross tumor and its immediate periphery. Since high doses are delivered in each
fraction, local hotspots develop within the target volume, but this is deemed acceptable.
Development of IGRT techniques now mean that patients need to be scanned in a body
frame with fiducial implants; even rotational effects in three dimensions can be
compensated to some effects by using robotic couches™"'. In case of lung SBRT,
clinical changes that have been observed are sub segmental or wedge shaped fibrotic
tissue development that continue distally. This is most probably due to the serial-parallel
tissue structure of the lungs™*™.

An RTOG 0236 study conducted by Timmerman et al.”' involving 59 patients
with early stage lung cancer showed good results when treated with SBRT. They
exhibited a survival rate of 55.8% and primary tumor control rate of 97.6% at 3 years;
they also had moderate treatment induced morbidity. The group concluded that SBRT
can result in twice the primary tumor control rate observed in other types of radiotherapy.

The trial followed the protocols published by the RTOG and ACR™. Results are

expected from the RTOG 0813 and 0915 studies.
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Figure 6: Color coded lung atlas showing different regions. Red line denotes spinal cord,
yellow line denotes the lung, dark blue denotes esophagus, light blue denotes superior

vena cava, purple denotes aortic arch and thin red denotes a tumor*.

ii. RTOGs/ SBRT For Lung Cancer

The Radiation Therapy Oncology Group has published protocols for conducting
SBRT trials in its reports RTOG 0236, 0618, 0813, 0915, and 0631. RTOG 0618 states
that 75% of bronchogenic carcinoma cases present with NSCLC, and out of the latter 15-
20% cases present with Stage | NSCLC (Stage | cases are expected to rise because of
early diagnosis made possible by CT imaging). While surgical resection is the preferred
treatment method for such cases, with high 5-year survival rates, the report states that
those who are at risk from surgery may undergo radiotherapy, with a 5-year survival rate
between 10-30%. Such patients undergoing conventional radiotherapy are administered a
total of 45-66 Gy with 1.8-2.0 Gy in each fraction. However, the local dose rate can be
increased significantly in 3DCRT and SBRT; in case of the latter, studies have shown the

administration of 20-22 Gy in each of 3 fractions (a total of 60-66 Gy). Dose limiting
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toxicity (DLT) in each of the studies was taken as grade 3 pulmonary, but prohibitive
toxicity levels were not observed in most of the patients undergoing SBRT (pneumonitis
and hypoxia were observed for individual patients in an Indiana University study)*".
RTOG 0813 discusses aspects of primary tumor control and toxicity, and comments that
several aspects of SBRT differ between institutes. This report proposed an alternative to
earlier Phase | studies, replacing a standard progression of patients from Phase | to Phase
I1 by the method of continuous reassessment methodology (CRM). CRM is a statistical
technique in which any DLT observed in one patient determines the dose delivered to the
next patient, thus ensuring that all patients taking part in the study contribute towards
developing the maximum tolerated dose (MTD). In a further refinement, patients are
accrued on a continuous basis if adverse reactions are observed after a delay — this is
known as the Time-to-Event Continual Reassessment (TITE-CRM) technique*™. RTOG
0631 discusses the suitability of IGRT/SBRT for spinal oligometastases. Based on earlier
studies, the delivered dose through conventional radiotherapy is limited to 10 Gy to 10%
of the spinal cord, which is the OAR for the study. In case of IGRT/SBRT, the proposed
dose delivery is 16 Gy or 18 Gy in a single fraction. The object of the study is pain
control, as evaluated by the Numerical Rating Pain Scale (NRPS), 3 months after the

xliv

therapy session™".

D. Treatment Planning for Cyberknife
The CyberKnife treatment planning system, commercially known as the
MultiPlan System, conventionally employs the Ray Tracing algorithm for dose

calculation, with adjustments of some parameters for patient geometry. The parameters
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are: off-center ratios (OCR), tissue-phantom ratios (TPR), and collimator output factors
(OF). These are calculated under standard conditions and an additional coefficient, the
central axis effective depth calculation (desf), is used to correct for tissue heterogeneity. In
case of low density heterogeneity additional electron transport and scatter inequalities
may develop, but these are not compensated™". Because of the relatively simple

algorithm employed, the treatment planning may lead to significant differences in
planned and delivered doses, thus leading to a higher toxicity level as well as lower tumor

control™'. The dose delivered per MU (cGy/MU) is estimated by the following equation:

800 |
D/ 17 = OCR(coll, Ry ) (SE) x TPR(FS,d,; )x OF (coll,SAD).

Since lung tissues present more heterogeneities than the brain, it can be observed that the
above equation may not be adequate for calculating dosage values for the small field
sizes that the CyberKnife employs. In order to overcome this, the MultiPlan Treatment
Planning System v2.1 and above offers an optional Monte Carlo module, which is
available for both fixed and variable aperture collimators®. The Monte Carlo algorithm
employed uses several variance reduction routines in order to increase calculation
efficiency, including: photon interaction forcing, particle splitting, Russian roulette, track
repeating etc. Three voxel resolutions are supported: low (128 x 128), medium (256 x
256), and high (512 x 512). The number of photons that are used in the calculation is
obtained from two parameters: uncertainty of the result, selected by the operator and the
number of voxels in the CT volume covered by the patient model. The dose calculation is
performed in a loop that also accounts for tissue type and density, and the loop is

repeated as long as there are photon interactions remaining within the tracked volume.
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Calculations time depends on the level of uncertainty chosen and can be improved by
using multithreading or multi-core processors™". Typical calculation times for lung, head
and liver regions at both high and low resolutions were estimated by Ma, Li, Deng, and
Fan®*": for the lung area it varies between 0.68-5.4 minutes using a multithreaded
processor. Table 11 below shows the different simulation times obtained at a 2%
uncertainty level. MCRS denotes the algorithm actually employed, MCSIM denotes a
benchmarked algorithm previously developed by Ma et al.*V Both these employ
variance reduction techniques mentioned before, while full MC does not employ the
techniques. Figures in brackets denote the ratios by which MCSIM and MCRS were
faster than full MC. The two algorithms employed for dose calculation in the
CyberKnife, Ray-Tracing and Monte Carlo, are discussed in more detail in the next two

sections.

Table I1: Calculation times using different options of the MC algorithm in

CyberKnife™

Organ Voxel size Taroet No of Cone No of Full MC MCSIM MCRS
(mm) ;arg size CPUT CPUT |cPUT
size (cc) | voxels beams : ; X

(mm) (min) (min) (min)

Lung |39x39x3 4.03 88 12.5 158 57 3.5(16.3) (315;66)
1.95x1.95 x 17.8 5.7

Lung 3 4.72 413 12.5 158 228.9 (12.9) (40.2)
19.9 59

Lung |39x39x3 91.6 2002 20 126 324.4 (16.3) (55.0)
1.95x 1.95 x 79.2 18.8

Lung 3 96.5 8436 20 126 842.4 (10.6) (44.8)
15.7 4.5

Lung |39x39x3 62.1 1356 25 134 2315 (14.7) (51.4)
1.95x1.95 x 43.7 13.4

Lung 3 68.4 5977 25 134 710.6 (16.3) (53.0)
Head |22x22x2 | 073 74 5 123 352 | 25041 | 08

(41.9)

Head | 1.1x1.1x2 0.86 351 5 123 112.9 8.0 (14.1) (423;64)
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. 3.9x3.9x 171.2(13. 80.1
Liver 1.95 817 42860 60 232 2379 9) (29.7)
. 1.95x1.95x1. 17632 807.8(16. | 207.8
Liver o5 839.7 4 60 232 12911 0) (62.1)

1. Ray-Tracing Algorithm
RT algorithms were probably first used in calculating two dimensional collimator

detector response functions (CDRFs) of imaging devices™™

. One of the most important
aspects of dose calculation in the patient body is correction for tissue inhomogeneity. RT
achieves this by calculating variations in fluence (which is a function of tissue density
encountered by the primary beam) at different areas within the patient body. Different
correction algorithms have been developed to address this variation, based on how the
scattered photons and primary electron are modeled. Out of these one of the oldest
commercially implemented correction methods was the Ratio of Tissue-Air Ratios
(RTAR), which used the concept of radiological depth in order to approximate a series of
TAR values. A better inhomogeneity correction factor (ICF) was the Batho Power Law
and its derivative, the modified Power Law. The former is given by the equation

_ TAR(d. W)
AR W)

where p; and p; are the relative densities of the calculation medium and overlying
medium respectively, d; and d, are depths of the calculation medium and initial point of
the overlying medium respectively, and W is the field size'. This was modified by Webb,

Fox, Cassel, and others to provide the following equation:

m=N (O =Pt ) Po (luen/p)
ICF = | | T4R(x, (p),.
}:[1 ( m) (,Uen/p)W
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where N represents the number of distinct layers, m is the number assigned to a particular
layer, Xn is the distance to the initial point of the mth layer, p, and po are densities of the
mth layer and of water respectively, and (x.,,/2) is the absorption coefficient for layer

N**_ The above are examples of 1D algorithm. AAPM Report No. 85 observed that air
cavities presented the highest divergent values, a fact that is of clinical concern especially
for tumors extending to the surface. It made several recommendations, such as: (i) scatter
correction for 1D, 2D or 3D should be ascertained, and electron transport handling ability
should be checked; (ii) in the vicinity of soft tissues and air cavities,
superposition/convolution algorithms and MC simulation based algorithms should be
considered. Later, Papanikolaou and Stathakisa" published a paper describing the
evolution of dose calculation algorithms in terms of their heterogeneity correction
performance, as well as the current state-of-the-art. After discussing the limitations of the
Hounsfield Number, or CT Number, in a TPS, they evaluated several classical
algorithms, such as the RTAR and the Batho power law; the modified Sontag and
Cunningham Batho method; 2D correction algorithms such as equivalent TAR (ETAR)
and Fast Fourier Transforms (FFT). Most of these earlier algorithms, however, had low
accuracy owing to imperfect scatter dose simulations; this limitation was overcome by
implementing ray scattering in three dimensions, through algorithms such as differential
scatter air ratio (DSAR) (Cunningham), delta volume (Wong and Henkelman), the dose

spread array (Mackie et al.), and the differential pencil beam proposed by Mohan et al."
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2. Monte-Carlo Algorithm

As computing speed increases, the Monte Carlo algorithm is becoming more
widespread in a variety of applications, including PET and SPECT imaging, EPID dose
conversion, dose calculation etc. While two popular algorithms for chest cavity modeling
and dose calculation in IMRT are PB and collapsed cone (CC), studies have shown that

MC vyields superior results compared to these algorithms™. MC can better simulate
maximum and mean doses and also estimates OAR values more accurately.

Simply stated, MC is a statistical technique that attempts to model an actual
physical event through random number sampling. One of the earliest instances of
application of the MC technique was in simulating the physical characteristics of a
gamma camera — photons were tracked from their point of introduction to their point of
liii

elimination from the system™". MC estimates this path length x by sampling a probability

density function (PDF) of x, and calculating a cumulative PDF (CPDF):

CPDF(x)= | PDF(Od,
where ( is a random variable. The variable { is sampled by substituting it with a random
number in the range (0, 1) and calculating the value of x. Most often PDF(x) cannot be
integrated using first principle, and in such cases the value of CPDF(x) is calculated
using numerical methods. The stochastic nature of particle absorption and scattering is
modeled by using a variety of random number generators (RNGs). One of the commonest
is called the Linear Congruential RNG (LCRNG), and is described by the equation

X, =a(X, + C)mod(m),
where m is the modulus of the system, a is a multiply factor and C is a constant. The

modulus m is usually assigned the value of a prime number or an exponent of 2. If C is

28



assigned the value 0 then the generator, Multiplicative LCRNG (MLCRNG) is obtained:;
this variation is used in many commercial implementations. Each path calculation is
called a history, and the MC algorithm converges correctly as a greater number of
histories are included within the calculated volume. However, for low statistical
uncertainty this also necessitates very high number of calculations, making the process
slower". Depending on the algorithm used to model transport phenomena, MC can be
divided into three types: condensed history (Class I), mixed simulation (Class 1), and
event-by-event code™'.

There is an extensive literature commenting on MC usage in CyberKnife, as well
as comparison between MC and other algorithms such as RT and Anisotropic Analytical
Algorithm (AAA). A commercial MC algorithm for an IMRT planning system, the
Monaco v.1.0, was investigated for dose accuracy by Grofsmid et al.""" They observed
only a 2% or 2 mm distance-to-agreement between calculated dose distribution and those
observed in water and tissue equivalent phantoms. However, they observed a higher
difference of 6% at bone interfaces, possibly because MC calculated dose to bone.
Similarly, dosimetric validation of the Acuros XB algorithm, released for external beam
therapy by Varian Medical Systems, was performed by Bush et al."" The validation was
performed for lung, bone, and air against ion chamber measurement of 6 and 18 MV
beam energies; calculations from standard AAA algorithm were used as reference. The
Acuros XB employs a variant of MC in which a grid-based methodology is used (instead
of stochastic solutions employed by conventional MC). The authors found excellent
agreements between observed and calculated doses under a variety of conditions; some of

the agreements were even closer than those achieved using AAA. However, they
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recommended two changes: inclusion of air in the default list, because air is present in
many structures that require contouring, and proper assignments of bone and cartilage
values, since the Z value of cartilage is nearer to soft tissue than bone™".

A comparison between MC and RT dose calculations for lung irradiation using
CyberKnife was performed by Wilcox et al." The authors used a PTV that was 3-5mm
greater than the GTV and the dose was delivered to the PTV at the 60-80% isodose line.
They observed a discrepancy of 1-2 Gy for maximum dose to critical organs such as
heart, trachea, esophagus etc.; RT over-calculated the dose consistently. The highest
difference was noted in case of the lung, possibly because RT over calculates in low-
density material and for low collimator openings. Based on their results, the authors
concluded that MC dose calculations are more effective than simple RT calculations,
especially for small collimator sizes. More recently, the performance of MC at various
lung-tumor interface points has also been performed. Taylor et al."™ compared two
variants of MC with a PBC algorithm for proximal, distal, and lateral aspects of a
hypothetical tumor. They observed lower dose delivery at certain points in the periphery
and recorded the ratios of doses delivered within the tumor (which can be calculated
more correctly by the TPS) and those delivered at interfaces. Based on these ratios, they
calculated a Dose Reduction Factor (DRF) having a mean of 0.97 for a 6 MV linac beam
and 0.95 for a 15 MV linac beam. From the brief survey of literature, as presented above,

it can be concluded that different versions of the MC algorithm have become a viable

alternative for dose calculations in lung radiotherapy.
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Il. METHODS

A. Treatment plan selection

The treatment plans used in this retrospective study were created for the treatment
of lung cancer patients that were treated with SBRT using the CyberKnife at Broward
Health North, BHN, between November 2009 and February 2014. Plans for one hundred
and two consecutive cases were analyzed to determine the feasibility of introducing the
MC algorithm into clinical practice. These cases range in PTV volume from 4,017 to
175,249 mm® (4 — 175 cc) and include PTVs located in the lung near the chest wall,

surrounded by lung tissue and near the mediastinum.

B. Ray Tracing treatment plans

Historic plans were archived at the time of their creation and unarchived and
examined using Multiplan treatment-planning version 8.3/4.3 for the purposes of this
analysis. All the treatment plans were generated at BHN using normal breathing CT-
scans of the neck, thorax, and abdomen with slice thicknesses between 1 and 2 mm with a
maximum of 500 slices per study. The gross tumor volume (GTV) was delineated by the
physician. The planning target volume (PTV) was generated by adding either 4 or 5 mm
to the GTV, with exceptions in cases where the GTV was near organs at risk (OAR), and
then individualized by the physician. A schematic based on ICRU report 62 is shown in
Figure 7 giving the GTV, clinical target volume (CTV), internal target volume (ITV), and

PTV as well as an OAR™. OARs were defined and contoured according to the Radiation
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Figure 7: Schematic based on ICRU report 62 with the GTV, clinical target volume

(CTV), internal target volume (ITV), and PTV as well as an OAR™.

Therapy Oncology Group (RTOG) 1106 OAR guidelines. Spinal cord, heart, esophagus,
and total lung minus PTV were contoured for all cases. The trachea and ipsilateral main
bronchus (92 cases), great vessels (97 cases), and ribs (20 cases) were contoured on a
case-by-case basis. The historic plans were optimized and calculated using a Ray Trace

high-resolution algorithm. The final calculation box was opened by the operator to
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include the entire patient geometry as recorded in the CT simulation study. Prescription
doses (Rx) ranged from 18 to 60 Gy (1800 to 6000 cGy) and the number of treatments
ranged from 2 to 5 treatments per case. The dose prescription isodose line was
determined by the physician and ranged between 70 to 90%, which followed the general

guidelines that the prescription isodose line should cover at least 95% of the PTV™.

C. Monte Carlo treatment plans

For each of the 102 historic plans, a second plan was generated. These new
treatment plans were recalculated using the MC algorithm, but not re-optimized. The
uncertainty of the MC calculation was set to 1% and a high-resolution grid (512%) was
used. For the MC calculation, the dose is generated based on the full patient geometry by
default™. The collimator size, the number of beams, and the monitor units were kept
unchanged from the original RT plans. The prescription for each plan was not
renormalized. A comparison of isodose distribution on a CT-scan for an RT calculated
plan (left) and an MC calculated plan (right) is shown in Figure 8. Note- the RT
calculated plan is overestimating the dose delivered to the PTV, as compared to the MC

calculated plan.
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Figure 8: CT-Scan showing differences in PTV between RT and MC calculated plans.

D. Data Analysis

The data collection was obtained through use of the graphical and tabular dose
volume histogram (DVH) tool in the Multiplan software and recorded and analyzed using
Microsoft® Excel® 2008 for Mac version 12.3.5. As example, Figure 9 shows the
graphical and tabular DVH for a lung treatment plan. In the graphical DHV, solid lines
were the result of the RT algorithm calculation while dashed lines were from the MC
algorithm.

Recorded dose parameters include the GTV and PTV volumes, as well as the

mean, minimum, and maximum doses (Dmean, Dmin, and Dmax, respectively) for those
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Figure 9: Graphical DVH (top) comparison between the RT and MC calculations and

tabular DVH (bottom) for the historic RT calculated plan.

volumes and the doses that cover 99%, 95%, and 1% (D99, D95, and D1, respectively) of
the volumes (in cGy). The DVH curves in Figure 9 show the percentage of volume
(along the y-axis) of a structure (such as GTV, PTV or an OAR) that receives a dose.
Dose increases toward the right along the x-axis. The dose parameters are found along
these curves in the following order from upper left to lower right: Dmin, D99, D95,
Dmean, D1, and Dmax. The volume of lung tissue (air density equivalent) inside the
PTV is used to calculate the “air in PTV” ratio (APR), the ratio of the volume of lung
tissue inside the PTV to the PTV. The prescription isodose volume (mm?®), the 50%

prescription isodose volume (mm?), and the maximum dose (cGy) of the dose prescribed
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at 2 cm from the PTV in any direction, were collected to calculate conformality

parameters to compare with RTOG 0813 and 0915 protocol criteria. These include the

Conformality Index (CI), which is the ratio of the prescription isodose volume to PTV,

the ratio of the 50% prescription isodose volume to PTV (R50%), and the maximum dose

(%) at 2 cm from PTV in any direction (D2cm). RTOG standard protocol values for

these parameters are included in Table I1I.

In order to analyze how the MC calculation dose differs from the RT calculation

for the OARS in the thoracic cavity, the maximum dose (in 30 mm® of volume) in the

Table I11: RTOG Protocols.

Ratio of Prescription
Isodose Volume to

Ratio of 50% Prescription
Isodose VVolume to the

Maximum Dose (in % of
dose prescribed) @ 2cm
from PTV in Any

Vollljr-wrw;/(cc) the PTV Volume, ClI PTV Volume, Rsgy Direction, Dy (Gy)
Deviation Deviation Deviation

None Minor None Minor None Minor

1.8 <12 <15 <59 <75 <50.0 <57.0
3.8 <12 <15 <55 <6.5 <50.0 <57.0
7.4 <12 <15 <5.1 <6.0 <50.0 <58.0
13.2 <12 <15 <47 <538 <50.0 <58.0
22.0 <12 <15 <45 <55 <54.0 <63.0
34.0 <12 <15 <43 <53 <58.0 <68.0
50.0 <12 <15 <4.0 <5.0 <62.0 <77.0
70.0 <12 <15 <35 <48 <66.0 <86.0
95.0 <12 <15 <3.3 <44 <70.0 <89.0
126.0 <12 <15 <31 <4.0 <73.0 <91.0
163.0 <1.2 <15 <29 <3.7 <77.0 <94.0
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spinal cord, esophagus, heart, great vessels, trachea and ipsilateral main bronchus, and
ribs, and the dose for 5000 mm? of the esophagus and for 15000 mm? of the heart (all in
cGy), the volume of the total lungs minus PTV (in mm®) receiving doses of 500, 1000,
and 2000 cGy and the dose (in cGy) for 1500 and 1000 cc of total lung minus PTV were

recorded.

E. Statistics

Statistical approaches were used to determine the statistical significant effects of
changing the treatment-planning algorithm from RT to MC. Dependent sample t-tests
were used with the dose parameters (Dmin, D99, D95, Dmean, D1, and Dmax) for both
GTV and PTV to test the null-hypothesis that there is no difference in the average value
of these parameters between the RT and MC calculated plans. After dividing the dose
parameters into PTV size regimes, a Kruskal-Wallis test was used to determine if the
effect of changing the algorithm was significantly affected by the size of the tumor. The
parameters were divided into three PTV regimes, less than 20,000 mm?, greater than
20,000 to 50,000 mm?, and greater than 50,000 mm?. Alternatively, the dose parameters
were also divided into regimes based on the APR ratio, with regimes of < 50%, greater
than 50% to 70%, and greater than 70% and the Kruskal-Wallis test was recalculated for
the dose parameters for these APR regimes as well. Spearman rank correlations were
also calculated for the dose parameters as well as for the RTOG protocol criteria.
Dependent sample t-tests were also conducted for the OAR parameters. All tests were

two-sided with a significance level of o = 0.05.
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I1l. RESULTS

Previous studies have shown that doses calculated by the MC algorithm are
smaller in general as compared to the RT algorithm. These differences are related to the
methods used for each algorithm. The RT algorithm dose is calculated by applying an
equivalent path length correction without factoring in the effect of lateral electron
disequilibrium. On the other hand, the MC algorithm calculations provide accurate dose
distributions for heterogeneous patient geometries and complex beam delivery
configurations®*™ ™ Thys the MC algorithm is considered more accurate than the RT
algorithm, especially in regions of high heterogeneity or when tumors are small*". These
differences in algorithms were also shown to significantly affect the Conformality Index

(CI) and the ratio of the 50% isodose to the PTV (R50%) as well.

A. Dose parameters (target coverage)

In order to quantify the effect of tissue heterogeneities on the dose calculations
from the RT and MC algorithms, the mean for each of the recorded dose parameters
(Dmin, D99, D95, Dmean, D1, and Dmax for GTV and PTV) was calculated for all 102
plans for each algorithm. These means are given in Table IV. T-tests determined that
there was a significant difference between the algorithm means for all of these dose

parameters. The p-values for each test are also included in Table 1V.

38



Table IV: T-test results for GTV and PTV Dose Parameters. All tests are two-tailed

and with a significance level of o = 0.05.

I[D);rzemeter p-value RT Mean MC Mean E{'\'/Il'%’/_o )RT) /

(cGy)

GTV:
Dmin 1.2 E-28 5060 3756 -25.77
D99 2.3E-24 5256 4255 -19.05
D95 1.6 E-25 5414 4527 -16.37
Dmean 9.1E-30 5832 5134 -11.98
D1 4.6 E-27 6241 5710 -8.50
Dmax 6.8 E-21 6321 5872 -7.10

PTV:
Dmin 3.2 E-33 4558 2962 -35.00
D99 2.8 E-31 4977 3532 -29.03
D95 2.7 E-28 5204 3830 -26.40
Dmean 1.9 E-22 5781 4785 -17.22
D1 9.8 E-28 6228 5681 -8.77
Dmax 1.4 E-19 6333 5902 -6.81

The normalized difference between the MC algorithm and the RT algorithm was
then found for each dose parameter by taking the MC algorithm calculated value minus
the RT algorithm calculated value and then dividing this difference by the RT algorithm
value. This normalized difference is expressed as a percent change from the RT value to
the MC value, and listed in the last column of Table IV. For the GTV dose parameters,
the change from RT to MC ranged from a decrease of 7.1% for Dmax to a decrease of
25.77% for Dmin. For the PTV dose parameters, the change from RT to MC ranged

from a decrease of 6.81% for Dmax to a decrease of 35.00% for Dmin. Overall, the
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decrease between algorithms was greater for the PTV dose parameters. Only Dmax had a
greater change between the algorithms for GTV than for PTV. As compared to the RT
calculated plans, on average, the PTV D99 was more than 29% lower for the MC
calculated plans, the PTV D95 was more than 26% lower for the MC calculated plans,
the PTV D1 was more than 8% lower for the MC calculated plans, and the PTV Dmean
was more than 17% lower for the MC calculated plans.

For each of the dose parameters, a percent change between the RT algorithm
calculated value and the MC algorithm calculated value for each individual plan was also
calculated for both GTV and PTV. The individual percent changes for the GTV dose
parameters (D99, D95, Dmean, and D1 only) are plotted versus GTV in Figures 10
through 13, respectively, and the individual percent changes for the PTV dose parameters
(D99, D95, Dmean, and D1 only) are plotted versus PTV in Figures 14 through 17,
respectively. Dmax and Dmin are excluded, as they are not considered to be clinically
relevant. Results for both the GTV and PTV dose parameters are shown subdivided into
regimes based on plan PTV volume, with those plans with a volume of less than 20,000
mm? in one regime, those with a volume between 20,000 and 50,000 mm?® in second
regime, and those a volume of greater than 50,000 mm?® in a third. Although these
regimes were chosen arbitrarily in an attempt to evenly distribute the data, it was found
these regimes well delineated the maximum values found in the data for each regime (see

figures 14 and 15, for instance).

The individual plan percent changes were negative (indicating the dose parameter
value was smaller for the MC algorithm calculated value) for nearly all of the shown dose

parameters, though there were at least some plans close to zero for all dose parameters.
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Positive percent changes were recorded for only D1 and D95 for GTV (2 plans and 1
plan, respectively) and only for D1 for PTV (2 plans) and all of these positive changes
were less than 1%. For all dose parameters shown in Figures 10 through 17, the largest
percent changes were found in the regime containing the plans with the smallest PTV
volume. Nonetheless, for each dose parameter, this regime also included plans with
percent changes that were close to zero. Thus, this regime also contained the largest
variability. Asthe GTV or PTV increased, both the variability and the overall difference
between the algorithms decreased for all dose parameters. For both the GTV and the
PTV dose parameters, D99 and D95 had greater percent changes for the individual plans
than Dmean or D1. For GTV, the maximum percent change for D99 and D95 was
around a 55-60% decrease, while Dmean and D1 maximum changes were around a 25-
30% decrease. For PTV, the maximum percent change for D99 was around a 70%
decrease and for D95 was around 90%. Dmean was around a 50% decrease, while D1

had a maximum change of around 30%.
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Figure 10: D99 versus GTV.
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Figure 11: D95 versus GTV.
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Dmean vs. GTV
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Figure 13: D1 versus GTV.
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D99 vs. PTV
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Figure 15: D95 versus PTV.

44




0%

Dmean vs. PTV

4 <20000 ®=20000-50000 *>50000

) L : [ ] ]
ﬁx ™ ." :n " .-.-.. * ° .
L

o 20% —HA% '_ .
-4
1
&S] A A
EE -40% :f
& A
5
S -60%
S

-80%

-100% T T T T 1
0 40000 80000 120000 160000 200000
PTV (mm?)
Figure 16: Dmean versus PTV.
D1 vs. PTV
4 <20000 =20000-50000 =>50000
0 -
0/0 ry ..‘. .-: .. ‘- ..... .. - [ [ ] °
Apd e = e o
M‘ ]

o 20% nt "
"f A
5]
E; -40%
o
1)
=
31
S -60%
S

-80%

-100% T T T T 1
0 40000 80000 120000 160000 200000

PTV (mm?)

Figure 17: D1 versus PTV.
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Two statistical tests were used to determine the significance of the percent
changes in each dose parameter for the individual plans resulting from the change in the
algorithm and their relationship with the change in PTV Volume. First, correlations,
including Spearman Rank correlations, were calculated and the correlation coefficients
were found. The coefficients for all of the dose parameters are given in Tables V and
Spearman Rank correlation coefficients are given for the PTV dose parameters D99, D95,
Dmean, and D1 in Table VI. Second, the Kruskal-Wallis test was used to determine if
significant differences exist between the 3 PTV volume regimes. These values are given

in Table VII.

Table V: Correlations of Treatment Plan Dose Parameters with GTV, PTV, and APR.

Dose Correlation of Dose | Correlation of Dose Correlation of Dose
Parameter Parameters with Parameters with Parameters with APR
GTV PTV
GTV:
Dmin 0.273 0.286 -0.462
D99 0.383 0.417 -0.501
D95 0.385 0.420 -0.532
Dmean 0.423 0.456 -0.635
D1 0.401 0.425 -0.621
Dmax 0.488 0.501 -0.598
PTV:
Dmin 0.332 0.365 -0.442
D99 0.428 0.435 -0.513
D95 0.417 0.444 -0.502
Dmean 0.443 0.472 -0.614
D1 0.417 0.444 -0.640
Dmax 0.485 0.505 -0.563
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Table VI: Spearmen Rank Correlations for Selected Dose Parameters.

Dose Parameter

Correlation of Dose
Parameters with PTV

Correlation of Dose
Parameters with APR

PTV:
D99 0.499 -0.547
D95 0.517 -0.571
Dmean 0.542 -0.665
D1 0.502 -0.680

Table VII: Kruskal-Wallis Test Statistics for Selected Dose Parameters.
PTV Dose Regime 1 | Regime?2 | Regime3 | Test Statistic value
Parameter Mean Mean Mean (H) P
20001-
vs. PTV ;]r2n030((21% 50000 > 50900
(N = 102): mm? (37
cases) (25 cases)
cases)
D99 59830 100048 132165 34.179 3.8E-08
D95 56927 96952 136900 23.129 9.5E-06
Dmean 57078 92700 142884 25.280 3.2E-06
D1 60918 101091 123622 17.249 1.8E-04
vs. APR <0.50 0.50-0.70 | >0.70
(N = 96): (28 cases) | (42 cases) | (26 cases)

D99 116033 105902 23161 34.495 3.2E-08
D95 123292 97345 23161 23.171 9.3E-06
Dmean 138604 96193 17576 34.222 3.7E-08
D1 141290 100060 14642 38.886 3.6E-09
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The dose parameters were correlated with plan GTV and PTV values and the
magnitude of the coefficients ranged from 0.3 to 0.5 for most parameters with the less
clinically significant Dmin and Dmax at either extreme of that range. The coefficients
for all dose parameters were greater for the correlations with the plan PTV volume
than for the correlations with GTV volume, though by no more than 2-3 hundredths.
The PTV dose parameter correlation coefficients were also mostly greater than for the
GTV dose parameters. The Spearman Rank correlations, given in Table VI, were only
calculated for the PTV dose parameters of D99, D95, Dmean and D1. The correlations
were found to be slightly stronger than the standard correlations for these parameters,
with coefficients around 7 hundredths greater.

The Kruskal-Wallis test was used to determine if there existed a significant
difference in the dose parameters between the PTV volume regimes shown in Figures 10
through 17. The null hypothesis was that there is no difference between the groups and
based on o = 0.05 and 2 degrees of freedom, this hypothesis was rejected when the test
statistic was greater than 5.99. For all of the dose parameters, the null
hypothesis was rejected indicating the size of the PTV did have a significant effect on the
change of the parameter value between the two algorithms. The test statistic value was

34.18, 23.13, 25.28, and 17.25 for D99, D95, Dmean and D1, respectively.

B. Airto PTV Ratio (APR)

Additional analyses compare the percent changes in the dose parameters to the
ratio of the volume of lung tissue inside the PTV to the PTV (APR), as an alternative to
the comparisons to the PTV volume. For each plan, the APR was calculated, and in

Figures 18 through 21, the PTV dose parameters (D99, D95, Dmean and D1),
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respectively, are plotted versus the APR. As with the Figures 10 through 17 for GTV and
PTV, the plans are subdivided into regimes. For APR, the subdivisions are based on
APR %, with the 1% regime containing APR values less than 50%, the 2™ containing
values between 50% and 70%, and the 3" containing values greater than 70%.

For the parameters plotted versus APR, the largest percent changes between the
algorithms were found when the APR approached 100% and while the smallest percent
changes were when the APR was less than 50%. Furthermore, unlike the dose
parameter percent changes plotted versus GTV and PTV, there appeared to be fewer
instances of plans with percent changes near zero in the regime that also contained the

largest percent changes.
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Figure 18: D99 versus APR.
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D95 vs. APR
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Figure 19: D95 versus APR.
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Figure 20: Dmean versus APR.
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D1 vs. APR
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Figure 21: D1 versus APR.

The correlation analysis and Kruskal-Wallis tests were repeated for the APR data
and the results are included in Tables V, VI and VII. The magnitudes of the correlation
coefficients were larger for all dose parameters (both GTV and PTV) with APR when
compared to the coefficients for either GTV or PTV. The largest increases in magnitude
were for the GTV dose parameters, but the magnitudes of the coefficients for all
parameters increased anywhere from .08 to .20. Largest increases were for the GTV and
PTV Dmean and D1. Increases in the magnitude of the coefficients were also found in
the Spearman Rank correlations were increases in coefficient magnitude ranged from .05
to .18 with Dmean and D1 showing the greatest increases in correlation.

The Kruskal-Wallis analysis performed using the APR percentage regimes

produced similar results to the analysis performed using the PTV volume regimes for the
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PTV D99 and D95 dose parameters. For Dmean and D1, the test statistic value increased
substantially, especially for D1 where the statistic changed from 17.25 to 38.89. For each
parameter, the test showed there was a significant difference in parameter values based
on the APR.

It is known that the probability of local tumor control may be affected by
differences between planned and actual delivered doses.®” RTOG allows for planned
doses to be reported as calculated from multiple algorithms, including RT and MC. For
Cyberknife, van Zyp found that doses of 3 x 20 Gy for RT ranged in equivalent MC
doses form 3 x 16 Gy for tumors < 3 cm to 3 x 18 Gy for tumors > 5 cm.“® In order to
calculate equivalent doses for the cases included in the present study, the biological
equivalent dose (BED) for each plan and algorithm was calculated using the linear
quadratic model. Normalized differences between the values for each plan, expressed as
a percent change, were then calculated. The percent changes for the individual plans
were then subdivided into the APR regimes described above. The mean for the percent
changes for all plans was -12.1% and was -6.1% for the 0-50% regime, -11.5% for the
50-70% regime and -19.8% for the 70-100% regime, with individual plan differences

ranging from 0 to -44.6%.

C. RTOG Protocol Criteria

The Conformality Index (CI) (found by dividing the prescription isodose volume
(mm?) by the PTV), the 50% prescription isodose volume (mm?), and the maximum dose
(cGy) of the dose prescribed at 2 cm from the PTV in any direction, were collected to

compare with RTOG 0813 and 0915 protocol criteria for both RT and MC algorithm
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calculated plans. Similar to the dose parameter analysis, the analysis of the RTOG
protocols includes comparing the RT and MC calculated means for the parameters and
using a t-test to determine if the means are statistically different, which are given in Table
VIII.

The results indicate that there is a significant difference between the two
algorithms for both the ratio of the prescription isodose volume to PTV (CI) and the ratio
of the 50% prescription isodose volume to PTV (R50%). The decrease in the mean CI
for the MC calculated plans versus the RT calculated plans is more than 47% and the
decrease in R50% is nearly 24%. The difference in the maximum dose (%) at 2 cm from
PTV in any direction (D2cm) was also technically significant, but only weakly so.
Furthermore, the actual difference between the algorithms is minor as well (around a 2%
decrease from the RT to the MC algorithm).

The individual plan values for Cl, R50% and D2cm for each algorithm are plotted
versus PTV in Figures 22-24, respectively. Also included in the figures are linear

interpolations of the RTOG protocols given in Table Il for each parameter.

Table VIII: RTOG Protocol Values: T-test and Correlations.

IEr-lc-)(t?)((-:;ol _value RT MC % Change Correlation | Correlation
P Mean |Mean | (MC—RT) [withPTV [ with APR
Values
Cl 1.4E-31| 1.270| 0.669 -47.2 0.345 -0.434
Rs09 1.7E-15| 3.459 | 2.634 -23.8 0.344 -0.311
D2 cm 1.1E-02 | 44.664 | 43.370 -2.9 0.257 -0.103
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Figure 22: RTOG Protocols: Cl versus PTV.
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Figure 23: RTOG Protocols: R50% versus PTV.
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D2cm vs. PTV
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Figure 24: RTOG Protocols: D2cm versus PTV.

The individual plan values were also plotted versus APR in Figures 25-27. The
protocol values for CI from Table 111, which are constant, were included for Figure 25,
but since no protocol values exist from RTOG for APR, no protocol values are included
for Figures 26 or 27. Figure 22 shows an obvious shift toward zero in plan Cl values
from the RT calculated plans to the MC calculated plans plotted versus PTV. A shiftis
also apparent for R50% in Figure 23, though it is less pronounced than for CI, and no
shift is present for the D2cm in Figure 24. The graphs for the parameters versus APR are
similar to those versus PTV, though there appears to be a stronger relationship between
the plan CI values versus APR for the MC algorithm in Figure 25, with the lower APR
values for MC are concentrated closer to 1. The RT algorithm values, on the other hand,

are spread across a wide range of APR values.
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D2cm vs. APR
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Figure 27: RTOG Protocols: D2cm versus APR.

The normalized differences (expressed as percent change) for the individual plans
between the RT and MC calculated RTOG parameters were also calculated. The
correlation coefficients for these differences compared with both the PTV volume and the
APR are included in Table V111 as well. The correlation coefficient of the CI difference
with the PTV is 0.35 and for the R50% difference is 0.34. The correlation coefficients

for those same parameters compared with APR are 0.43 and 0.31, respectively.

D. Organs at Risk (OAR)
Normalized mean differences, expressed as a percent change from RT to MC, and
standard deviations for the OAR are given in Table IX. Maximum doses (Dmax)

delivered to OARs were reduced in the MC plans: reduction of maximum dose for the
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spinal cord 18.1%, esophagus was 13.3%, heart 12.8%, great vessels 10.1%, trachea and
ipsilateral main bronchus 16.5%, and ribs 9.8%. The volume of the total lung minus PTV
was between 30-32% lower for MC at 5, 10, and 20Gy points. The doses for 1000 and
1500 cc of total lung minus PTV, respectively were reduced by 36.1% and 47.8% for the
MC plan. The standard deviations indicate that the variability from plan to plan is large
for most of these OARSs, especially for the Dmax heart (standard deviation is 31.7), Dmax
trachea and ipsilateral main bronchus (23.7), and for the dose for 1500cc and 1000cc of
total lung minus PTV (28.4 and 29.2, respectively). Figure 28 shows the change in Dmax
(in 30 mm? of volume) for several OAR and plus or minus the standard deviation as an

error bar for each.

Table I)X: OAR Data Details.

Standard Deviation

Organ at Risk ] (S =R Ry of Normalized
Cases (%)

Mean
Dmax Spinal Cord 102 -18.1 15.1
Dmax Esophagus 102 -13.3 12.0
Dose for 5 cc of 102 240 19.0
Esophagus
Dmax Heart 102 -12.8 31.7
Dose for 15 cc of 102 237 24.9
Heart
Dmax Great Vessels 97 -10.1 16.1
Dmax Trachea and
Ipsilateral Main 92 -16.5 23.7
Bronchus
Dmax Ribs 20 -9.8 12.7
Volume Total Lungs —
PTV at 500cGy 102 -30.3 16.9
Volume Total Lungs —
PTV at 1000cGy 102 305 18.0
Volume Total Lungs —
PTV at 2000cGy %2 -32.0 192
Dose for 1500cc of
Total Lung — PTV 97 478 28.4
Dose for 1000cc of
Total Lung — PTV 102 -36.1 29.2
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Figure 28: Change in Dmax (30mm3) for OAR. Also included are error bars for +/- 1

standard deviation.
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IV. CONCLUSIONS

The presented results indicate that there are significant differences between the
dose plans calculated using the RT algorithm and those calculated using the MC
algorithm, with the RT algorithm consistently overestimating doses. These overestimates
are largest for small PTV and/or when the ratio of the volume of lung tissue to the PTV

(APR) approaches 1.

The lower dose parameters for both GTV and PTV for the MC calculated plans
could be described as a shift in the DVH curve toward lower doses for both GTV and
PTV and the results suggest this shift is most pronounced for the top of the curve
(including dose parameters Dmax, D99, and D95). The changes for individual plans are
moderately correlated with both GTV and PTV, but the variability for individual plans is
high indicating a direct linear correction to the RT calculated plans is not possible. This
strongly suggests a re-optimization of the MC algorithm plans is necessary for all plans.
By comparing the individual plan changes to APR, the dose parameter correlations are

found to increase slightly, suggesting any correction should include this parameter.

The biological equivalent dose (BED) results also indicate that the RT plans are
overestimating calculated doses. The normalized difference between the BED means

calculated for the two algorithms showed a decrease in calculated dose from the RT
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algorithm to the MC algorithm and this overestimation was shown to be a function of

APR, with larger differences occurring when the APR was closer to 1.

The difference for the RTOG protocol parameters between the two algorithms
was greatest for the CI. For this parameter, not only was there a shift from the RT
algorithm to the MC algorithm, but when the individual plan differences were plotted
versus APR, the CI values for MC showed a relationship between the Cl and APR that
was not apparent when the RT ClI values were plotted. This provides further evidence
that the APR should be used for any correction between the two algorithms.All OARs
showed a mean shift toward lower doses for the MC calculated plans versus the RT
calculated plans, though for some individual plans, the doses were higher when using the

MC algorithm.

The AAPM task group #105 reported that “dose differences as low as 5-10% are
reported to be clinically detectable, and may result in 10-20% in tumor control
probability or 20-30% normal tissue complication probability.”™ " * As a consequence,
MC calculation and optimization for all lung cancer treatment plans should be required as
standard of care. The results in the current study support this conclusion, especially with

regard to cases when the APR is large.
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