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(57) ABSTRACT 

Systems and methods for radiation treatment planning that 
integrate the MV therapeutic radiation dose imparted to a 
subject together with the kV imaging radiation dose 
imparted to a subject during radiation therapy are provided. 
For instance, dose optimization is based on the combined 
effect of both a kV imaging dose that is imparted to the 
subject during the image guided radiation treatment proce­
dure and the therapeutic dose delivered to the subject by a 
treatment radiation source, such as an MV source. Using this 
optimization, the kV beam and MV beam are equally treated 
as radiation producing sources and are thus optimized 
together at the treatment planning stage to produce a patient 
treatment plan that optimally uses the kV imaging dose. 
Thus, the kV beam is treated both as an additional source of 
therapeutic radiation and as a tool for imaging the subject. 
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SYSTEMS AND METHODS FOR RADIATION 
TREATMENT PLANNING USING 

COMBINED IMAGING AND TREATMENT 
DOSE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims the benefit of U.S. Provisional 
Patent Application Ser. No. 62/033,533, filed on Aug. 5, 
2014, and entitled "SYSTEMS AND METHODS FOR 
RADIATION TREATMENT PLANNING USING COM­
BINED IMAGING AND TREATMENT DOSE." 

BACKGROUND OF THE INVENTION 

The field of the invention is systems and methods for 
radiation treatment planning. More particularly, the inven­
tion relates to systems and methods for producing a treat­
ment plan for an image-guided radiation treatment system 
that accounts for utilizing the imaging dose as part of the 
treatment dose. 

Numerous studies over the years have demonstrated the 
feasibility of both marker and markerless based kilo Volt 
("kV") fluoroscopic tracking. Compared to external patient 
surface monitoring, using either IR markers or 3D surface 
imaging, kV tracking has the benefit of direct tumor position 
monitoring, and therefore avoids potential issues with poor 
external-to-internal tumor correlation. 

Another advantage of kV imaging is its ability to resolve 
lower contrast anatomical information than megavolt 
("MY") electronic portal imaging devices ("EPID"), which 
typically rely on the use of surgically implanted fiducial 
markers for target location. The use of such markerless kV 
tracking is especially attractive for the lung, where percu­
taneous implantation of fiducial markers is an invasive and 
costly surgical procedure that carries the risk of pneumo­
thorax. Although a combined MRI-LINAC approach is one 
potential modality for performing markerless real-time lung 
tumor motion tracking, such systems are still in the early 
developmental stage, and are likely to be extremely complex 
and expensive. Because most modem LINACs are now 
pre-equipped with on-board kV imaging sources, perform­
ing real-time lung tumor tracking through the use of kV 
imaging is a potential cost effective solution. 

Clinical adoption of real-time kV based tracking has been 
held back by concern over the excess kV imaging dose cost 
to the patient when imaging in continuous fluoroscopic 
mode. This includes tracking with two or more kV imagers 
mounted either to the ceiling or the floor of the treatment 
room, or two kV imagers mounted to the gantry, or a single 
kV imager mounted on the LINAC gantry. 

2 
acquisition of new x-ray images once every 1-5 minutes. 
The study reported that the synchrony system reduced the 
3D positional error, though some error was still present. 
Other studies have investigated coupling fluoroscopy with 

5 external surface cameras, rather than external marker cam­
eras. 

The dosimetric effect of real-time motion tracking with 
kV imaging and fiducial markers have been investigated, 
with numbers often in the range of 1 cGy per minute at the 

10 surface for relatively low mAs. Depending on the imaging 
requirements, the fluence rate may escalate, suggesting that 
for real-time kV planar imaging to be incorporated safely 
into image-guided radiation therapy IGRT procedures, the 
dosimetric effects should be carefully considered prior to 

15 treatment. This is especially a concern for markerless track­
ing, where low contrast tissues and large anatomical features 
may require the use of higher kV fluences and larger kV 
aperture sizes than with metallic fiducial markers. Due to the 
variety of patient anatomical sizes, and the complexity of the 

20 kV beam arrangements typically needed for real-time track­
ing, it is necessary to perform a patient specific kV dose 
calculation in order to fully understand the exact impact of 
the kV imager. 

Volumetric measurements, such as cone beam CT 
25 ("CBCT"), have been shown to improve the accuracy of 

patient setup for lung stereotactic body radiotherapy 
("SBRT"), conventional radiotherapy, and IMRT (Bisson­
nette, et al., 2009) (Den, et al, 2010). As a result, daily CBCT 
is increasingly included as a part of patient treatment pro-

30 tocols. Daily in-room CBCT can take one of two forms: 
Megavoltage (MY) CBCT (Pouliot, et al., 2004), or kilo­
voltage (kV) CBCT (Schreibmann, et al., 2005). Measure­
ments of radiation dose for either technique have been 
previously studied (Hyer, et al., 2010) (Islam, et al., 2006) 

35 (Gayou, et al., 2007), and at this point, incorporation of MY 
CBCT dose into the treatment plan has been reported on 
(Miften, et al., 2007). 

There have been early investigations into the incorpora­
tion of kV CBCT dose into the treatment plan (Alaei, et al., 

40 2009) (Dzierma, et al., 2013). In one such study, in an 
anthropomorphic phantom, thoracic CBCT was found to 
result in doses in the range of 6.04-8.98 mGy in the lungs 
and 3.93-6.23 mGy in the spinal cord, among reported dose 
values at other typical organ at risk (OAR) sites. These 

45 values will tend to be specific to both patient geometry and 
imaging protocol. 

CBCT and fluoroscopy share the similarity that one of the 
primary concerns of either imaging procedure is excessive 
skin dose. Therefore a method of incorporating kV CBCT 

50 dose into the patient treatment plan at the point of treatment 
planning, and assessing the effect of the kV CBCT dose on 
the overall treatment plan quality and on skin dose reduction 
is needed. Because the problem of high imaging dose associated 

with real time kV fluoroscopic tumor tracking has long been 
acknowledged, there are a number of recent studies inves- 55 

tigating techniques to reduce the kV imaging dose. Many of 
these studies use additional information to limit the fre­
quency of kV imaging. In one such study, stereoscopic 
MY-kV imaging of a fiducial marker is performed at the start 

SUMMARY OF THE INVENTION 

The present invention addresses the aforementioned 
drawbacks by providing a method for producing an IGRT 
treatment plan that includes an imaging radiation source that 

60 emits an imaging radiation beam and a treatment radiation 
source that emits a treatment radiation beam. 

of therapy in order to build a correlation model, so that, 
subsequently, kV imaging is only required intermittently 
when the fiducial is not visible in the MY image. 

Another study, reported on the Cyberknife Synchrony 
system. In this system, an internal/external correlation 
model was first developed in order to track the tumor motion 
via externally visible marker tracking. However, the model 
was updated throughout the course of treatment via the 

As is typical with a treatment planning system (TPS), 3D 
patient data obtained from a CT is transferred to the TPS and 
3D targets are contoured to define gross tumor volume 

65 (GTV), clinical target volume (CTV), organs at risk (OAR), 
and other relevant anatomical structures. The physician then 
prescribes a treatment dose to the CTV, assigns dose limits 
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to the OARs, and indicates kV imaging preferences (kV 
fluoro, daily CBCT, daily CT-on-rails, 4DCT, etc). Using the 
3D patient information, along with physician prescribed 
dose constraints and imaging preferences, the invention 
creates a unique objective function that includes both pre- 5 

scribed dose constraints together with kV imaging beam 
constraints. The objective function is then optimized using 
inverse optimization techniques to determine the best MV 
treatment beams and kV imaging beams configurations. 

and SD). Dose is per fraction, based on 60 Gy prescription 
over 28 fractions. FIG. SA illustrates MV dose from MV +kV 
optimization. (b) MV dose from standard IMRT (no imag-
ing). (c) kV dose from MV+kV optimization. (d) kV dose 
from standard, non-optimized fluoroscopic tracking. In each 
case, the PTV is indicated by a black outline. 

FIGS. 6A-6D illustrate MV and kV dose distributions for 
a third lung patient using a large 20x27 cm2 kV imaging 
aperture undergoing real-time intra-fractional tracking using 
either combined MV +kV optimization (FIGS. 6A and 6C) or 
conventional IMRT plus kV fluoroscopic imaging (FIGS. 6B 
and 6D). Dose is cGy per fraction, based on 60 Gy pre­
scription over 28 fractions. FIG. 6A illustrates MV dose 

In certain embodiments, a first dose attributable to the 10 

imaging radiation source beam is calculated based on the 
provided model of the imaging radiation beam, and a second 
dose attributable to the treatment radiation source beam is 
calculated based on the provided model of the treatment 
radiation beam. 15 

from MV +kV optimization. FIG. 6B illustrates MV dose 
from standard IMRT (no imaging). FIG. 6C illustrates kV 
dose from MV +kV optimization. FIG. 6D illustrates kV 
dose from standard, non-optimized fluoroscopic tracking. In 
each case, the PTV is indicated by a black outline. 

In alternative embodiments, the dose is calculated at 
every iteration of the optimization algorithm. The treatment 
planning system is then directed to produce a radiation 
treatment plan by optimizing an objective function based on 
the first and second doses, subject to a constraint that 20 

accounts for beam-on time for both the imaging radiation 
beam and the treatment radiation beam. 

FIG. 7 illustrates beam's eye views (BEVs) for MV 
fluence, with and without MV +kV optimization, for the lung 
patient represented in FIGS. 3A-3D and assuming a 20x27 
cm2 imaging field. When combined MV +kV optimization is 
performed, fewer hot spots appear in the MV beams, spread-

The foregoing and other aspects and advantages of the 
invention will appear from the following description. In the 
description, reference is made to the accompanying draw­
ings that form a part hereof, and in which there is shown by 
way of illustration a preferred embodiment of the invention. 
Such embodiment does not necessarily represent the full 
scope of the invention, however, and reference is made 
therefore to the claims and herein for interpreting the scope 
of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a flowchart setting forth the steps of an example 
method for producing a radiation treatment plan that 
accounts for both an imaging beam dose and a treatment 
beam dose. 

FIG. 2 is block diagram of an example radiation treatment 
planning system (TPS) that can implement some embodi­
ments of the present invention. 

FIGS. 3A-3D illustrate MV and kV dose distributions for 

25 ing the dose across a larger number of bixels, resulting in a 
lower beam on time and lower kV imaging dose. 

FIG. 8 illustrates lung dose volume histograms (DVHs) 
for three lung cancer patients with a 20x27 cm2 kV imaging 
aperture. Percent dose (relative to 60 Gy prescription) on 

30 y-axis, percent volume on the x-axis. Top row displays linear 
scale, bottom row displays log scale on x-axis. 

FIG. 9 illustrates total kV dose delivered (all volume) as 
a function of kV dose rate, for MV +kV optimization. kV 
imaging apertures from 5x5 cm2 to 20x27 cm2 are shown, 

35 and compared to a line for the relation between kV dose rate 
and total kV dose for non-optimized kV dose, for the lung 
patient represented in FIGS. 3A-3D. 

FIG. 10 illustrates DVH for the lung patient represented 
in FIGS. 3A-3D, using a TPS that implements the present 

40 invention (solid line) versus a commercial TPS that does not 
implement the present invention ( dotted line), assuming a 
similar set of constraints modeled after clinically used 
constraints. a lung patient using a large 20x27 cm2 kV imaging aperture 

undergoing real-time intra-fractional tracking using either 
combined MV +kV optimization (FIGS. 3A and 3C) or 45 

conventional IMRT plus kV fluoroscopic imaging (FIGS. 3B 
and 3D). Dose is per fraction, based on 60 Gy prescription 
over 28 fractions. FIG. 3Aillustrates MV dose from MV +kV 
optimization. FIG. 3B illustrates MV dose from standard 
IMRT (no imaging). FIG. 3C illustrates kV dose from 
MV +kV optimization. FIG. 3D illustrates kV dose from 
standard, non-optimized fluoroscopic tracking. In each case, 
the PTV is indicated by a black outline. 

FIGS. llA-11B show MV and kV cone beam computed 
tomography (CBCT) dose distributions when using 
MV +CBCT dose optimization for an example lung patient. 
CBCT dose is completely static, whether using MV +CBCT 
optimization or conventional MV only optimization with 
retrospective CBCT. The MV dose distribution differs 

50 slightly between the two cases, in a way described quanti­
tatively in Table 1. 

FIG. 12 shows a set of DVH curves corresponding to the 
treatment plan shown in FIG. 11, in all three cases: no CBCT 
imaging dose (base case), unplanned for CBCT imaging 

55 dose, and optimized with CBCT imaging dose. 
FIGS. 4A-4D illustrate MV and kV dose distributions for 

a lung patient using a small 5x5 cm2 kV imaging aperture. 
Dose is per fraction, based on 60 Gy prescription over 28 
fractions. FIG. 4A illustrates MV dose from MV+kV opti­
mization. FIG. 4B illustrates MV dose from standard IMRT 
(no imaging). FIG. 4C illustrates kV dose from MV +kV 
optimization. FIG. 4D illustrates kV dose from standard, 
non-optimized fluoroscopic tracking. In each case, the PTV 
is indicated by a black outline. 

FIGS. SA-SD illustrate MV and kV dose distributions for 
a second lung patient using a large 20x27 cm2 kV imaging 
aperture undergoing real-time intra-fractional tracking using 
either combined MV +kV optimization (FIGS. SA and SC) or 
conventional IMRT plus kV fluoroscopic imaging (FIGS. SB 

FIG. 13 shows changes in MV beam fluences for one of 
the treatment plans with the incorporation of MV +CBCT 
treatment planning. Just as the differences in MV dose 
distributions between the MV and MV +CBCT optimized 

60 cases would be difficult to detect unassisted visually, the 
difference between the fluence maps is also subtle. 

FIG. 14A illustrates an aperture defined by a 3x3 beamlet 
selection centered in a 5x5 array. 

FIG. 14B illustrates an aperture defined by moving leafs 
65 in a multi-leaf collimator to add one beamlet to the aperture 

of FIG. 14A and to remove one beamlet from the aperture of 
FIG. 14A. 
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FIG. 15 illustrates a graphical user interface displaying a 
performance of an MV +kV optimization algoritlnn that 
incorporates direct aperture optimization. 

FIGS. 16A-16C show DVH curves associated with 
twenty independent repetitions of an optimization task. FIG. 
16A shows DVH curves for MV optimization with no 
imaging. FIG. 16B shows DVH curves for MV optimization 
without optimized imaging. FIG. 16C shows DVH curves 
for MV +kV optimization. 

FIG. 17 shows DVH curves averaged across twenty 
optimizations for no imaging (solid), non-optimized imag­
ing (dotted), and MV+kV optimized imaging (dashed). 

DETAILED DESCRIPTION OF THE 
INVENTION 

Described here are systems and methods for radiation 
treatment planning that integrate the radiation dose imparted 
to a subject by an imaging radiation source during an 
image-guided radiation treatment. For instance, a kilovolt 
("kV") imaging dose that is imparted to the subject during 
the image guidance of the radiation treatment is accounted 
for and treated as a part of the therapeutic dose otherwise 
delivered to the subject by a treatment radiation source, such 
as a megavolt ("MV") source. Thus, the kV beam is treated 
both as an additional source of therapeutic radiation and as 
a tool for imaging and dynamically tracking the tumor. As 
described below, in some instances the kV beam can be from 
a fluoroscopic imaging system and in some other instances 
the kV beam can be from a cone beam computed tomogra­
phy ("CBCT") imaging system. In general, however, the kV 
beam from any suitable x-ray imaging system can be 
accounted for as an additional source of therapeutic radia­
tion. In some instances, magnetic resonance imaging 
("MRI") images can also be used for treatment planning. 

The present invention is therefore capable of informing a 
radiation treatment plan about the contribution of kV dose to 
the planning target volume ("PTV"), skin, and other organs­
at-risk ("OARs"); how the kV imaging dose affects the 
overall optimization of the MV beam fluences; and whether 
the chosen mAs and frame rate values lead to an imaging 
dose that is too high to be safely applied. 

The present invention represents a departure from the 
existing image guided radiation therapy ("IGRT') treatment 
planning paradigm where kV imaging dose is considered as 
unwanted and in excess of the planned MV treatment dose. 

The method of incorporating the kV dose and imaging 
constraints into the treatment planning algoritlnn is general 

6 
system. In some other embodiments, the image-guided 
radiation treatment system can be a volumetric modulated 
arc therapy system. 

The method begins by providing patient data associated 
5 with the patient that will be receiving radiation treatment, as 

indicated at step 102. For instance, the patient data may 
include medical images of the patient, such as previously 
acquired medical images that depict the patient's anatomy. 
As an example, the patient data may include images 

10 acquired with a magnetic resonance imaging ("MRI") sys­
tem, or with an x-ray computed tomography ("CT") system. 

Model data for the radiation beams produced by the 
imaging source and the therapy source are also provided, as 
indicated at steps 104 and 106, respectively. As an example, 

15 the model data may include phase space files generated for 
an imaging radiation beam, such as a kV beam, and a therapy 
radiation beam, such as an MV beam. For example, phase 
space files can be generated using BEAMnrc or other 
suitable software. In some embodiments, the model data can 

20 be provided by retrieving the model data from a storage 
device or memory external to the treatment planning system. 
In some other embodiments, the model data can be provided 
by retrieving the model data from a storage device or 
memory internal to the treatment planning system. In still 

25 other embodiments, the model data can be provided by 
computing or otherwise generating the model data using the 
treatment planning system. 

In one specific, non-limiting example, beam modeling can 
be performed within the EGSnrc Monte Carlo ("MC") 

30 environment (Rogers, et al., 1995) for the appropriate treat­
ment system. As one non-limiting example, the MV treat­
ment beam can be modeled in BEAMnrc from the schemat­
ics of the Varian Trilogy (Varian Medical Systems, Palo 
Alto, Calif.) LINAC with flattening filter and 6 MV peak 

35 energy. Ideal fluence maps in this example can be modeled 
with secondary collimators arranged to create bixels with 
5x5 mm2 openings (defined at SAD=l00 cm) in a grid 
arrangement. Each bixel's phase space file can then be 
generated from a number of histories, such as 500M histo-

40 ries. Separate MC simulations can be performed to create kV 
phase space files for different apertures as isocenter, such as 
5x5, l0xl0, 15x15, 20x20, and 20x27 cm2 apertures at 
isocenter, according to the schematics of the Varian Trilogy 
on-board-imager ("OBI") without halfbowtie filter at nomi-

45 nal 125 kVp energy. Different imaging energies, different 
beam apertures, and different types of filtration may be 
appropriate for different imaging modalities ( e.g., fluoros­
copy, CBCT, 4DCT, CT-on-rails). 

Based on the patient data and the provided beam model 
50 data, influence matrices, or dose matrices, can be computed, 

as indicated at step 108. As an example, DOSXYZnrc, or 
other suitable software, can be used to compute the influence 
matrices. 

to intensity modulated radiation therapy ("IMRT"), and is 
not aimed to any particular treatment site or imaging modal­
ity; however, for the examples described herein, the patient 
data used for simulation would most closely represent the 
situation of gated IMRT with real-time kV tumor tracking 
for lung cancer patients. In most cases, lung cancer is treated 55 

with three-dimensional conformal radiation therapy 
("3DCRT') because of the challenges of applying IMRT in 
the presence of large respiratory motion. Gated lung IMRT, 
however, can offer higher target conformality than 3DCRT, 
thereby allowing potential dose escalation and more healthy 60 

tissue sparing. 

In one specific, non-limiting example, CT scans of three 
previously treated lung cancer patients were imported into 
DOSXYZnrc. Five to ten gantry angles were chosen for each 
patient, matching the gantry angles from the previously 
implemented treatment plans. For each gantry angle, dose 
calculations were performed for the set of MV bixels, and 
for each of the 125 kV phase space files produced for both 
patients. The MV dose calculations used 3M histories each, 

Referring now to FIG. 1, a flowchart setting forth the steps 
of an example method for producing a radiation treatment 
plan for an image-guided radiation treatment system that 
incorporates dose attributed to both an imaging source and 65 

a treatment source is illustrated. In some embodiments, the 
image-guided radiation treatment system can be an IMRT 

and the kV dose calculations used 16M histories each. Dose 
calculations were performed on a combination of a distrib­
uted computing cluster, and a PC with an Intel Core i7-2600 
CPU, with 16 GB RAM. 

DOSXYZnrc outputs dose matrices normalized to the 
number of electrons used to for the original phase space file. 
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In order to denormalize the dose matrices, the TG-51 
(Almond, et al., 1999) machine calibration of0.85 cGy/MU 
at 10 cm depth in water for the MV beam was used, with a 
400 MU/min dose rate. For kV units, an imaging rate of 7.5 
fps, with 80 mA and 32 ms per frame was assumed. The 5 

frame rate assumed is likely sufficient for real-time tracking, 
and the 2.56 mAs per frame is in line with the imaging 
requirements reported elsewhere. In terms of duty cycle, it 
is assumed that the kV beam is on only when the MV beam 
is on. Depending on the imaging need, it may be required to 10 

image during the entire course of the treatment, and only 
deliver MV radiation periodically, as with gated delivery. 

Here it is important to note that the kV parameters can be 
custom adjusted and incorporated in the MV +kV optimiza­
tion engine according to the user's specific needs. For 15 

example, if the kV dose is too high, cutting the frame rate 
from 7 .5 fps to 3 fps will result in substantially lower kV 
doses. In order to assess the effect of different kV dose rate 
(in terms of mAs, framerate, and duty cycle), all optimiza­
tions were repeated with 20 different weighting factors, a, 20 

for the kV dose rate. 

8 
subject to the linear constraints x2:0 and Hx-q>0, and 

where xis an array of n beam weights; Dis the (N+L)xM 
modified influence matrix, where each element, di/, indicates 
how much dose the i th beamlet delivers to the j th voxel in a 
volume containing M voxels; pis the prescription dose to the 
treatment volume ("PTV"); and II ... lb is the L2-norm 
operation. 

The first constraint, x2:0, ensures that all beamlets are 
restricted to non-negative values. The second constraint, 
Hx-q>0, encompasses all upper/lower bound dose con­
straints and imaging constraints, such that H may be written 
as, 

(3) 

Each row of HnosE corresponds to a voxel in the patient, 
and the dot product of a row ofHnosE with the beam weight 
vector, x, gives the total dose to the voxel. The voxels used 
in HnosE come from both the PTV and the organs at risk 
("OARs"). 

The submatrix, HIM, is a novel way of introducing a hard 

It will be apparent to one of skill in the art that the 
optimizing step can be performed using, for example, gra­
dient descent methods, MATLAB (Mathworks, Natick, 
Mass.) optimization routines, interior point methods, primal­
dual methods, simulated amiealing, or other stochastic meth­
ods. 

25 imaging constraint. It is a constraint on the beam-on time for 
various bixels, without regard to the dose deposited. This is 
in contrast to the submatrix HnosD which is a constraint on 
the dose deposited to various voxels, without regard to the 
beam-on time for various bixels. In our case, there are 

Based on the calculated dose matrices, a radiation treat­
ment plan is produced, as indicated at step 110. Because the 
radiation treatment plan is based on both the kV and MV 
dose matrices, the radiation treatment plan will account for 
the contribution of the imaging beam dose to the PTV, skin, 
and other OARs, and will also account for how the imaging 
beam dose affects the overall optimization of the treatment 
beam fluences. After the radiation treatment plan is pro­
duced, it can optionally be displayed on a graphical user 
interface. For instance, displaying the radiation treatment 
plan may include displaying the dose from the imaging 
radiation beam, displaying the dose from the treatment 
radiation beam, or displaying a dose from the combination 40 

of both the imaging radiation beam and the treatment 
radiation beam. 

30 between 64 and 144 MV beamlets for each gantry angle, 
depending on the size required to encompass the PTV, and 
a total of 5 (or 10) kV beams. Each row of HIM specifies that 
the beam-on time for the kV beam orthogonal to a given MV 
beamlet is at least as long as the beam on time for that 

35 beamlet. This model assumes that the total beam on time for 
a given gantry angle is approximately equal to the total beam 
on time for the most intense beamlet for that gantry angle. 
For example, the first row of HIM has the form, 

HM1M,dl ... aO O O O O OJ (4); 

In general, the optimization used to produce the radiation 
treatment plan accounts for both the imaging beam dose and 
the treatment beam dose by utilizing a modified dose matrix, 45 

D, 

in which the elided portion is filled with zeros, and a is 
a weighting factor balancing the dose rate from the MV 
beam with the dose rate from the kV beam. The factor a is 
influenced by the assumed MV dose rate, the assumed kV 
imaging frequency (frames per second), and the assumed kV 
image quality parameter (mAs/frame). 

du d1M (1) 

dN! dNM = [ DMv l D= 
d(N+l)l d(N+!)M DkV 

d(N+L)! d(N+L)M 

where the modified dose matrix is a concatenation of the 
treatment beam dose matrix, DMv, and the imaging beam 
dose matrix, Dkv· 

In IMRT, the dose optimization problem may be formal­
ized as solving the quadratic problem, 

In one specific, non-limiting example, the dose optimiza­
tion problem can be setup in MATLAB and optimized with 
the MOSEK toolbox (MOSEK ApS, Copenhagen, Den-

50 mark) for MATLAB, which uses dual-primal interior point 
methods. Optimizations can be performed on a PC with an 
Intel Core i7-2600 CPU, with 16 GB RAM. Optimization 
time varied depending on the number of constraints and the 
number ofbixels. The simplest cases take on the order of a 

55 minute; although, some complicated cases required 90 min­
utes of computing time. 

The methods described above can be suitably imple­
mented using a radiation treatment planning system. Refer­
ring now to FIG. 2, an example of such a radiation treatment 

60 planning system 10 is illustrated. The radiation treatment 
planning system 10 is preferably in communication with one 
or more radiation treatment systems 12, which may include 
any suitable image-guided radiation treatment system. 

min IDx - pl 2
; 

(2) The radiation treatment planning system 10 generally 
65 includes a memory 14 that is operably coupled to a processor 

unit 16. As an example, the processor unit 16 can be a 
commercially available computer processor, such as those 

xEIR.n 
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described above. The processor unit is configured to carry 
out one or more of the steps of the methods described above. 

As an example, the memory 14 can include a plurality of 
memory elements, or can include a single memory element. 

10 
maximum of 9 .4 cGy in places to 5 .9 cGy. The PTV receives 
8.3 cGy per fraction from kV imaging beams when using 
MV+kV optimization, and 14.25 cGy per fraction when 
using regular IMRT with kV imaging. 

In general, the memory 14 is configured to store information 5 

regarding patient data, a treatment target (e.g., a tumor 
located within a patient), imaging beam model data, treat­
ment beam model data, dose matrices, and so on. 

FIGS. 4A-4D show similar plots as seen in FIGS. 3A-3D, 
acquired with the same experimental conditions, except now 
using a smaller (5x5 cm2

) imaging aperture. The difference 
in kV dose between the MV +kV optimization case, and the 
conventional IMRT with real-time tracking case, is not very 
noticeable. The smaller kV dose associated with a reduced 
aperture has less effect on the skin OAR dose constraints, 

Preferably, the radiation treatment planning system 10 
includes, or is otherwise in communication with, a user 10 

interface 18. As an example, the user interface 18 provides 
information to a user, such as a medical physicist. For 
example, the user interface 18 can include a display 20 and 
one or more input devices, such as a keyboard 22 and mouse 
24. 15 

and thus the introduction of kV dose into the treatment 
planning stage has relatively little effect. 

FIGS. SA-SD and FIGS. 6A-6D present similar data as 
FIGS. 3A-3D, but for a second and third patient. Once again, 
more kV dose is delivered when MV +kV optimization is not 
utilized. In patient #2 (FIGS. SA-SD), the maximum skin 
dose is reduced from 10.2 cGy to 8.9 cGy, and in patient #3 

EXAMPLE 1 

Combined MV +kV Inverse Treatment Planning for 
Optimal kV Dose Incorporation in IGRT 

In this example, an investigation into the use of convex 
optimization tools to best integrate the kV imaging dose into 
the MV therapeutic dose was performed. As described 
above, the kV beam was treated as both an additional source 
of therapeutic radiation and as a method of imaging and 
dynamically tracking the tumor. This represents a radical 
departure from the existing paradigm where all current kV 
imaging dose is considered as unwanted and in excess of the 
planned MV treatment dose. 

In this study, treatment plans were optimized for lung 
cancer patients using four different scenarios: 

1. MV beam only optimization (standard IMRT) plus the 
addition of a fully open kV aperture (20 cmx27 cm). 

2. MV beam only optimization (standard IMRT) plus the 
addition of a reduced kV aperture (5 cmx5 cm). 

3. Combined MV +kV beam optimization with a fully 
open kV aperture (20 cmx27 cm). 

4. Combined MV +kV beam optimization with a reduced 
kV aperture (5 cmx5 cm). 

20 (FIGS. 6A-6D), the maximum skin dose is reduced from 8.9 
cGy to 5.2 cGy. PTV dose from kV beams varies from 3.36 
cGy per fraction to 4.7 cGy per fraction. 

FIG. 7 shows the changes in beam's eye view ("BEV") of 
the dose for the first patient, across the MV +kV optimization 

25 case and the standard IMRT optimization case, with each 
beam scaled equivalently. Despite the fact that the MV dose 
distributions appear almost identical (as seen by the isodose 
lines in FIGS. 3A and 3C), the beam fluences used to reach 
the dose distributions are very different. The hot spots seen 

30 in the MV optimization only beam fluences will result in 
longer beam-on time, which in tum results in higher kV 
dose. Because the combined MV +kV optimization algo­
rithm takes into account the skin dose from kV beams, high 
beam-on times may be indirectly punished by the planning 

35 algorithm, resulting in plans with fewer hot spots. This is 
reflected in the more evenly distributed MV bixel intensities 
seen with combined MV +kV dose optimization. 

FIG. 8 shows DVH curves for three cases for both 
patients: (1) combined MV +kV optimization (solid line), (2) 

40 standard MV IMRT plus kV tracking (dashed line), and (3) 
standard MV IMRT with no kV imaging (dot line). Here 
case 3 is used as the reference standard. PTV coverage with 
MV +kV optimization more closely matches PTV coverage 
in the no-imaging case, and the OAR dose from MV +kV 

With these four different cases, it was possible to deter­
mine not only the imaging dose delivered to the patient, but 
also the effect on the overall treatment of considering the 
imaging dose at the point of planning. In order to verify that 
the treatment plan quality produced by the systems and 
methods of the present invention is comparable to that of a 
commercial system, a commercial treatment planning sys­
tem was used to generate an IMRT plan for one of the 3D 
CRT patients used in this study, and compared the resultant 
DVH directly with a DVH for the same patient using MV 50 

beam only optimization and comparable constraints as used 

45 optimization approaches the OAR dose in the no-imaging 
case. Both OAR and PTV doses are higher in the MV IMRT 
with kV tracking case, and the difference in OAR dose is 
most striking for the skin, as the kV beam primarily deposits 
dose on the surface. 

FIG. 9 shows how the total kV dose delivered may vary 
as a function of the kV dose rate (mAs per framexframe 
ratexduty cycle) for MV +kV optimization. Results are nor­
malized to a frame rate of 15 fps. Because the mAs per 
frame, frame rate, duty cycle, and MV dose rate may change 

in the commercial system. 

Results 

FIGS. 3A-3D show the MV and kV dose distributions for 
patient #1 as tracked with an open kV aperture (20x27 cm2

), 

with and without the use of combined MV +kV optimization. 
While the MV dose distributions look similar between FIGS. 
3A and 3B, the kV dose distributions are different. Across all 
voxels, lower kV doses are visible when using MV +kV 
optimization. This is a direct consequence of the MV +kV 
optimization engine treating the kV beam as a source of 
therapeutic radiation to both OARs and the PTV. When 
using MV +kV optimization (FIG. 3B) as opposed to con­
ventional IMRT optimization with real-time kV tracking 
(FIG. 3D), skin dose from kV imaging is reduced from a 

55 with different imaging requirements, this figure shows how 
the total kV dose varies as any of those parameters are 
changed. For example, when using a 5x5 cm2 imaging 
aperture, reducing the frame-rate from 15 fps to 5 fps 
reduces the imaging dose rate to 33% of the reference dose 

60 rate, and consequently, from the figure, the total kV dose is 
reduced to approximately 81 % of the reference total kV 
dose. When using a 20x27 cm2 imaging aperture, an equiva­
lent reduction in dose rate reduces the total kV dose to 
approximately 45% of the reference total kV dose. The curve 

65 for l0xl0 imaging beam data is largely obscured by the 
curves for the larger sizes, because the curves for sizes larger 
than 5x5 cm2 largely overlap. 
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FIG. 10 compares the DVHs produced by an IMRT plan 
developed in the commercial treatment planning system for 
patient #1 (dashed lines), and the DVHs produced by our 
treatment planning system (solid lines), when incorporating 
similar constraints as used in the commercial system. In 5 

DVHs seen in FIG. 10, the dose to the PTV adheres more 
closely to the prescription when using the new TPS, how­
ever, OAR dose is sometimes lower when using the com­
mercial system. 

ing kV imaging beams pushes the treatment plan past the 
constraints, therefore, the previously acceptable beam 
weights are now unacceptable. "Hot spots" in the MV beams 
are preferably removed, to lower both MV and kV dose to 
the skin and return the plan to one satisfying the skin dose 
constraints. This reduction is illustrated in FIG. 7, where the 
hot spots in the MV beams are lowered substantially when 
changing to MV +kV optimization. In changing from MV 
optimization to MV +kV optimization, the burden of deliv-

Discussion 

As shown in FIGS. 3A-3D, the kV dose to the skin may 
be greatly reduced in the case of large aperture imaging 
when using MV +kV optimization as opposed to standard 
MV IMRT with unplanned real-time kV tracking. Here the 
skin dose was reduced from as high as 9.4 cGy per fraction 
to no more than 5.9 cGy per fraction, or a reduction of37%. 
In addition, from the DVH curves presented in FIG. 8, it can 
be seen that excess PTV dose due to unplanned kV fluoro­
scopic radiation is now folded into the prescribed PTV dose, 
making the combined MV +kV optimization curve indistin­
guishable from the standard IMRT curve. 

Relative to the 6 MV treatment beam, as shown in FIGS. 
3A-3D, 4A-4D, SA-SD, and 6A-6D, the kV skin dose from 
combined MV +kV is significantly lower. This is also shown 
by the skin DVH curves, where subtraction of the standard 
MV IMRT without kV tracking DVH curve from the kV 
tracking curves essentially removes most dose above 10% of 
prescription. However, from a diagnostic imaging point of 
view, the kV skin dose is still very high. 

Here it should be noted that the high skin dose regions are 
localized (in that not all of the skin is receiving the opti­
mized maxima of between 5 and 10 cGy), and that the 
chosen imaging parameters of 7.5 fps, with 80 mA and 32 
ms per frame used in this particular study have been chosen 
to correspond to some imaging parameters reported else­
where, but that these parameters can be readily changed to 
other values without departing from the teaching of the 
present invention. As an example, FIG. 8 illustrates that, for 
example, halving the frame rate to 3.75 fps lowers the kV 
dose for large apertures sizes by more than 50%. 

10 ering dose is forced to spread out across more bixels, 
reducing the beam on time for any one bixel. 

Although, MOSEK optimization tools used in this study 
have been reported on favorably before for the task of 
radiotherapy optimization, it is still necessary to verify that 

15 plans produced using the combined MV +kV optimization 
engine are of suitable quality. Hence, a direct comparison of 
the DVHs produced by the MV +kV optimizer were made to 
the DVHs produced by an IMRT plan generated on a 
commercial TPS, for patient #1, using the same set of 

20 contours (FIG. 10). Due to the fact that it was not feasible 
to alter the commercial system to utilize kV dose and novel 
imaging constraints, only MV IMRT plans were compared. 
Although the DVHs are similar, there is some discrepancy 
between the plans produced by the commercial TPS and the 

25 research TPS, in some cases, may exceed the changes in 
DVH introduced by kV imaging in the research TPS. This is 
most likely a result of different optimizers used by the 
systems, and the fact that the combined MV +kV optimizer 
aims for a more conformal PTV dose at the expense of less 

30 optimal OAR doses than the commercial system. 
As stated previously, this study assumed gated IMRT 

delivered to lung cancer patients, with kV imaging concur­
rent with the MV beam, in order to verify accurate patient 
positioning. Because the study was retrospective in nature, 

35 no specific imaging protocol is specified for tracking the 
patient motion when the treatment beam is off due to 
multi-leaf collimator ("MLC") segment steps or the target 
being outside the treatment gate window. In certain embodi­
ments, an external surface tracking through either IR mark-

40 ers or 3D surface imaging can be used during beam off 
situations, and kV motion tracking can be used to track lung 
tumor motion and verify positioning during radiation deliv­
ery. This scenario corresponds directly to the combined The reduction in kV imaging dose from combined 

MV +kV optimization is essentially a result of two processes, 
both the lowering of the overall 6 MV beam on time, and the 45 

interplay between MV and kV skin dose constraints during 
optimization. In part, reduction in beam on time occurs 
because the kV imaging beam delivers dose to target, 
reducing the amount of MV monitor units required to treat 
the target. For example, in patient #1, where the PTV 
receives up to 14.25 cGy per fraction from the kV imaging 
beam prior to MV +kV optimization, the kV beam is deliv­
ering 6.65% of the prescription dose. When the kV beam is 
accounted for in the MV +kV optimization, the kV beam is 
only delivering 8.29 cGy per fraction, corresponding to 
3.8% of the prescription. Therefore, the MV beam-on time 

MV +kV dose results presented in this work. 
Alternatively, the parameterization of the MV +kV dose 

optimization algorithm may be modified in order to provide 
for kV tracking both within and without the gating window. 
There are two basic approaches to accomplish this. In the 
first approach, static treatment on a gated target is still 

50 assumed, but with kV tracking occupying a greater part of 
the duty cycle than the treatment beam delivery. In order to 
accomplish this, the dose optimization algorithm will assign 
a weighting factor to the kV dose calculation to account for 
the discrepancy in duty cycles. For example, if the gating 

55 window occupies 20% of the respiratory cycle, a weighting 
factor of 5 will be assigned, so that every second of MV 
beam on time corresponds to 5 seconds of kV beam on time. 
This technique may be further refined for more sophisticated 
cases, such as imaging at a lower frame rate while the 

is allowed to be reduced by about 3.8%. Similarly for 
patients #2 and #3, the contribution of kV imaging dose to 
the PTV may allow for beam on time reductions of 1.6% and 
1 %, respectively. 

However, as seen in FIGS. 3A-3D, the skin dose reduction 
for patient #1 is much higher than 5%. Therefore, there is 
another factor involved in the lowering of beam on time. 
That factor is the additional burden of kV skin dose on the 
skin dose constraint in the optimization problem. Prior to the 
inclusion of kV dose, the skin dose constraint allows for MV 
beam weights with the maximally allowed skin dose. Add-

60 treatment beam is off than when the treatment beam is on, 
in order to lower the imaging dose while maintaining kV 
tracking during non-treated phases of breathing. This is 
explored in FIG. 9, where the relationship between the 
relative kV dose rate and total kV dose delivered has been 

65 calculated. 
For a given kVp and aperture size, the kV dose rate is a 

function of the mAs per frame, the frame rate, and the duty 
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patients. The standard IMRT objective function was modi­
fied to include CBCT dose. Treatment plan optimization 
using the MOSEK optimization tool was performed retro­
spectively with and without assuming kV radiation dose 

cycle. From the perspective of the treatment planning algo­
rithm, increasing the kV duty cycle to five times the MV 
duty cycle is indistinguishable from increasing the kV dose 
rate by a factor of five, thus, FIG. 8 can show (for a limited 
range of increases in dose rate) how such duty cycle manipu­
lations allow this technique to be used for imaging during 
the entire respiratory phase, even with gated delivery. 

Because of the increase in imaging dose with constant 
imaging outside the gated window, the presented method 
may be preferred for 4D IGRT techniques that do not require 
the use of gating, but instead deliver conformal radiation 
through the respiratory cycle by dynamically tracking the 
tumor using the MLC, the radiation source, or the patient 
treatment couch. As real-time 3D positional knowledge of 
the target is preferred for 4D IGRT methods as an input 
parameter, the direct target tracking provided by real-time 
MV +kV optimization is an ideal match. 

5 from CBCT, assuming one CBCT per fraction. Across ten 
patients, the CBCT delivered peaks of between 0.4% and 
3.0% of the prescription dose to the PTV, with average 
CBCT dose to the PTV between 0.3% and 0.8%. By 
including CBCT dose to skin as a constraint during optimi-

l O zation, peak skin dose is reduced by between 1.9% and 
7.4%, and average skin dose is reduced by 0.2% to 3.3%. 
Pre-treatment CBCT may deliver a substantial amount of 
radiation dose to the target volume. By considering CBCT 

15 
dose to skin at the point of treatment planning, it is possible 
to reduce patient skin dose from current clinical levels, and 
to provide patient treatment with the improved accuracy that 
daily CBCT provides. For real-time kV intra-fractional tracking oflung tumors, 

incorporation of the kV imaging into the MV treatment dose 
through the use of combined MV +kV inverse optimization 
has the potential to substantially lower the kV skin dose 
when compared to standard IMRT with kV tracking, without 
lowering the overall quality of the treatment plan in terms of 
PTV coverage and dose fall off on surrounding normal 
tissues. The benefits of combined MV +kV optimization 25 

were found to be preferred for situations that previously 
resulted in high kV dose, such as large apertures and high 
mAs or framerate settings. This technique allows for direct 
quantification of the kV imaging dose before the start of 
treatment delivery, and for the formation of treatment plans 30 

that are optimal in terms of both MV therapeutic and kV 
imaging dose delivered. 

It will be apparent to one of skill in the art that other dose 

20 calculation methods can be used. Examples include, but are 
not limited to, Acros models, convolution-superposition 
models, and pencil-beam models. 

EXAMPLE 2 

The IMRT optimization problem may be formalized as 
the minimization of a quadratic problem, 

min IDx - pl 2
; 

xEIR.n 

(5) 

in which xis an nx 1 matrix of beam weights for each bixel 
used for treatment or imaging, p is an mxl matrix of 
prescription dose, specifying the prescription to each of n 
voxels in the treatment volume, and D is an mxn influence 
matrix specifying the dose from each bixel to each voxel. 

35 This quadratic objective function is subject to a number of 
Combined MV +CBCT Inverse Treatment Planning 

for Optimal Dose Incorporation in IGRT 

Cone beam CT ("CBCT') is increasingly used in patient 
setup for IMRT. Daily CBCT may provide effective local- 40 

ization, however, it introduces concern over excessive imag­
ing dose. Previous studies investigated the calculation of 
excess CBCT dose, however, no study has yet treated this 
dose as a source of therapeutic radiation, optimized in 
consideration of PTV and OAR constraints. Here is pre- 45 

sented a novel combined MV +kV inverse optimization 
engine to weave the CBCT and MV dose together such that 
CBCT dose is used for both imaging and therapeutic pur­
poses. This may mitigate some of the excess imaging dose 
effects of daily CBCT and, more importantly, allow com- 50 

plete evaluation of the CBCT dose prior to treatment. 
The techniques described here can be applied, in certain 

embodiments, to the case of daily CBCT. In contrast to real 
time fluoroscopy, in which typically five or seven gantry 
angles will be chosen for treatment, with CBCT, images are 55 

acquired at full 360 degree geometry, decreasing the likeli­
hood of kV hot spots on the skin. Second, whereas with real 
time fluoroscopy, the kV imaging beam on time for each 
gantry angle is dynamically linked to the corresponding MV 
beam on time, with CBCT, the beam on time across all 60 

projections is static, regardless ofMV beam activity. Finally, 
the imaging parameters required to quality imaging (mAs) 
are different between CBCT and fluroscopy. 

In this example, the EGSnrc Monte Carlo system was 
used to model a Varian Trilogy CBCT system and 6 MV 65 

treatment beam. Using the model, the dose to patient from 
treatment beam and imaging beam was calculated for ten 

constraints, 

x;,0 and Hx-q>0 (6). 

The first constraint, x2:0, ensures that all beamlets are 
restricted to non-negative values, and the second constraint 
equation, Hx-q>0, encompasses all upper/lower bound dose 
constraints and imaging constraints. In conventional treat­
ment plan optimization, the term q specifies upper and lower 
bounds allowed to specific voxels, with the matrix H playing 
a similar role as the matrix D in the objective function, 
specifying the dose contribution from each bixel to each 
voxel in the set of constrained voxels. In the case of 
combined MV +kV optimization, however, an imaging con­
straint is also required, such that H may be written as, 

(7) 

In this case, HnosE corresponds to the traditional dose 
constraint used in IMRT optimization, with each row of 
HnosE corresponding to a voxel in the patient. The dot 
product of a row of HnosE with the vector x gives the total 
dose to the voxel. The voxels used in HnosE come from both 
the PTV and the OARs. In this study, and the skin was 
automatically contoured and used as an OAR. Additionally, 
the structures contoured in the clinically used 3DCRT plans 
were exported from a commercial treatment planning system 
(Pinnacle, Philips, Netherlands) and imported into the 
research TPS using tools provided by the Computation 
Environment for Radiotherapy Research (CERR). The skin 
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OAR was automatically segmented. The PTV and other 
OARs were taken from the previous commercial treatment 
plan. 

In general, HIM may be used to define constraints on the 
imaging beams, specifying minimum and maximum beam 5 

on times for imaging beams, without directly considering 
dose. In order to perform dual MV +CBCT dose optimiza­
tion, the new constraint HIM was introduced to specify the 
requirement of CBCT imaging, and is a generalized case of 
the first constraint equation applied only to the CBCT bixels. 10 

The effect of the matrix elements of HIM is to set upper and 
lower bounds on the CBCT bixels, 

XcBc-fa:.a, XcBcPa (8); 

16 
Dose Calculation 

For each patient, gantry angles were chosen correspond­
ing to the clinical implemented treatment plan, and MV 
bixel computations were performed for each bixel location, 
for each gantry angle. Similarly, kV dose calculations were 
performed with the CBCT phase space file at 180 locations, 
each separated by two degrees, to simulate CBCT geometry. 
Because in practice, CBCT are acquired from 660 projec­
tions, the output from each projection is scaled appropri­
ately. The MV dose calculations used 3M histories each, and 
the kV dose calculations used 16M histories each. Dose 
calculations were performed on a combination of a distrib­
uted computing cluster, and a PC with an Intel Core i7-2600 

15 CPU, with 16 GB RAM. One of skill in the art will recognize 
that the calculations can be optimized for a variety of 
parallel or nonparallel systems. 

where a is a weighting factor balancing the dose rate from 
the MV beam with the dose rate used during CBCT. In this 
embodiment it is required that the CBCT delivers dose 
exactly equal to frequency and image acquisition parameters 
(including mAs per frame, the number of projections used in 
actual CBCT acquisition, and the number of projections 
used for dose calculation) specified in the treatment proto­
col; in this study, an imaging frequency of once per fraction 
was assumed. The problem was setup in MATLAB (Math­
works, Natick, Mass.) and optimized with the MOSEK 
toolbox (MOSEK ApS, Copenhagen, Denmark) for MAT- 25 

LAB, which uses dual-primal interior point methods. Opti­
mizations were performed on a PC with an Intel Core 
i7-2600 CPU, with 16 GB RAM. Optimization time varied 
depending on the number of constraints and the number of 
bixels. The simplest cases take on the order of a minute, 30 

though some complicated cases required 90 minutes of 
computing time. 

Normalized output from DOSXYZnrc were calibrated to 
machine settings. For the 6 MV beams, a machine calibra-

20 tion 0.85 cGy/MU at 10 cm depth in water for the MV beam 
was used, with a 400 MU/min dose rate. For CBCT dose, the 
model assumed 20 mA/20 ms per frame, with 660 frames 
captured. 

Three scenarios were compared: MV beam only optimi­
zation (standard IMRT) with no CBCT imaging; MV beam 
only optimization (standard IMRT) plus retrospective 35 

CBCT, and combined MV +CBCT beam optimization. 

Patient Modeling 

The treatment plans from ten previously treated lung 40 

cancer patients were used in this study. CT phantom (RMI 
465, Gammex, Middleton, Wis.) was imaged in the CT 
planning simulator in order to provide data for the ramp 
function used in the Monte Carlo dose calculations for 
CBCT dose. The media used for the ramp function included 45 

air, lung tissue, adipose, water, muscle, inner bone, and 
cortical bone. The program "ctcreate," distributed with 
EGSnrc system, was used to convert the ten patient CT scans 
to the appropriate file format (" .egsphant" files) for MC 
simulation in the EGSnrc system. For MV beam MC simu- 50 

lation, a simpler ramp function comprised only of air, lung, 
water, and bone was used because MV dose delivery is 
dominated by the Compton interaction, which is dependent 
on ZIA. 

55 

Beam Modeling 

Results 

FIGS. llA-llB show MV and kV CBCT dose distribu­
tions when using MV +CBCT dose optimization for one of 
the ten patients in the dataset. CBCT dose was completely 
static, whether using MV +CBCT optimization or conven­
tional MV only optimization with retrospective CBCT. The 
total dose distribution differed slightly between the two 
cases, as quantitatively described in Table 1 below. Differ­
ences in the distributions were difficult to visually observe 
between MV and MV +CBCT treatment plans. FIG. llA 
shows the MV dose distribution ( dose is per fraction, based 
on a prescription of 70 Gy over 35 fractions, and FIG. llB 
shows the CBCT dose distribution. 

TABLE 1 

PTV Skin Dose 
Skin (cGy) (cGy) Reduction 

Max Mean Mean Max Mean % 

Patient CT CT Total CT CT Max Mean 

1.21 0.30 5.31 3.07 0.65 2.04 0.73 
2 1.57 0.25 4.49 0.43 0.35 0.86 -1.24 
3 0.95 0.36 3.59 1.13 0.50 1.60 0.47 
4 1.09 0.35 8.40 3.08 0.57 1.99 0.66 
5 1.09 0.25 3.96 0.91 0.76 1.88 1.21 
6 2.70 0.32 5.16 3.81 0.90 4.47 0.74 
7 1.34 0.39 7.75 1.04 0.84 2.50 1.78 
8 1.14 0.42 10.51 0.84 0.61 2.09 0.60 
9 0.83 0.34 3.82 0.64 0.53 1.29 0.32 

10 0.57 0.32 6.65 0.43 0.34 1.04 0.27 

Table 1 shows a summary of results for CBCT+MV 
optimization across 10 patients. All numbers are in cGy for 
a single fraction, based on 200 cGy/fraction prescription, 

BEAMnrc was used to model both 6 MV treatment beams 
and 125 kV CBCT beams. In each case, beam models were 
developed from the schematics of the Varian Trilogy and 
Varian Trilogy on-board-imager (OBI) systems. 144 MV 
beam elements (bixels), each 5x5 mm2

, were modeled and 
superimposed to map a 6x6 cm2 aperture at isocenter. Each 
MV bixel phase space file was generated from 500M his­
tories. Only one kV phase space file was required, for an 
asymmetrical beam opening of 19.8x26.5 cm passing 
through a half-bowtie filter. 

60 unless otherwise noted. In general, CBCT dose to skin is a 
small fraction of total dose to skin; however, locally, CBCT 
may deliver high dose to skin, which exerts pressure on the 
treatment plan to lower skin dose from the MV beams. 
CBCT +MV optimization results in reductions in total aver-

65 age skin dose between 0.27% and 1.78%. 
FIG. 12 shows a set of DVH curves corresponding to the 

treatment plan shown in FIGS. llA and llB, in all three 
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As will now be described, the MV +kV opt1m1zations 
described above can be modified to implement DAO tech­
niques. 

Direct aperture optimization is especially appropriate for 

cases: no CBCT imaging dose (base case, dotted lines), 
unplanned for CBCT imaging dose (dashed lines), and 
optimized with CBCT imaging dose (solid lines). DVH for 
the target is slightly overdosed for standard MV IMRT with 
CBCT. Combined MV +CBCT optimization more closely 
approaches the no-imaging case than the non-optimized 
daily CBCT case. 

The three DVH curves for each structure appear 
extremely similar; however, slight overdosing is visible to 
the PTV in the non-optimized CBCT case. FIG. 13 shows 
changes in MV beam fluences for one of the treatment plans 
with the incorporation of MV +CBCT treatment planning. 
Just as the differences in MV dose distributions between the 
MV and MV +CBCT optimized cases would be difficult to 
detect unassisted visually, the difference between the fluence 
maps is also subtle. 

5 MV +kV fluoroscopy optimization. In DAO, the beam-on 
times are optimized for each aperture at each gantry angle, 
rather than optimizing bixel fluence, which is merely a proxy 
for beam-on time. Therefore, with DAO, the kV imaging 
dose required to perform real-time imaging can be more 

10 accurately predicted at the time of treatment planning. DAO 
is also known to reduce the monitor unit ("MU") used in 
delivery, which can further reduce the kV dose from 
MV +kV delivery. 

To demonstrate the applicability of MV +kV optimization 
15 using DAO, some of the experiments described above were 

repeated for a single patient using DAO. 

As shown in the summary of Table 1, CBCT tends to 
deliver peak doses to the PTV between 0.3% and 3%, with 
averages PTV coverage typically less than 1 % of prescrip- 20 

tion. However, the integration of CBCT dose may allow for 
lower skin dose, by forcing the MV beam fluences to change 
in order to compensate for CBCT skin dose. This change is 
shown in FIG. 13. 

Materials and Methods 

Aperture Dose Calculation. A method for producing a 
dose influence matrix using Monte Carlo calculations is 
described above. In the dose influence matrix, D, each row 
corresponds to a beam element, or bixel, and each column 
corresponds to a point, or voxel, in the patient. In the case 

25 of DAO, each row of a matrix D ap corresponds to an entire 
aperture, rather than to a single bixel. On the one hand, this 
difference may provide a computational advantage because 
it may dramatically reduce the dimensionality of the prob­
lem. However, this difference may also introduce compli-

Incorporating CBCT dose into the treatment plan allows 
for improvements to treatment plan quality, and perhaps 
more importantly, it allows physicians and medical physi­
cists to prescribe motion management strategies such as 
CBCT with the confidence of knowing the dosimetric effect 
ahead of time. However, the results presented comparing 
dose with CBCT to the no-imaging case make the conser­
vative assumption that the imaging is being performed for 
verification only, and that the same treatment margins are 
used for the imaging and non-imaging cases. In practice, it 

35 
will likely be the case that daily CBCT will allow for smaller 
treatment margins than in the no-imaging case, and in fact, 

30 cations into the mathematical formulation. Specifically, the 
new formulation means that each row of the dose influence 

it is likely that the quantification of the margin reduction will 
depend both on the imaging modality chosen ( e.g., CBCT vs 
real-time fluoroscopy) as well as the imaging parameters and 40 

resultant image quality. 

EXAMPLE 3 

matrix, D ap' is not linearly-independent because the rows are 
now the sum of sometimes overlapping bixels. Also, as the 
MLC leaf positions are moved in the optimization, the rows 
of D must change; in other words, the matrix D ap is not 
static. This in particular changes the optimization strategies 
described above. 

In order to minimize the time spent recalculating values 
for the matrix, Dap' at each iteration, rather than re-calcu­
lating the values, fast set operations can be performed to 
quickly add and subtract values from the matrix. The update 
equation for rows of D ap may be written, 

(9); 

Combined MV +kV Imaging with Direct Aperture 
Optimization 

45 where S,n, is the set ofbixels initially in the aperture, Snew 

As described above, combined MV +kV optimization can 
be implemented for real-time fluoroscopy, CBCT guided 
therapy, and other radiation therapy techniques that use 50 

x-ray imaging for guidance. The optimization methods 
described above implement ideal fluence based optimiza­
tion, in which a set of ideal beam weights for a particular 
treatment are calculated without any consideration to the 
ease of delivery given the constraints of MLC motion. 

Traditionally, dose optimization is followed by an MLC 
leaf sequencing step, at which point the dose calculation is 
repeated on the actual, deliverable plan in order to verify 

is the set of bixels in the new aperture, and "\" denotes the 
following set operation: 

BIA={xEBlx\i':A} (10). 

For example, the i th aperture in the matrix Dap may be a 
square aperture centered in an array of 5x5 pixels, and may 
therefore initially be composed of pixels in the set S,n,={ 7, 
8,9,12,13,14,17,18,19}, as shown in FIG. 14A. At an itera­
tion in the optimization process, the algorithm may direct the 

55 top-left MLC to open by one space, and at another step, the 
algorithm may direct the bottom-right MLC to close by one 
space. This new aperture may be described by the set Snew 

={6, 7,8,9,12,13,14,17,18}, as shown in FIG. 14B. There­
fore, the update function for the matrix D ap may be written plan quality. This traditional method has the advantage that, 

because of the relative ease of optimization, it can be 60 as, 
modeled as a convex problem and therefore can guarantee 

(11). that any local minimum is a global minimum. This classical 
approach to IMRT optimization is increasingly becoming 
replaced, however, with direct aperture optimization 
("DAO"). In general, DAO techniques attempt to incorpo- 65 

rate information on MLC leaf positions into the treatment 
planning algorithm in order to avoid a leaf sequencing step. 

A BEV technique can be used to find acceptable limits on 
the MLC leaf positions to envelop the target. The contour of 
the tumor is back-projected to the MLC plane for each 
gantry angle, and a set of MLC leaf positions to encompass 
the tumor is calculated. 
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Optimization Algorithm. For direct aperture optimization, 
the algorithm optimizes both aperture shapes (e.g., by 
changing the rows of the matrix D ap) and the aperture 
weights. A combination of simulated annealing and interior­
point methods can be used for the optimization because, 
while the selection of MLC leaf positions is not a convex 
problem, the optimization of beam weights, once leaf posi­
tions are fixed, is a convex problem and can therefore be 
efficiently solved with deterministic algorithms. 

20 
superposition of the various apertures for the given angle, 
with the total number of MU indicated, and the middle rows 
show each of the aperture shapes for each gantry angle. The 
top right and bottom right display a dose map for the kV and 

5 MV contributions to the total dose, respectively. The real­
time display allows the user to cancel the optimization and 
change parameters if the plan appears to be evolving in a 
way that will not satisfy the independent human judgment of 
the dosimetrist. 

To initialize the optimization problem, the BEV apertures 10 

are used as a starting point and an interior-point method is 
used to find the optimal beam weights. Then, the order of the 
MLC leaves is randomized, and shifts in leaf positions are 
optimized using simulated annealing. As one example, 
simulated annealing can be implemented by randomly cal- 15 

culating the shift for each leaf position from a Gaussian 
density function with width, 

FIG. 16A-16C show DVH curves associated with the 
twenty independent repetitions of the optimization task. 
FIG. 16A shows the DVH curves for MV only optimization 
without kV imaging, FIG. 16B shows the DVH curves for 
MV optimization with non-optimized kV imaging, and FIG. 
16C shows the DVH curves for MV+kV optimization. 

FIG. 17 compares the DVH curves associated with the 
average performance for the three methods. The average 
performance DVH curve is that curve associated with an 
average of the dose distributions across the twenty trials. CJ= 1 +(A-1 )e-lo~nsucc+l)!To

st
ep (12); 

Parameterized by the initial width, A, and the cooling 
parameter, T 0

st
ep, as a function of the number of successful 

iterations, nsucc· Success is defined as either a change that 
results in an improved cost, or a change that does not result 
in an improved cost, but is allowed to proceed with some 
probability, 

(13) 

parameterized by the initial probability, B, and the cooling 
parameter, Tlrob, also as a function of the number of 
successes. Any suggested shift in MLC leaf position is 
immediately rejected, and a new shift calculated, if the 
proposed shift results in a leaf position that violates the 
constraints (e.g., a leaf opening wider than allowed by the 
constraint on maximal leaf position, or closing to overlap 
with the position of its paired leaf on the opposite side). In 
principle, a large number of physical constraints on MLC 
leaf positions are possible to implement, such as minimal/ 
maximal distances between paired leaves, and maximal 
distances for leaves to move between apertures. 

MLC leaf positions are optimized using the simulated 
annealing algorithm described above. However, beam 
weights for each aperture are optimized using a different 
method, such as the interior-point method of MOSEK. The 
frequency with which beam weights are updated, compared 

20 Across twenty optimizations, combined MV +kV IMRT 
resulted in an average of 4.56% reduction in peak skin dose, 
an average reduction of 2.74% reduction in mean skin dose, 
an average of 4.92% reduction in peak skin dose reduction 
from kV beams, and an average 5.98% reduction in mean 

25 skin dose from kV beams. Both non-optimized and MV +kV 
optimized imaging beams delivered, on average, mean dose 
of approximately 1 cGy per fraction to the target, with peak 
doses to target of approximately 6 cGy per fraction. 

When using DAO, MV +kV optimization is shown to 
30 result in improvements to plan quality in terms of skin dose, 

when compared to the case of MV optimization with non­
optimized kV imaging. The combination of DAO and 
MV +kV optimization may improve upon the method of 
direct fluence based MV +kV optimization to further allow 

35 for real-time imaging without excessive dose. 
The present invention has been described in terms of one 

or more preferred embodiments, and it should be appreciated 
that many equivalents, alternatives, variations, and modifi­
cations, aside from those expressly stated, are possible and 

40 within the scope of the invention. 
The invention claimed is: 
1. A computer-implemented method for producing a 

radiation treatment plan for a radiation treatment system that 
includes an imaging radiation source that emits an imaging 

45 radiation beam and a treatment radiation source that emits a 
treatment radiation beam, the steps of the method compris-
ing: 

to the frequency of MLC position updates, is a parameter 
that may be tuned to affect optimization performance. For 50 

example, the beam weights can be updated after updating all 

(a) providing patient data to a treatment planning system; 
(b) providing a dose calculation model of the imaging 

radiation beam to the treatment planning system; 
( c) providing a dose calculation model of the treatment 

radiation beam to the treatment planning system; of the MLC leaf positions, or at some regularly spaced 
interval of MLC updates, or randomly according to some 
probability distribution. As one specific example, the beam 
weights can be updated after every twenty MLC position 55 

updates. 

( d) directing the treatment planning system to produce a 
radiation treatment plan by optimizing an objective 
function based on the first and second dose calculation 
models, subject to a constraint that accounts for beam-

Results 

FIG. 15 shows a snapshot of the direct aperture optimi­
zation program running for one of the previously treated 
patients. In the top left, the current DVH at the point the 
snapshot was taken is displayed, and in the bottom left, the 
progress of the cost function is plotted. The middle section 
shows the beam aperture shapes. Each colunm corresponds 
to a different gantry angle, the first row shows the maximum 
opening ( determined by BEV), the last row shows the 

on time for both the imaging radiation beam and the 
treatment radiation beam. 

2. The method as recited in claim 1, wherein the constraint 
60 in step ( d) encompasses upper and lower bounds of imaging 

dose constraints and treatment dose constraints. 
3. The method as recited in claim 1, wherein the constraint 

in step (d) accounts for the beam-on time for the imaging 
radiation beam using a matrix in which each row of the 

65 matrix specifies the beam-on time for the imaging radiation 
beam orthogonal to a given beamlet of the treatment radia­
tion beam. 
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4. The method as recited in claim 3, wherein each row of 
the matrix includes a weighting factor that balances a dose 
rate from the treatment radiation beam with a dose rate from 
the imaging radiation beam. 

5. The method as recited in claim 1, wherein the dose 5 

calculation model of the imaging radiation beam models the 
imaging radiation source as a kV x-ray source. 

6. The method as recited in claim 5, wherein the dose 
calculation model of the imaging radiation beam models the 
imaging radiation source as a kV x-ray source in a fluoros- 10 

copy imaging system. 
7. The method as recited in claim 5, wherein the dose 

calculation model of the imaging radiation beam models the 
imaging radiation source as a kV x-ray source in a cone 
beam computed tomography (CBCT) imaging system. 15 

8. The method as recited in claim 1, wherein the dose 
calculation model of the treatment radiation beam models 
the treatment radiation source as an MV x-ray source. 

9. The method as recited in claim 8, wherein the dose 
calculation model of the treatment radiation beam models 20 

the treatment radiation source as an MV x-ray source in an 
intensity-modulated radiation therapy (IMRT) system. 

10. The method as recited in claim 8, wherein the dose 
calculation model of the treatment radiation beam models 
the treatment radiation source as an MV x-ray source in a 25 

volumetric modulated arc therapy (VMAT) system. 
~1. _The method as recited in claim 1, wherein the imaging 

radrnt10n source and the treatment radiation source are 
different radiation sources. 

12. The method as recited in claim 1, wherein the objec- 30 

tive function minimized in step ( d) includes a dose influence 
matrix based on the first and second dose calculation mod­
els. 

13. The method as recited in claim 12, wherein the 
objective function minimized in step (d) includes a dose 

22 
influence matrix in which each row of the dose influence 
matrix represents an aperture of a multi-leaf collimator and 
~ach co)unm of the dose influence matrix represents a point 
ma patient. 

14. The method as recited in claim 13, wherein the dose 
influence matrix is updated while minimizing the optimiza­
tion function to account for moving leaf positions in the 
multi-leaf collimator. 

15. The method as recited in claim 1, wherein step (b) 
)nclude~ p_roviding the dose calculation model of the imag­
mg radrnt10n beam to the treatment planning system by 
retrieving the dose calculation model of the imaging radia­
tion beam from at least one of a data storage or memory 
external to the treatment planning system. 

16. The method as recited in claim 1, wherein step (b) 
includes providing the dose calculation model of the imag­
ing. ra~iation beam to the treatment planning system by 
retnevmg the dose calculation model of the imaging radia­
!ion beam from at least one of a data storage or memory 
mternal to the treatment planning system. 

17. The method as recited in claim 1, wherein step (b) 
)nclude~ p_roviding the dose calculation model of the imag­
mg radrnt10n beam to the treatment planning system by 
generating the dose calculation model of the imaging radia­
tion beam using the treatment planning system. 

18. The method as recited in claim 1, further comprising 
displaying the radiation treatment plan on a graphical user 
interface. 

19. ~h~ method as recited in claim 18, wherein displaying 
the radrnt10n treatment plan on the graphical user interface 
con_ip~ises displaying at least one of a dose from the imaging 
radrnt10n beam, a dose from the treatment radiation beam 
and a dose from a combination of both the imaging radiatio~ 
beam and treatment radiation beam. 

* * * * * 


