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ABSTRACT

Interstitial and intracavitary brachytherapy plays an essential role in management of several
malignancies. However, the achievable accuracy of brachytherapy treatment for prostate and
cervical cancer is limited due to the lack of intraoperative planning and adaptive replanning. A
major problem in implementing TRUS-based intraoperative planning is an inability of TRUS to
accurately localize individual seed poses (positions and orientations) relative to the prostate
volume during or after the implantation. For the locally advanced cervical cancer patient, manual
drawing of the source positions on orthogonal films can not localize the full 3D intracavitary
brachytherapy (ICB) applicator geometry. A new iterative forward projection matching (IFPM)
algorithm can explicitly localize each individual seed/applicator by iteratively matching
computed projections of the post-implant patient with the measured projections. This thesis
describes adaptation and implementation of a novel IFPM algorithm that addresses hitherto
unsolved problems in localization of brachytherapy seeds and applicators. The prototype
implementation of 3-parameter point-seed IFPM algorithm was experimentally validated using a
set of a few cone-beam CT (CBCT) projections of both the phantom and post-implant patient’s
datasets. Geometric uncertainty due to gantry angle inaccuracy was incorporated. After this,
IFPM algorithm was extended to 5-parameter elongated line-seed model which automatically
reconstructs individual seed orientation as well as position. The accuracy of this algorithm was

1 '%°1 seed

tested using both the synthetic-measured projections of clinically-realistic Model-671
arrangements and measured projections of an in-house precision-machined prostate implant
phantom that allows the orientations and locations of up to 100 seeds to be set to known values.
The seed reconstruction error for simulation was less than 0.6 mm/3°. For the physical phantom
experiments, [FPM absolute accuracy for position, polar angle, and azimuthal angel were (0.78 +
0.57) mm, (5.8 + 4.8)°, and (6.8 + 4.0)°, respectively. It avoids the need to match corresponding
seeds in each projection and accommodates incomplete data, overlapping seed clusters, and
highly-migrated seeds. IFPM was further generalized from 5-parameter to 6-parameter model
which was needed to reconstruct 3D pose of arbitrary-shape applicators. The voxelized 3D
model of the applicator was obtained from external complex combinatorial geometric modeling.
It is then integrated into the forward projection matching method for computing the 2D

projections of the 3D ICB applicators, iteratively. The applicator reconstruction error for

simulation was about 0.5 mm/2°. The residual 2D registration error (positional difference)

4



between computed and actual measured applicator images was less than 1 mm for the
intrauterine tandem and about 1.5 mm for the bilateral colpostats in each detector plane. By
localizing the applicator’s internal structure and the sources, the effect of intra and inter-
applicator attenuation can be included in the resultant dose distribution and CBCT metal
streaking artifact mitigation. The localization accuracy of better than 1 mm and 6° has the
potential to support more accurate Monte Carlo-based or 2D TG-43 dose calculations in clinical
practice. It is hoped the clinical implementation of IFPM approach to localize elongated line-
seed/applicator for intraoperative brachytherapy planning may have a positive impact on the

treatment of prostate and cervical cancers.
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accepted for publication in Medical Physics (September 2010)

Damodar Pokhrel, Martin J Murphy, Dorin A Todor, Elisabeth Weiss, and Jeffery F
Williamson, “Localizing intracavitary brachytherapy applicators from cone-beam CT
X-ray projections via a novel iterative forward projection matching,” accepted for

publication in Medical Physics (October 2010)



A INTRODUCTION

Radiation therapy is an important modality for cancer treatment. According to NCI,
almost 50% of all cancer patients are treated with radiation. Radiation may be obtained from a
machine outside the body (external beam radiation therapy —EBRT), or it may come from
encapsulated radioactive sources placed inside the body in or near the cancer cells
(brachytherapy). In the brachytherapy treatment, the dose is delivered continuously, either over
the lifetime of the source to a complete decay (permanent implants) or over a short period of
time (temporary implants). The goal of brachytherapy is to apply radiation to kill cancer cells
and shrink tumors, while minimizing dose to the normal tissues. This goal is not always
achievable due to different types of uncertainties induced throughout the course of brachytherapy
treatment. These are mainly from (1) seed and applicator localization relative to the target
volume, (2) target volume definition due to image quality, (3) patient motion and anatomic
deformation during implantation, uncertainty about tumor extent, inter-observer tumor
delineation variation, etc. Among these sources of uncertainties, accurate seed and applicator
localization relative to the target volume using digital x-ray projections is the primary focus of
this thesis. Because of the rapid fall off of dose from the brachytherapy sources, small
differences in the pre-planned and actual localizations can lead to large differences in planned
and delivered doses. Also, accurate and complete localization of brachytherapy seeds and
applicators inside the patient 3D anatomy is essential to improve image quality by suppressing

metal streaking artifacts for more accurate target definition.

Several topics are discussed here to explain the overall clinical rationale for carrying out
the research for this thesis. A brief description of conventional methods for interstitial and
intracavitary brachytherapy (ICB) planning and treatment delivery is given. The major
limitations of the conventional methods for intraoperative seed/applicator localization are
reviewed. The topic is further narrowed down to developing and validating novel iterative
forward projection matching (IFPM) algorithm for brachytherapy seed and applicator
localization, which overcomes many of the difficulties of the conventional methods. Prostate and
cervical cancers are identified as the main clinical applications of this new method. Potential

application of dedicated ACUITY CBCT imaging system (Varian Medical Systems, Palo Alto,



CA) in conjunction with IFPM approach for localizing brachytherapy seeds and applicators, in

support of intraoperative brachytherapy planning is emphasized.

An estimated 192,280 new cases of prostate cancer occurred in the United States in 2009.
Prostate cancer is the most common cancer in men. According to American Cancer Society Facts
and Figures 2009 (ACS facts and figures), it was estimated that there were 27,360 deaths in

2009; prostate cancer being the second-leading cause of cancer death in men.

For early stage prostate cancer patients, brachytherapy —permanent interstitial seed
implantation (sources are implanted within the tumor volume) has become the standard treatment
procedure in many cancer centers in the United States. Improvement in the diagnosis of disease
at an early stage, and refinement in the brachytherapy procedures due to imaging, planning, and
treatment delivery has led to the popularity of permanent interstitial seed implantation. Image
guided brachytherapy has been shown to support long term diseases control comparable to
radical prostatectomy with a more favorable profile of complications." The overall prostate-
specific-antigen (PSA) progression-free at 10-year survival rate is 80% to 90% for early stage
(low-risk) cancer patients.> 3 Prostate seed implants are currently performed using 121 (Eavg ~ 28
keV, Ty, ~ 60 days) and 183pq (Eavg ~ 22 keV, Ty» ~ 17 days) shielded radioactive sources under
template and image guidance (see Figure 1 (a)). The recommended total prescription dose to the
periphery of the target volume is ~144 Gy for '*I and ~116 Gy for '®>Pd when a brachytherapy
is the sole treatment modality. Brachytherapy treatments can also be administered in
combination with EBRT to deliver localized doses to the patients. The main advantage of the
permanent seed implant over EBRT is to deliver higher doses to the tumor (increasing the
likelihood of destroying the tumor) and smaller doses to the surrounding healthy tissues.
Brachytherapy has become significant convenience over seven weeks of daily EBRT treatment
can be replaced by one day of outpatient surgical procedure. It is minimally invasive along with

fewer side effects’ and has resulted in continuous growth of this treatment modality.

The conventional approach of prostate seed implant involves a pre-plan method®,
(creating a treatment plan a few days or weeks before the procedure using transrectal ultrasound

(TRUS) images of the patient). The prostate is then implanted according to that pre-plan on the
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treatment day. Post-implant localization (after 4 to 6 weeks of implantation) of brachytherapy
seeds implanted in the prostate allows for validation against the planned seed poses as well as the
opportunity to recalculate the actual delivered dose. As currently practiced, post-implant
dosimetry is performed using CT images acquired 4 to 6 weeks after the implantation to evaluate
the dose delivered to the 90% of the prostate (Dgg) and the volume of the prostate receiving the
full prescription (Vigo). However, this pre-plan method may introduce large uncertainties
because of the alternations in the prostate shape and size, patient re-positioning and setup errors.

A separate TRUS imaging is required to create a pre-plan, which causes discomfort in patient.*

To overcome the above difficulties , the American Brachytherapy Society (ABS)
recommended the use of intraoperative planning and dosimetry to allow for the adjustment in
seed placement to achieve the intended dose (without moving patient and TRUS probe between
the volume study and seed insertion procedure).’” However, the routinely used TRUS and
template guided prostate seed implant provides adequate imaging of the soft tissue anatomy but
it cannot localize all of the implanted seeds.® A major problem in implementing TRUS-based
intraoperative planning is the inability (it can only localize about 60% of total the implanted
seeds) of TRUS to accurately localize individual seed pose (position and orientation) relative to
the prostate volume during or after the implantation.® Reconstructing seeds from radiographic
projections and then fusing the seed coordinates with 3D TRUS is widely used in intraoperative
brachytherapy planning.” However, the seed localization problem is difficult because of the
overlapping seed clusters, image distortions”® due to non-rigidly mounted non-isocentric C-arm
imager (due to change in orientation of image intensifier with the earth’s or other stray magnetic
fields), uncertainties in the projection geometry, and detector motion in/out of the plane,

inconstancy in seed count, patient motion, etc.

In addition to limited seed localization, TRUS has a number of limitations including an
anatomy distorted by the patient lithotomy position and intrarectal imaging probe. Thus post-
implant CT is the current standard of practice for evaluating and reporting the delivered dose®?,
however, it does not allow for altering and optimizing the treatment plan intraoperatively. In
addition to poor soft-tissue contrast and large (up to 8 mm when compared with axial magnetic

resonance images) prostate contouring errors'’, 3D CT suffers from streaking artifacts arising
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from the implanted metal seeds, overlapping seed clustering, and resolution limited by the slice

thickness as shown in Figure 1 (b).

(b)

Fig.1. (a) Model 6711 "I brachytherapy seeds (http//www/orau/ptp/collection/brachytherapy). Typically they are
4.5 mm in length and 0.8 mm diameter. (b) CT image of a brachytherapy prostate seed implant patient showing
global effect of metal streaking artifacts arise from implanted seeds.

A major advantage of adaptive intraoperative evaluation of the dose delivery is that it
would allow the identification of under-dosed regions and remedial seed placement, thus making
sure that the entire prostate volume receives the prescribed dose. But the main challenge is the
difficulty in accurately localizing 3D pose of the implanted seed in near-real-time and updating
the dose distribution. This requires a fast, automatic, and robust method to reconstruct individual
seed pose at the time of implantation. The role of intraoperative planning is not only limited to
prostate cancers. Its role has been increasing in other anatomical sites such as gynecological
malignancies. ICB is most commonly used in the treatment of carcinomas of the uterine cervix to

deliver prescribed dose.

According to American Cancer Society Facts and Figures 2009 (ACS facts and figures),
an estimate 53,430 cases of locally advanced cervical and endometrial cancer were diagnosed in
2009. Among them 11,850 deaths were reported. The S5-year relative survival rates for cervical

and endometrial cancer patients are 71% and 83%, respectively.

ICB is a well-established and effective treatment technique for definitive treatment of
locally advanced cervical cancer. It is currently performed with *’Cs (Eavg ~ 662 keV, Ty ~ 30
years) radioactive sources using low dose rate (LDR) applicators (tandem and colpostats)

temporary placement. *’Cs is used because less shielding is required, and afterloading may be
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performed with this source. All of the sources are encapsulated, and may be filtered to produce
gamma radiation of moderate energy. But the disadvantage is that the patient is required to
remain in hospital bed for the duration of the treatment. The patient has the applicator in for 48-
72 hours. In modern remote afterloading devices, 921 (Eavg ~ 400 keV, Ty ~ 74 days) is the
commonly used radioactive source for outpatient interstitial and high dose rate (HDR)
brachytherapy with shorter treatment time (high specific activity). The major advantages of using
HDR systems over LDR systems are dwell-time optimization of dose distribution, more accurate
source/applicator positioning, reduced geometric uncertainty due to Dbetter patient
immobilization, etc. However, its relatively short half-life is a particular downside, since
frequent replacement of sources is required (typically 3 to 4 times annually). In addition, other
disadvantages in the use of HDR systems are uncertainty in biological effectiveness and the

potential risks for accidental high exposures and serious errors in the treatment delivery.

In current clinical practice, ICB planning is routinely performed manually utilizing 2D
orthogonal radiographs on which single source dose distributions are superimposed. No TRUS or
MR images are available for the planning purposes. Because of the poor lateral radiographic
image quality, it is very difficult to accurately estimate the source position in the bilateral
colpostats. A fast, automatic, and robust method is required to localize ICB applicators, in

support of intraoperative brachytherapy planning and adaptive replanning.
A.1  Conventional methods for brachytherapy seed localization

A.1.1 3D CT-based method

For each prostate brachytherapy patient, the ABS recommends’ that post-implant

dosimetry should be performed (at week four following the implantation) by localizing seed

8-14 9, 24

positions using reconstructed 3D CT images.” ~ However, as reported in the literature and
found from our clinical experience with VariSeed (Varian Medical System, Palo Alto, CA)
planning, this method frequently finds more than the actual number of implanted seeds, as the
same seed may appear in more than one slice. This is mainly because of the CT slice thickness

limitation and metal streaking artifacts. Difficulty in resolving overlapping seed clusters and
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inter-slice spacing in reconstructed CT images are also the major causes that create difficulty in

localizing seed using CT images.

Several researchers have made valuable contributions to automate the process of seed
reconstruction from MRI or CT images. Roy et al.® developed a semi-automated method for
reducing the number of seeds and later Feygelman et al.' modified Roy’s method to
interactively determine physical seed locations from the post-implant CT images. The methods
presented by Brinkmann and Kline® and Li et al." are based on data clustering, which determine
seed positions by grouping the separate spots in CT images. They showed that the algorithm was
able to identify the seed locations to within 1 mm of known locations but these methods are
limited by low resolution in the z-direction due to inter-slice separation. Because of the CT
slicing effect (partial volume averaging), a radioactive seed can appear on more than one CT
slice. To overcome this difficulty, Bice et al.” designed an automated process for reduction of
source location, using the nearest-neighbor approach. Yue et al.'? developed another method
using a pair of orthogonal scout views and a stack of transverse cuts. Liu et al.'* presented a
geometry-based recognition method (i.e., larger overlapping cluster areas were split into smaller
ones by geometry-based filtering in each slice), which automatically determines the 3D seed
position of the seed centers in a CT study of the post-implant patients. The average error was
about 1.6 mm when compared against orthogonal-film technique. A promising brachytherapy
seed reconstruction method using seven digital-tomosynthesis (DTS) projections has recently
been applied to clinical datasets.”’ In their method, seed-only 3D binary images were obtained by
back-projecting each detector pixel shadowed by an elongated seed based upon pre-
reconstruction binarization of each projection. Then the seed orientation was estimated by
finding the major and minor axes of the each reconstructed 3D binary voxel cluster. However,

their method can not distinguish between orientations of seed clusters and individual seeds.

However, the current 3D CT-based post-implant evaluation process does not allow for
intervention during the implant procedure to improve the actual treatment outcomes. 3D CT
suffers from inconsistencies in both seed localization (mainly caused by CT slice thickness
limitation and streaking artifacts arising from the implanted metal seeds (see Figure 1 (b)) and

soft-tissue structure delineation. Also, intraoperative fan-beam CT installations in brachytherapy
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suites are uncommon precluding intraoperative planning and would require moving and re-
positioning the patient from the operating room (OR) to the imaging room and then back to the

OR.

With the introduction of dedicated ACUITY cone-beam CT (CBCT) imaging system in
the OR for seed placement, the advantages of a rigidly-mounted intraoperative imaging system
and reconstruction of 3D anatomy in the same coordinate system can be combined.” However,
the CBCT imaging system in our procedure room requires about 4 minutes (limited by constrain
on gantry speed) to acquire CT images and cannot provide useful images with the TRUS probe
and metal stirrups in the field of view.® Therefore, the current CBCT imaging is able to support

only 2D projection based intraoperative brachytherapy guidance.
A.1.2 Back-projection (BP) methods

A more common approach to 3D seed localization is the BP of seed positions in 2D x-ray

projections using two-film'” and three-film'®%

techniques. For any given seed, BP localizes the
3D seed positions by ray-tracing from the projected seed positions backward along the projection
paths and finding the point of closet intersection for the projection rays as shown in Figure 2.
The two-film technique has raised the problem of matching seed ambiguity, by increasing
number of projection from 2 to 3 further reducing the risk of mismatching of the seed in the
projections. Taking the projections images from gantry rotations, Altschuler e al.*' used 3 non-
coplanar projections and reduced the ambiguity in seed matching. The reconstructed implant
geometry is then fused to intraoperatively acquired ultrasound images, upon which dose planning

can be performed. However, in the widely studied BP methods®*>* 3" %

, corresponding seed in
each projection must be identified and matched. This is a difficult problem mainly because of
overlapping clusters®” **, resulting in inaccurate seed localization due to mismatch or missing
seeds. While a few investigators have developed generalized BP algorithms®® * for
reconstructing seed orientation as well as position, they suffer from the same limitations as their

more widely used centroid localization methods.
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Fig.2. Illustration of the seed matching in back-projection method. Figure reproduced with permission from Todor et

al. 2002.

Todor et al?’ determined the number of seeds within a cluster by measuring the
characteristics of each cluster of seeds and processing the morphological differentiation towards
improved accuracy. The average error in the phantom reconstruction was about 1.5 mm.
Narayana et al.”* developed a method for the reduction of the matching complexity by using up
to four images. Su et al** conducted both the simulation and phantom studies on the
measurement of the overlapping seed by modifying Narayanan’s method. This method was very
useful in identifying the overlapping seed clusters but it can not reproduce a satisfactory result
for completely overlapping seeds. Lee et al.*’ have proposed a fluoroscopy based seed
reconstruction algorithm to solve the overlapping seed problem using dimensionality reduction

technique.

Patient motion and uncertainty in imaging device positioning during image acquisition
can further confound seed localization when using BP methods. This particularly happens if the
images are acquired using a non-isocentric mobile C-arm imager. Tubic e al.*> proposed an
algorithm using simulated annealing, which has integrated the motion correction up to 5 mm
translation and +2.5° in the rotational errors. Given infinite computation time, the simulated
annealing is not subject to trapping in local minima. Todor ef al.*® and Lee and Zaider presented

algorithms for intraoperative dosimetric assessment.”” Current clinical applications rely mainly
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on BP algorithms®*>* " for intraoperative planning. The main problems of these methods are

33, 34

overlapping clusters and inconsistencies in seed count due to missing seeds™™ ", patient motion

30, 96

between image acquisition’®, image distortions and uncertainties in source and detector

2% on not-rigidly mounted non-isocentric C-arm imaging system due detector flex

position
(moving electrons inside the image intensifier are deflected by external magnetic fields”) which
complicates the seed reconstruction process as described earlier. One of the major challenges to
BP methods is localizing the seed positions on each projection and matching each seed from one

24353138 _the so called correspondence problem. Some clinical BP

projection to the others
methods tried to manage this problem through morphological differentiation and identification of
seed images in the clusters by heuristic learning approach®”** or equally distributing the activity

of the missing seeds among the reconstructed seeds in the implant.'’

Having far better spatial resolution, radiographic seed localization can address some of
the problems associated with CT-based method, including suppression of metal streaking
artifacts. Recent advances in imaging and treatment delivery technology such as ACUITY CBCT
now provide the opportunity to perform intraoperative dose reconstruction to further optimize the
implant.”® However, even with the resulting improvements in the calibration and stability of the

imaging geometry, seed reconstruction via BP method still remains problematic.

Several algorithms are available for reconstructing 3D seed pose, including seed

24.25.38 Tpe algorithms presented by Tubic et al** %

orientation, from measured 2D projections.
use mathematical morphology to detect the center of the seeds as well as their orientation on the
2D image plane. This information (seed center and orientation in 2D) was then used to perform
3D reconstruction of each individual seed including orientation.” However, their method fails to
correctly reconstruct seeds in large clusters of more than three seeds. Another approach,
proposed by Siebert e al.*®, separately back-projects the tip and end positions of each seed
image and uses a heuristic search algorithm to efficiently solve the NP3 matching problem.

While in principle this method identifies seed orientation, no quantitative data were presented.

As currently practiced, conventional seed localization techniques only attempt to find the

center of the elongated line seeds (i.e., point source approximation) for dose calculation. By
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directly measuring the individual 3D pose of each implanted brachytherapy seed, more accurate
Monte Carlo-based dose calculations (or 2D TG-43 dose calculations’’) can be employed to
include the effect of 2D anisotropy and interseed attenuation on the resultant dose distribution.
The effect of seed orientation on the prostate dose volume histogram (DVH) for '*I seed

1.** They found that incorporating 2D anisotropy functions

implants was studied by Corbett et a
into the dose calculation slightly improved (~1%) DVH accuracy relative to the isotropic point
seed model, but they did not report on local dose differences. However, the theoretical study
presented by Prasad et al.*® concluded that the actual dose rate may differ from the expected dose
rate by a factor of 2 when taking account of the anisotropy of the individual seeds. In the post-
implants geometry using '*’I and '”’Pd seed, Lindsay et al.*> showed that omitting 2D anisotropy
corrections introduced large local dose variations that collectively exceeded 10% in 20% to 40%
of the target volume. Monte Carlo-based dose evaluations demonstrated that interseed

attenuation®” %

may reduce Dy doses by as much as 5% and dose-calculation models that
account for the interseed attenuation and local seed anisotropy™ may deviate by as much as 7.5%
from one-dimensional point-source dose computations. Leclerc et al.”® showed as much as 6 to
7.5% errors for the Dy of the penile bulb and maybe about 2 to 4% for bladder and rectum when

ignoring 2D anisotropy.

A.2  Conventional methods for ICB applicator localization

Current ICB treatment planning uses orthogonal 2D radiographs to localize the

16, 55 : .
* > Because, this process involves

radioactive sources (tandem and colpostats) in the patient.
manual drawing of the source positions on films or digital images; it is time consuming and may
be prone to user error. Tandem sources are difficult to visualize in the 30% of cases for larger
patient (thickness greater than 38 cm) due to poor lateral radiograph quality as shown in Figure
3. The edges of colpostats are almost always obscured in the lateral view because of the pelvic
bone and the overlap of the two colpostats and the tandem shaft.”®> Source tip and end positions
only localization using orthogonal films does not provide full 3D applicator pose in the CT
frame. So, it can not localize full 3D pose of applicator geometry that is needed to account for
intra- and inter-applicator attenuation maps for more accurate dose calculation or mitigation of

56-59

metal artifacts. Brachytherapy applicators have complex internal structures’ ™, the pose of
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which relative to the patient’s anatomy needs to be determined for more accurate dose evaluation

via Monte Carlo simulation.””®" ® Monte Carlo studies have shown that applicator shielding

reduces doses up to 25% when the dose distributions from the bilateral colpostats and
4,59 60.63

intrauterine tandem are include

Fig.3. Orthogonal x-ray films of the ICB applicator (tandem and colpostats) patient (Courtesy of Dr. Jeffrey F

Williamson).

Li et al®' has developed a method for localizing ICB applicators based on identifying
several corresponding landmark points on the 2D radiographic projections, which allows the
pose of the object to be reconstructed. However, the conventional ICB clinical workflow
involves moving and repositioning the patient with applicator inserted on the fan beam CT table
often inaccurately and then returning the patient to the treatment room. It can cause patient
discomfort and may introduce large (up to 10 mm) patient setup error pertains to EBRT in
combination with high dose rate brachytherapy.** Several methods are available for

automatically localizing ICB sources and applicators from 3D CT studies®” ¢ 7

including
brachytherapy catheters.*® The plastic (low Z material) applicators developed by Schoeppel et
al.” does not produce streaking artifacts in the CT images and has the ability to shield portions
of the bladder and rectum by using tungsten alloy shields that are after-loadable with the
radioactive sources. However, the physical size of the applicators geometry was very large which
may cause patient discomfort. In the applicator pose determination, it is difficult to accurately
segment and threshold fully plastic applicators components and overlap with bony structures.

Weeks®’ explicitly localize applicator and source positions, by determining particular geometric

features of the Fletcher-Suit applicator directly from the axial CT images. Lerma and
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Williamson®' have developed an approach in which a 3D rigid model of the external applicator
shape was rigidly registered to the corresponding surface that was manually contoured in the
reconstructed CT images. For typical ICB applicator orientations, they demonstrated that the
localization accuracy was about 1/3 of the slice thickness. By localizing the applicator internal
structure and the sources, the effect of intra- and inter-applicator attenuation can be applied to

include the effect of colpostats shielding in the resultant dose distribution.®’

Since the streaking artifact arises from the metal applicator itself, the manually drawn
contour may introduce large error in dose evaluation. Applicators localization problem is closely
related to the problem of metal streaking artifacts. The widely used shielded vaginal

67-68

applicators produce severe streaking artifacts limiting the value of CT imaging for

segmenting critical organs at risk relative to the implanted applicators. The artifacts are mainly

%71 that passes

due to under-sampling of the photons (photon starvation) on the detector plane
through the metal object (high Z material) regions of patient scans. Over the past few decades,
the problem of metal artifact suppression has been studied extensively by restoring the missing

68-71

information in the sinogram region either using interpolation techniques or registering a prior

metal-free CT images.”” Another more general approach is to use iterative solutions. The

74 . .
7374 can provide artifact-

alternating minimization (AM) and other iterative statistical algorithms
free CT images of the soft tissues near implanted foreign metal bodies; provided that a priori
model of the metal object, including its pose, shape, and attenuation map is essential when using
AM image reconstruction to suppress metal streaking artifacts. Because of the excellent soft-

82-84 ¢ould be the future trend. However, as it

tissue contrast, MRI-based applicator reconstruction
is now, the cost associated with intraoperative MRI in brachytherapy suite causes their

instillations to be uncommon and MR-compatible applicators are expensive themselves.

Automatically reconstructing applicator poses from radiographic images (with high
spatial resolution) can address some of the problems associated with the post-operative CT as
described above. Therefore, there is a need for fast, fully automatic, and more accurate method to

localize ICB applicator to address some of the above mentioned problems.
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A.3  New method —iterative forward projection matching (IFPM) algorithm

A novel IFPM algorithm proposed by Drs. Murphy and Todor”” was adapted in this
research. A series of prototype codes, clinical workflows, and associated validation
methodologies were created for accurately localizing point (see section B) and elongated line
seeds inside patient 3D anatomy using as few as 3 synthetic and experimentally acquired
radiographic projections. The IFPM method was designed to avoid the major problems of BP
localization methods, such as the need to determine the seed correspondences between different
projections, the ambiguities presented by clustered or missing seeds in the projections, and
uncertainties in the projection geometry. It accomplishes this by iteratively adapting an initial
estimate of the 3D seed configuration that minimizes the pixel-by-pixel sum of the squared
intensity differences (SSOD) between computed projections of the estimated seed configuration
and radiographic projections of the implant until the computed seed images match the measured
ones. By matching the projection of the full seed configuration rather than individual seed
projections, IFPM intrinsically accommodates incomplete and ambiguous data by recreating the

overlapping seeds in the matching computed images.

This algorithm also allows the imaging viewpoints for the digitally reconstructed
radiographs (DRRs) to be adjustable parameters to accommodate gantry angle uncertainties up to
8° with respect to the first projection (i.e., the reference projection, which is not allowed to vary,
other imaging viewpoints are defined relative to the first projection in terms of rotation and
translation). This is a particularly useful feature if the images have been acquired using a mobile

C-arm imager.

This algorithm was generalized to reconstruct the 3D pose of implanted elongated line
seeds using a set of a few measured 2D projections (see section C). It was further extended to
localize larger metal objects in the brachytherapy treatment, for example ICB applicators

(tandem and colpostats) of arbitrarily-shape (see section D).

This thesis presents solutions for the localization of brachytherapy seeds and ICB

applicators via IFPM approach using few (3 to 10) measured digital x-ray projections that
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address some of the problems as described earlier including individual seed orientation
measurement, resolving overlapping clusters and reconstruct full 3D pose of seed/applicator
geometry. The main content of the present work concerns the development and clinical
validation of the two-step 3-parameter IFPM algorithm, further development and validation of
the generalized IFPM algorithms (extension from 3-parameter to 5 and 6-parameter models to
localize elongated line-seed and arbitrary-shaped ICB applicator, respectively), development of a
novel precision-machined multi-configuration prostate line-seed phantom, evaluation of IFPM’s

accuracy in the clinical setting and investigations of principle limitations of the algorithms.
A4 ACUITY CBCT for image-guided brachytherapy

The ACUITY CBCT imaging system used for image-guided brachytherapy in our
institute has the potential to support more accurate 3D seed and applicator localization, intra- and
post-operative dose planning for improving implant quality, and more accurate post-implant dose
evaluation (see Figure 4). The main advantage of this imaging system for brachytherapy
procedures is the relative ease and flexibility of imaging system positioning with the patient
immobilized on a surgical procedure table. Availability of intraoperative 3D or planar imaging
allows the localization of brachytherapy seed and applicator relative to the patient’s 3D anatomy
without moving or repositioning the patient. This eliminates the need to schedule a separate CT
imaging procedure following release of the patient from the recovery room and allows incorrect

implants to be removed/ corrected on the spot.

Fig.4. ACUITY CBCT imaging system in the brachytherapy imaging suite at our institute (VCU health system)
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However, a significant challenge to brachytherapy CBCT applications is the streaking
artifacts caused by implanted metal objects in the patient scan regions. Metallic seed and
applicator can cause moderate to severe streaking artifacts on CBCT images that make
segmentation of soft-tissues difficult and eventually introduce large error in dose calculations. As
mentioned earlier, the artifacts are mainly due to undersampling of the photons on the detector

plane®®7!

that passes through the metal object regions of the patient scans. The flat panel detector
(FPD) used in CBCT imaging has more prominent effect of streaking artifacts due to scattered
photons® and associate noise propagation. These effects create pronounced streaking artifacts in
the reconstructed CBCT images. Therefore, more accurate pose estimate of the implanted metal
object (find the metal object boundary and its orientation in the sinogram region) in the patient
scan region is needed to study these effects and to suppress streaking artifacts. This is important
for metal streaking artifacts mitigation because if we overestimate the metal object we miss the

soft-tissue information on the metal object boundary regions where as if we underestimate the

metal objects we still have residual streaking artifacts.

As mentioned earlier, the metal streaking artifacts problem is closely associated with the
brachytherapy seed and applicator localization problem. The IFPM approach” " can contribute
to metal artifact mitigation solution by using high spatial resolution projections, rather than
streak-limited CT images for seed/applicator localization and by making accurate seed/applicator
73-74

pose estimates available as an input to the iterative CT images reconstruction algorithm.

CBCT sinogram projections could be adapted to validate these algorithms in the clinical setting.
B EXPERIMENTAL VALIDATION OF IFPM ALGORITHM —point seed model

The prototype IFPM algorithm was adapted from Murphy and Todor” and
experimentally validated in this study. It finds the set of seed positions that minimizes the pixel-
by-pixel sum of the square intensity difference (SSQD) between blurred computed and
experimentally acquired auto-segmented projections of the seed array. IFPM starts with an initial
approximation to the seed configuration, e.g., the pre-planned seed arrangement and then

iteratively refines the 3D seed positions and imaging viewpoint parameters’”> until the SSQD

converges. Then the (x, y,z) coordinates of each seed are independently adjusted in an iterative
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search process until the computed projections optimally match the measured images (i.e., when

the total SSQD for all image pairs has been minimized).

The aim of this study was to experimentally validate IFPM algorithm using both the
phantom and post-implant patient’s datasets in a clinical setting. Two in-house brachytherapy
phantoms (12 and 72 seeds) and four selected low risk Stage-I prostate patients (60 to 81 seeds)
imaged for post-implant dose evaluation intraoperatively, (i.e. approximately 4 weeks after

103
0

implanting Theragenics Model 20 Pd interstitial sources) were included in this study. The

details of this research are published in Medical Physics, which is included as paper 1.”°

B.1  ACUITY image acquisition details and image post-processing

The image datasets of both the phantom (12 and 72 seeds) and patient (60, 62, 67 and 81
seeds) were experimentally acquired from the Varian ACUITY intraoperative imaging system
integrated in the brachytherapy treatment room for image guidance procedures in our institute.
Projection images were acquired in different gantry angle positions using the Varian 4030CB
imager. The detector is 40 cm x 30 cm with a 1024 x 768 image size resulting in pixel resolution
of 0.388 mm each. The ACUITY imaging geometry consists of a 100 cm source to isocenter
distance (SID) and a 150 cm source to detector distance (SDD). It was operated at 80 kVp, 80
mA, and 25 ms with an exposure of 2.56 mAs /projection. The IFPM projections were selected
from approximately 660 sinogram projections acquired for CBCT imaging. The choice of
perspectives was based on maximizing visibility of the implanted seeds in the projections and

avoiding excessively small angular parallaxes.

The post-processing involves a) cropping the images to a 256 x 256 pixel square region
of interest (ROI), b) normalizing the image intensity by finding its maximum and minimum
values in the image, ¢) morphological top-hat filtering to suppress the background, and d)
automatic thresholding using the 3-standard deviation value of the pixel intensity histogram to
create a binary marker for each seed in each projection in order to separate the seeds from the
background. The images were processed to create binary bitmap images with zero intensity in

the background and intensity of one over the area of each projected seed marker. In the phantom
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study, the seed centroids were obtained by computing the center of mass for each elongated line
seed marker. For the patient study, it was represented by entire radio-opaque marker of the '“*Pd
seed (1.09 x 0.5 mm?) as shown in Figure 5. This avoids resolving seed clusters in the 2D

measured projections (paper I).

@) (b) (d)

Fig.5. One image viewpoint showing an example of the image post-processing of the projection image obtained
from the Varian 4030CB digital simulator; (a) raw projection image, (b) filtered image, (c) seed only image, and (d)
blurred image used by IFPM algorithm for Patient III (81 implanted Theragenics model 200 '**Pd seeds).

The binary images were then convolved with a 2D Gaussian blurring function to create diffuse
spots with a known intensity distribution. This produces smoothly-varying image gradients that
can be computed analytically in the computed projections to guide towards minimization of the

similarity, SSQD, and speed up the convergence of the matching process.
Initial seed configuration estimates and computed projection images

For the precision-machined phantoms, we knew the exact seed locations (with machined

uncertainty of +/- 0.2 mm). The initial seeds configuration {r} ., Was obtained by perturbing the

known 3D seed configuration, by adding a randomly chosen displacement from a uniform
distribution [-2.0 mm, +2.0 mm] in each of the three directions, resulting in a mean displacement

of 1.98 mm, where k is the seed number, N is total number of seeds, and 0 <k <N. In the

patient study, the initial estimate of the seed configuration {1} , Was obtained from the

ultrasound volume study of the prostate of the patient, which gives X, y, and z coordinates of
each seed centroids within the planning target volume (PTV) for each patient. This pre-plan was

used as the initial guess of the implant seed configuration. Since this IFPM algorithm used the
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CBCT reference frame, the TRUS-based pre-plan coordinates were transformed to the CBCT
coordinate system by using rotation, translation and scaling. As with the phantom study, the
transformed 3D seeds configuration (ultrasound-to-CBCT reference frame) was rotated and

translated for each imaging viewpoint and then projected on the imaging plane. The projected

seeds {r} , on the imaging plane were digitized to create the binary images and dilated one pixel

along each direction to reproduce '“Pd seed like marker in the computed projections. The
computed binary images of image intensity were then convolved with the same 2D Gaussian

blurring function as used for measured projections.
Similarity metric and gradient search

The overall similarity metric, SSQD is the total of the pixel-by-pixel sum of the squared

intensity differences between the all blurred computed 7, (u,v|{r}k,0', 7/) and measured

I (u,v |o, 7/) seed image pairs (paper I);

SSQD( |G }/) ZZ[ (u v| k,a,j/)—lm(u,v|0',}/) T (1)

yoouy

where (u,v) are pixel indices in the 2D image plane, ¢ is the width of Gaussian blurring

function and y is the gantry angle. The initial seed positions {r}  were iterated by

simultaneously adjusting 3D seed coordinates and the imaging viewpoints while projecting
computed images. The adjustment to each degree of freedom was calculated from the gradient of
SSQD with respect to that degree of freedom. After computing the analytical gradients to adjust
all free parameters, the process iteratively refines the 3D seed positions and each imaging
viewpoint parameters until the computed seed projections matched the measured projections of
the seed geometry. The computed and measured projections must have the same imaging
geometry, image size and pixel resolution. Three to six pairs of computed and measured
projection image datasets with corresponding imaging geometry were used for one
reconstruction process. The 3N seed positions plus 6 (/ -1) degrees of freedom of the imaging
viewpoints are the freely moveable parameters in each iteration, where / = (3, M) is the imaging

viewpoint index and M is the number of projections.
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B.2  Validation test with phantoms

The phantom study shows very good agreement between the IFPM seed positions and the

physically measured precision-machined seed coordinates.

18 : :
0 ; -72 seed phantom

11 S—

=9

o N

number of seeds

0 0.5 1 1.5 2
localization error [mm]

Fig.6. Histograms of the seed positional error for the 12 and 72 seed phantom study.

For the 72 seed phantom case, from one-to-one correspondence between the measured
and computed sets of seed coordinates, the root-mean-square (RMS) error was found to be (0.58
+ 0.33) mm. The distribution of seed reconstruction errors is reported in the histogram in Figure
6 where it shows that greater than 96% of the reconstructed seed positions are within 1 mm from
the measured seed positions. For the 12 seed phantom case, the RMS error was even smaller

(0.43 + 0.24) mm.

B.3  Patient study

In Figure 7 we show the convergence process for a configuration of 81 seeds: Patient III.
The three imaging viewpoints were positioned at 0°, +£20° gantry angle. Since, the patient
datasets have overlapping seed clusters and highly-migrated seeds, we followed a two-stage
iterative process in which the images were initially processed with a larger blurring function and
then, after 1*' step convergence, the images were reprocessed with a smaller blurring function to

sharpen the resolution and complete the convergence to the final solution.
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Fig.7. An illustration of the iterative sequence morphing of the convergence process, (a) initial estimate of the seed
configuration, (b) computed images after first step of convergence, (c¢) computed images after second step of
convergence, and (d) the measured images at different gantry angle for Patient III. Despite large differences between
the pre-planned seed geometry (based on a TRUS volume study acquired about a week before the implant) and that
observed four weeks after the implant; [FPM was able to accurately reproduce the desired seed configuration.

The initial estimate of the seed configuration (obtained from the TRUS pre-plan) is portrayed in
the image group (a); the measured images are displayed in group (d). Part (b) of the figure shows
the iterated seed configuration after 1% step convergence using the larger Gaussian blurring
function; part (c) shows the final convergence after switching to the smaller blurring function.
Comparison of (¢) and (d) shows good agreement, including replication of overlapping seed

clusters which appears as brighter or extended features in the images (paper I).

Figure 8 shows the two-stage convergence rate for the four example patient cases. The
red arrow indicates that the plateau region of the SSQD when switching larger to smaller
Gaussian width, for the example case patient III. Similar transitions can be seen for remaining

patient’s convergence histories.
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convergence rate of IFFM algorithm for 4 post-implant
prostate brachytherapy patients
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Fig.8. The convergence rate of the two step IFPM algorithm for the 4 example post-implant patient cases; Red arrow
indicates that the transition from larger to smaller Gaussian spread for one of the test case. One-dimensional profile

of the source attractive two-step blurring scheme can be seen in the inset.

For all example cases, the IFPM converged in 16 to 22 iterations and in 4 to 7 iterations
following reduction of Gaussian blurring function width with computation time of about 1.9 to

2.8 minutes/iteration on a 1GHz processor (running time depended upon number of seeds used in

the implants, i.e., the number of free parameters to optimize).

(b)

(@)

Fig.9. Superposition of measured seed images (white seeds) with automatically detected seed positions (black
markers) projected on the detector planes, (a) 0° gantry angle, (b) -20° gantry angle, and (c¢) +20° gantry angle for
Patient III. While many seeds coincide exactly, a few still exhibit significant discrepancies.

An example of the reconstructed seed positions projected on the digital simulator images
is presented in Figure 9 (a), (b) and (c¢) where the three projections are shown at 0°, £20°
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respectively, along with the automatically obtained seed positions (black markers). From these
images, for every candidate computed seed we empirically calculated the nearest-neighbor
distance between the computed and measured seed positions on each detector plane -residual 2D
registration error. The RMS errors were 0.78 + 0.56 mm (0°), 0.89 = 0.49 mm (-20°), and 0.82 +
0.54 mm (+20°), respectively. Comparison of the results obtained by IFPM algorithm, and those
obtained by the VariSeed (Varian Medical Systems, Palo Alto, CA) planning provided a measure
of the accuracy in the positions deduced by IFPM, as summarized in Table I for all example case
patients. Since we don’t know the ground truth for the patient study, this seed localization error
includes not only the error from the IFPM algorithm but also the error contributed by the
VariSeed planning system. In Table I we also show the residual 2D registration error while
comparing against measured seed projection in each image plane. In all cases the RMS value of
the seed registration error was better than 1 mm and maximum seed displacement (dyax) did not

exceed 2.5 mm on the detector planes (paper I). Experiments showed that increasing the number

of projections from 3 to 6 reduces this error approximately by a factor of V2 at the cost of
doubling computation time.
TABLE I. Summary of the comparisons of the seed positions deduced by the IFPM algonithm and by the VaniSeed planning system for all example case

patients. The mean value, standard deviation (sd) in each of the three directions, and overall 3D RMS error is reported. The seed registration error in the 2D
image plane in terms of RMS value. The sd and the maximum displacement (d..,) of the seed is also presented.

2D registration error

IFPM vs VariSeed in each image plane
(mm) (mm)
Image viewpoint used — — —
Patient no. (deg) Total no. of iterations oxxsd dy = sd drxtsd 3D RMS error RMS error . .
I 0 28 038097 020=098 0.25*0.87 1.64+0.54 0.63*0.86 1.96
+15 0.74+0.53
16 0.78+0.72
Il 180 25 035098 019=1.08 026+0.89 1.76 059 0.82+0.83 24
160 094+074
+165 0.86+0.92
11 0 26 022096 -024+097 023+092 1.58+0.56 0.78 +0.56 235
20 0.89+049
+20 0.82+0.54
v 0 27 037x1.16 -029+1.04 0.28 +0.98 1.86=0.68 0.83+0.63 248
20 0.98+1.22
+18 0.96+0.82

“Incomplete data case.

A novel IFPM method was experimentally validated to reconstruct 3D brachytherapy
seed configurations from measured 2D projection images. The iterative process doesn’t require
one to establish seed correspondences between the projection images. It also estimates the gantry

angle if unknown or incorrect. This study shows that IFPM provided about 0.5 mm accuracy in
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reconstructing the 3D positions of brachytherapy seeds when tested on 12 and 72 seed phantom
datasets using CBCT x-ray projections. In the patient study, we obtained better than 1 mm

accuracy tested against measured projection images.

By matching overall image content rather than individual seed projections, IFPM
intrinsically accommodates incomplete and ambiguous data (i.e., missing seeds in the measured
or computed projections) by iteratively recreating the overlapping seeds in the computed images
(paper 1). It is also observed that IFPM successfully found the overlapping seed clusters and the
highly-migrated seeds.

To improve the accuracy of the seed localization validation study, we have designed and
fabricated a novel prostate seed implant phantom and tested IFPM performance against a more
accurate ground truth (paper II). Also, more extensive evaluation of the initial estimate as well as
more optimal search of the blurring parameter with elongated overlapping seed clusters is being
investigated as an extension of this method (paper II). Other geometric uncertainties such as
detector in/out of plane motion and inaccuracy in the magnification factor are also an area of

future investigation.

These early test cases of the [FPM algorithm found the (X, y,z) coordinates of the seed

centroids. The data presented here suggest that the IFPM algorithm works effectively for seeds
with radio-opaque components having an aspect ratio no larger than 2:1 ratio characteristic of the
Model 200 '”Pd source. Other currently available brachytherapy seeds satisfying this criteria
include the Prospera Model MED3631%, IsoAid Advantage™ Model IAPd-103A", and Best
Model 2335 sources.”’ The point-seed model can not reproduce the alignment (orientation) of
highly elongated seed, such as Model 6711 '*°I. The IFPM method described in paper I does not
accurately localize seeds centers with un-process highly elongated radiographic markers. This is
because the disk-shaped binary seed image modeled by the forward projector within the
algorithm does not reproduce the binary images produced by cylindrical seeds in shape and size,
which can vary from a small disk to highly elongated rectangles depending on seed orientation.
For highly elongated seeds such as Model 6711 '*I, which dominate the market there are two

additional degrees of freedom for each seed that describe their orientation in the 3D space.
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Therefore, our next developmental priority is to model an entire elongated line-seed and match
with the measured projections. This allows IFPM to estimate individual seed orientations and
locations that has been characterized by five degrees of freedom of each line-seed model (paper

).

Innovation/Impact

Our results demonstrate ~1 mm accuracy in reconstructing the 3D positions of
brachytherapy seeds from the measured 2D projections of the post-implant patients. IFPM
successfully localizes overlapping clustered and highly migrated seeds in the implant. Post-
implant imaging is currently done four weeks after implant but can potentially be done
intraoperatively via CBCT to permit immediate post-implant dosimetry assessments. The fully
automatic IFPM algorithm is accurate, robust, and capable of completing a reconstruction in a
few minutes using state-of-the-art workstations and is therefore a highly promising tool for

implementing fusion-based intraoperative brachytherapy planning a reality.

B.4  Sinogram interpolation and CBCT image reconstruction

Metallic '®Pd or '*1 seeds cause moderate to severe streaking artifacts on CBCT images
introducing errors in soft-tissue segmentation, deformable image registration and CT-based dose
calculation. Accurate identification of the metal seed boundary and its orientation in the
sinogram region is very important for metal streaking artifacts suppression. Overestimation of
the seed regions on the sinogram projections results in the loss of sofi-tissue information on the
boundary regions where as underestimation results in the residual streaking artifacts from

metallic seeds themselves.

Once the accurate feature (metal object boundaries) of the implanted seed from the
measured sinogram is obtained, the seed only image can be subtracted from the original
projections. The missing soft-tissue information’s obscured by the metal seed can be recovered

by 2D interpolation between the edges of the each metal seed region as shown in Figure 10.
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Fig.10. Seed features extraction and removal from the sinogram projections for a post-implant patient, (a) raw
projection image showing implanted 60 '*Pd brachytherapy seeds in one projection, (b) filtered image region of
interest (ROI), (c) seed only image ROI, and (d) same projection image after using 2D natural-neighbor
interpolation over each metal seed region only.

The 2D natural-neighbor interpolation method*® was used to interpolate inward from the
pixel values corresponding to the boundary of the nonzero pixels in the grayscale image. After
completing interpolation (i.e. recovering missing soft-tissue information obscured by the
implanted metal seeds), the processed ROI encompassing implant was inserted into the original
projection (see Figure 10) and the corrected projections were sent for CBCT image
reconstruction. An in-house FDK algorithm® was used to reconstruct CBCT images with and
without removing seed images from projections. Projection images were normalized by dividing
with the norm phantom calibration data. The reconstructed images were 512 x 512 with voxel
0.5 x 0.5 x 3 mm’. Ramp filter was used to filter sinograms before back-projection. In Figure 11
(a) and (b) it shows the reconstructed ROI of a transverse central slice images with seeds and
removed seeds. The corrected images exhibit significantly improved image quality in and around

the prostate.
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Fig.11. Central slice of the reconstructed CBCT image-ROI of Patient I, (a) without seed projection removal
showing streaking artifacts, and (b) with projected seed image suppression showing significant streak reduction;
some residual artifact remains because only about 30% of seeds could be segmented in the right/left lateral
projections.
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Fig.12. Comparison of image-intensity profiles along horizontal red lines in Figure 7, showing 4.5-fold reduction of
streaks after correction, (b) uncorrected minus corrected difference image, clearly illustrating global effects of metal
streaking artifacts.

The image profiles and a difference image on a single central slice are shown in Figure
12 (a) and (b). The streaking artifact is reduced by a factor of 4.5 and artifact spatial extend. Our
preliminary results indicate that this method can be used to mitigate metal streaking artifacts
specific to the brachytherapy seed implant geometry. By reducing streak and associated noise
propagation artifacts, significant clinical value can be added to brachytherapy CBCT imaging.
Improving the auto-segmentation method particularly in the lateral views and applying scatter
subtraction with beam-hardening correction will improve the CBCT image quality for the

intra/postoperative brachytherapy patient’s images.
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Our 5-parameter model (see section C) can be extended from CBCT sinogram projections
to fan-beam CT sinogram to estimate the seed pose. Affer obtaining the elongated metal seed
features, one can interpolate the sinogram over seed only regions and reconstruct images with
removed seed. IFPM has a potential to replace seed localization method based on post-

reconstructed 3D CT images and become the new industry standard.

C RECONSTRUCTIONS OF SEED ORIENTATION AND POSITION VIA
GENERALIZED IFPM ALGORITHM —line seed model

Point-seed model (paper I) does not reproduce the alignment (orientation) of highly
elongated line seeds. For the highly elongated line seeds such as Model 6711 'L, there is
sufficient information in the projections to constrain not only the seed locations but also the two
additional degrees of freedom per seed that describe their orientations in the 3D space. The

point-seed matching IFPM algorithm”>"°

was generalized (gIFPM) to reconstruct individual seed
orientations as well as positions. This extended 5-parameter line-seed model finds the set of seed
pose parameters that minimizes the pixel-by-pixel SSQD between computed and measured auto-
segmented projections of implanted seeds. The gI[FPM starts with an initial approximation to the
seed configuration, e.g., TRUS pre-planned seed arrangement, and then iteratively refines the 3D

75-76

seed poses and imaging viewpoint parameters until the SSQD converges. Then the

(x,y, z, 9,(p) coordinates of each seed are independently adjusted in an iterative search process

until the computed images optimally match the measured images.

The rationales for extending our 3-parameter point-seed to 5-parameter line-seed model are as
follows,

a) Our previous work (paper I) demonstrated that the point-seed model can not accurately
estimate the centroids of un-processed elongated line seeds because of the requirement
that computed projections produce seed shadows that closely approximate the shape and
size of the actual seed binary images. glFPM is better because it does not require an extra
image processing step to isolate each individual seed and will be more accurate than

IFPM because it is working with more information in the 2D projections.
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b) As currently practiced, conventional seed localization methods only attempt to find the
center of the elongated line seeds (i.e., point source approximation) for dose calculation.
Resolving overlapping seed clusters in the implant is another major difficulty of the
conventional methods. By directly measuring the individual 3D pose of each implanted
brachytherapy seed, more accurate Monte Carlo-based dose calculations (or 2D TG-43
dose calculations*’) can be employed to include the effect of 2D anisotropy and interseed

attenuation on the resultant dose distribution.

c) Digital extraction and removal of elongated line seed features (metal object boundary and
its orientation) from measured 2D sinogram projections is worthwhile for reducing metal
streaking artifacts by re-projecting each metal seed boundary onto the sinogram so that
the missing information can be recovered from the surrounding soft-tissue image texture
by 2D interpolation. By reducing streak and associated noise propagation artifacts,

significant clinical value can be added to brachytherapy CBCT imaging.

The main aim of this study was to generalize and experimentally validate a novel algorithm for
reconstructing the 3D pose of implanted brachytherapy seeds from a set of a few measured 2D
CBCT x-ray projections. Numerical simulations of clinically realistic brachytherapy seed
configurations were performed to demonstrate the proof of principle. A precision-machined
multi-configuration brachytherapy seed phantom was designed and fabricated to experimentally
validate this algorithm. This phantom supports precise specification of seed position and
orientation of up to 100 seeds at known values for computed implant geometries. The details of

this research are accepted for publication in Medical Physics, which is included as paper I.”

C.1  Characteristics of gI[FPM algorithm and the objective function
The general characteristics of the line-seed model (paper II) are highlighted below.

a) An initial estimate of the seed configuration is obtained from the clinical pre-treatment

TRUS volume studies of the actual patient as described in paper 1.
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b)

d)

In practice, the Bresenham line drawing algorithm™ is used to represent each seed by a
finite set of equally-spaced points between two end points, r; and r; of the seed in the 3D

space as shown in Figure 13.

The similarity metric (objective function) and the gradients of the similarity with respect

to three positional (x,y,z) and two orientation(6,®)coordinates of each seed can be

computed analytically.

Provided that the 2D seed images can be segmented, it is not necessary to calculate
complete DRRs of the estimated seed configuration via attenuation ray tracing through
the patient’s anatomy —it is sufficient to project line segments modeling the 3D structure
of each seed along the rays from x-ray source to detector. This avoids the time-

consuming task of computing complete DRRs.

Our IFPM approach does not require transforming cylindrical seed images into point-like
landmarks. Instead, we match elongated line-seed features in the 2D images including
overlapping seed clusters. This avoids a major difficulty encountered by BP methods:

resolving seed clusters and isolating each seed centroid before reconstruction.

Reconstruction accuracy of overlapping seed clusters and highly migrated seeds can be
improved by adapting a two-step blurring scheme, in which the output of the 1* step
convergence is used as an input for the 2™ step with reduced Gaussian blurring (paper I
and II). The optimal values of ¢; and o, were obtained from trial and error for each seed

configuration.
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Fig.13. Elongated line seed of length, L is characterized by the seed center (black dot) positions, (X, y,z) and

orientation coordinates, (9, (p) angle-pair in the world coordinates frame; where, z is the axis of implantation.

Similarity metric and gradient search

The metric sum-of-squared-differences (SSQD), which describes the “similarity”
between all grayscale images, /, (u,v | {rk,Qk} ,0',7) of a candidate set of the seed poses {rk,Qk}
and the corresponding experimentally acquired or “measured” images, I, (u,v | 0',;/) at

nominal gantry angle vy, is given by (paper II),

sSOD ({r,. @, }1o.7) =2 3 [1. (v {r,.Q,}.o.7) -1, (uv]o.r)] )

u,v

where, Q, =(sin&cos ¢,sin fsinp,cos @), is the direction cosine vector which is related to the

original pose angular variables(6,¢) for each seed k in the 3D space and (u,v) is the 2D

detector plane. The nonlinear gradient of the similarity, SSQD with respect to three positional
and two orientations degrees of freedom were analytically computed, for example, with respect

to x coordinate,

o(SSOD)/éx, :2Z£Z[IC(M,V| {r.Q},0,7)-1,(uv] 0',7/)} o (u,v| {ljk,ﬂk},O',j/)/aka (3)
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Since, the brachytherapy line seed has rotational symmetry around the axis of rotation; we
computed one derivative per seed per degree of freedom with respect to the each seed center

coordinates. Because the image grayscale intensities are represented entirely by the Gaussian
blurring function, the grayscale image gradient, 0, (u,v | {rk,Qk},J,y) / ox, for each seed was

calculated analytically from the computed image for that degree of freedom. Similarly, we
computed the first derivatives of SSQD with respect to the other spatial and angular coordinates.
Detailed derivations of the gradient calculation can be found in the appendix (paper II). See

algorithm workflow in appendix 1.

The perturbation to each degree of freedom was computed from the gradient of SSQD
with respect to that degree of freedom. Since, the brachytherapy line-seed has rotational
symmetry around the axis of rotation; we computed one derivative per seed per degree of
freedom with respect to each seed center coordinates. The steepest-descent search process with a
parabolic approximation uses the gradient to iteratively refine the 3D seed pose and imaging
viewpoint parameters until the iterative process converges (typically 6 to 20 iterations). At least
two, but preferably three or more pairs of computed and measured projection image datasets with

corresponding imaging geometry are required for one reconstruction process.
C.2  Validation via simulated implant geometries

Simulated line-seed implants were created by obtaining clinical pre-plan seed
configurations based upon pre-treatment TRUS volume studies of actual patients, which gave the
x, y, and z coordinates of each seed centroids within the planning target volume. These
coordinates are transferred to the CT coordinates system and then modified to obtain extended
line seeds (L = 4.5 mm and 0.8 mm diameter) in 3D space and assigned 8 = 0, ¢ = 0 for each
seed as shown in Figure 9, where, z —needle direction. More realistic synthetic measured
projections (3 to 10) were created by randomly sampling centroid locations, from uniform £2.0
mm distributions in each direction. Similarly, 6 and ¢-values were sampled from the uniform [-

n/6, m/6] and [-n/2, m/2] distributions, respectively.
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Fig.14. An illustration of the convergence process for a 60 seed simulated implant, (a) initial estimated seed
configuration with “straight seeds” derived from a patient pre-plan, (b) computed images after convergence with o;
= 2.8 mm, (c) computed images after convergence with o, = 1.8 mm and using poses (b) as the initial configuration;
and (d) the true/synthetic measured images, where the rows represent different gantry angles. The gIFPM algorithm
was able to reproduce orientation of each individual seed including overlapping clustered and highly migrated seeds.

Using these perturbed seed configurations, three synthetic measured projection images
were computed for different CBCT gantry angles. The perturbed seed distribution represented
the true configurations which we wished to determine. The source to detector distance was 150
cm and source to object distance was 100 cm with magnification factor of 3/2. The images were
288 x 288 pixels square and had a resolution of 0.388 mm/pixel. These images were submitted to
the seed reconstruction process. When iteration starts with the initial estimate of the seed
configuration for each trial it finds the new estimate of the 3D pose and the imaging viewpoint

parameters, such as gantry angles until the computed projections match the measured ones.

Figure 14 shows an example of the it