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ABSTRACT

Purpose: Brachytherapy (radioactive seed insertion) has emerged as one of the most effective treatment options
for patients with prostate cancer, with the added benefit of a convenient outpatient procedure. The main
limitation in contemporary brachytherapy is faulty seed placement, predominantly due to the presence of intra-
operative edema (tissue expansion). Though currently not available, the capability to intra-operatively monitor
the seed distribution, can make a significant improvement in cancer control. We present such a system here.

Methods: Intra-operative measurement of edema in prostate brachytherapy requires localization of inserted
radioactive seeds relative to the prostate. Seeds were reconstructed using a typical non-isocentric C-arm, and
exported to a commercial brachytherapy delivery system. Technical obstacles for 3D reconstruction on a non-
isocentric C-arm include pose-dependent C-arm calibration; distortion correction; pose estimation of C-arm
images; seed reconstruction; and C-arm to TRUS registration.

Results: In precision-machined hard phantoms with 40-100 seeds and soft tissue phantoms with 45-87 seeds,
we correctly reconstructed the seed implant shape with an average 3D precision of 0.35 mm and 0.24 mm,
respectively. In a DoD Phase-1 clinical trial on 6 patients with 48-82 planned seeds, we achieved intra-operative
monitoring of seed distribution and dosimetry, correcting for dose inhomogeneities by inserting an average of
4.17 (1-9) additional seeds. Additionally, in each patient, the system automatically detected intra-operative seed
migration induced due to edema (mean 3.84 mm, STD 2.13 mm, Max 16.19 mm).

Conclusions: The proposed system is the first of a kind that makes intra-operative detection of edema (and
subsequent re-optimization) possible on any typical non-isocentric C-arm, at negligible additional cost to the
existing clinical installation. It achieves a significantly more homogeneous seed distribution, and has the potential
to affect a paradigm shift in clinical practice. Large scale studies and commercialization are currently underway.
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1. INTRODUCTION

With an annual incidence of over 200,000 new cases & 33,000 deaths in the US, prostate cancer continues to be
the most common cancer in men,’ and is expected to double its incidence rates by 2015. Currently one in every
six men get diagnosed with it at some point in their life. For several decades, the definitive treatment for low risk
prostate cancer was radical prostatectomy or external beam radiation therapy (EBRT). However, developments
in prostate brachytherapy have seen it emerge as a primary treatment option, with recent studies showing an
overall 15-year survival rate of 74% (88%, 80% & 53% in low, intermediate & high-risk patients). Improved pa-
tient selection and implant quality has resulted in multiple brachytherapy reports demonstrating survival rates
equivalent to the best published radical prostatectomy and EBRT outcomes.? This has lead to a large increase
in the number of brachytherapy procedures, with 30%-40% of all prostate cancer patients receiving brachyther-
apy as part of their treatment,® while utilization rates for prostatectomy and external-beam radiotherapy have
fallen by over 10%. It is currently estimated that at over 50,000 brachytherapy procedures are performed annually.

Brachytherapy is a convenient one-time outpatient procedure, without the surgical trauma of prostatectomy
or the grinding routine of EBRT. In this treatment a number of small (~ 1x5 mm) radioactive capsules are
implanted into the prostate to kill the cancer by emitting radiation. It was first performed in 1911 with limited
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success. In the 1960’s, the use of Au-198 & I-125 isotopes triggered modern day permanent seed implantation.
Many new techniques were introduced, but their limitations prevented widespread adoption. Nevertheless, it
was found that disease control was better in early-stage patients who received high-quality implants (60% versus
20% local control).® The advent of transrectal ultrasound (TRUS)-guided procedures in the 1980’s, along with
computerized planning, lead to an increase in seed placement accuracy and a superior distribution of the seeds
throughout the prostate. Early results showed that patients treated between 1988-90, performed better than
those treated by the same physicians between 1986-87, the only difference being the quality of the implant. This
further supported the hypothesis that higher-quality implants resulted in better outcomes. As the procedure
has become more and more popular, many technical improvements have been added (eg. inverse planning and
post-op CT) to improve the implant quality.

With virtually all studies agreeing that a high quality implant is the key to successful outcomes, the next
paradigm shift is expected to be the capability to intra-operatively monitor the inserted seeds. The biggest
bottleneck toward this, is seed migration induced by edema. This causes insufficient dose to the cancer and/or
excess radiation to the rectum, urethra, and bladder. Edema is a natural response of the body, wherein the
tissue expands due to the needle-insertions and radiation. Studies have shown that edema could increase the
prostate volume by up to 100%, decreasing exponentially with time (mean half-life of 9.3 days), and potentially
underdosing some patients by as much as 32%.* A small fraction of brachytherapy patients suffer from adverse
side-effects like secondary malignancies in the rectum & bladder(7.6%°). Minor side-effects include temporary
urinary symptoms (50-80%9), rectal bleeding (2-5%?) and sexual impotency (20%32). All these side-effects stem
from imperfect execution of the intended plan, mostly due to edema. Thus, with the emphasis shifting to quality
of life after treatment, intra-operative monitoring of seed distibution has become the holy grail.

In order to avoid over/under-dosing, the seed locations need to be determined intra-operatively, which is
difficult, owing to significant seed migration due to edema. Contemporary research has tried to monitor the
seeds from TRUS images by linking seeds with spacers,” using X-rays to initialize segmentation,® using vibro-
acoustography,” transurethral ultrasound'® as a new imaging modality, or segmenting them directly in TRUS
images,!! sometimes by using specially manufactured corrugated seeds that are better visible than conventional
ones.'? But even when meticulously hand-segmented, up to 25% of the seeds remain hidden in TRUS.!3> The
seeds have excellent visibility under X-rays, with C-arms being ubiquitous (60% availability) in brachytherapy for
gross visual assessment.'* In spite of significant efforts that have been made towards computational fluoroscopic
guidance in general surgery,'®> C-arms cannot yet be used for intra-operative brachytherapy guidance due to a
plethora of technical limitations. While several groups have published protocols and clinical outcomes favorably
supporting C-arm fluoroscopy for intra-operative dosimetric analysis,'6718 this technique is yet to become a
standard of care across hospitals. The most important current limitation towards a standard of care system, is
the inability to use a non-isocentric C-arm, the type most commonly found in hospitals.

To achieve intra-operative monitoring in prostate brachytherapy, we report a new system that reconstructs
3D seed locations (visible in X-ray) and spatially registers them to the prostate (visible in TRUS). We discuss
briefly the variety of technical issues in Section 2, following up with results from phantom experiments & a
Phase-I clinical trials in Section 3. Our primary contribution to the state of the art is our ability to use any
typical non-isocentric uncalibrated C-arm present in most hospitals. We believe that the availability of this
technology, followed up with large scale clinical studies and commercialization (ongoing), promises to lead to a
paradigm shift in the standard of care for image-guided prostate brachytherapy.

2. METHODS AND MATERIALS

The system is designed to easily integrate easily with commercial brachytherapy installations. We employ a
regular clinical brachytherapy setup, without alteration, including a treatment planning workstation & stabi-
lizer /stepper (Interplant®, CMS, St Louis), TRUS (B&K Medical Pro Focus) and a C-arm (GE OEC 9600/9800).
The C-arm is interfaced with a laptop through an NTSC video line and frame grabber, making the image capture
independent of the C-arm model.
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Figure 1. Overview of the proposed solution. The FTRAC fiducial tracks C-arms, and also registers TRUS to C-arm
images, making quantitative brachytherapy possible.

Workflow: The clinical workflow (Fig. 1) is identical to the standard procedure until the clinician decides to
run a reconstruction and optimization. A set of C-arm images are collected with a separation as wide as clinically
possible (usually 10° around AP-axis) and synchronously transferred to the laptop. After processing the images,
the seeds are reconstructed and their 3D locations exported to the Interplant® system. The physician uses
standard Interplant® tools to analyze, optimize and modify the remainder of the plan. The procedure concludes
when the exit dosimetry shows no cold spots (under-radiated locations).

Numerous technical obstacles have to be overcome to realize C-arm based intra-operative dosimetry: (a)
pose estimation of C-arm images; (b) C-arm calibration; (c) image distortion correction; (d) seed segmentation;
(e) seed matching & reconstruction; (f) registration of C-arm to TRUS; (g) dosimetry analysis; and finally (h)
implant optimization. We have developed a system that overcomes these limitations in providing quantitative
intra-operative dosimetry. In what follows, we will describe briefly each component of the system, skipping the
detailed mathematical framework.

Pose Estimation: The most critical component of a clinically usable solution for 3D fluoroscopic guidance is
C-arm pose estimation. C-arms available in most hospitals do not have encoded rotational joints, making the
amount of C-arm motion unavailable. C-arm tracking using auxiliary trackers is expensive, inaccurate in the
presence of metal (EM tracking) or intrudes in the operating room (optical tracking). There has been some prior
work on fiducial based tracking, wherein a fiducial is introduced in the X-ray FOV and its projection in the image
encodes the 6 DOF pose of the C-arm. The most significant problem in contemporary designs is that though
sufficiently accurate, they are too bulky to be easily used in a clinical setting. To improve clinical usability, the
size of the fiducial can be decreased, usually at a significant expense of the accuracy.

We proposed a new fluoroscope tracking fiducial design, FTRAC, that uses an ellipse.!® The fiducial is
illustrated in Figure 2, 5. The ellipse makes pose recovery accurate by (a) always projecting as an ellipse; (b)
allowing an accurate segmentation; and (c) providing closed form Jacobian formulations for fast optimization.
The FTRAC design has salient features, including small dimensions (3x3x5cm), no special proximity requirements
to the anatomy, and is relatively inexpensive. In particular, the small size makes it easier to be always in the
FOV & to be robust to image distortion. Extensive phantom experiments indicated a mean tracking accuracy on
distorted C-arms of 0.56 mm in translation and 0.19° in rotation, an accuracy comparable to expensive external
trackers.
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(a)

Figure 2. Images of the FTRAC fiducial (a) wire model; (b) photograph; (c) X-ray image

C-arm Source Calibration and Image Distortion: Since both C-arm calibration and distortion are pose-
dependent, contemporary fluoroscopy guidance systems calibrate/ distortion-correct at each imaging pose. This
is done using a cumbersome calibration-fixture, which is a significant liability. Our approach is a complete
departure. Using a mathematical & experimental framework, we demonstrated that calibration is not critical for
prostate seed reconstruction; i.e. just an approximate pre-operative calibration suffices. The central intuition is
that object reconstruction using a mis-calibrated C-arm changes only the absolute positions of the objects, but
not their relative ones (Fig. 3). Additionally, statistical analysis of the distortion on a GE OEC 9600, inside a
15° limited workspace revealed that just a single pre-operative correction at the AP-axis can reduce the average
distortion in the image from 3.31 mm to 0.51 mm. These errors are expected to be similar for most modern
C-arms, with a more involved discussion available in.2° This residual amount of distortion in the X-ray image
is acceptable for accurate 3D reconstruction, especially when used with image based C-arm tracking.
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Figure 3. (a) Mis-calibration conserves relative reconstruction between objects A and B (eg. seeds). (b) X-ray image
before segmentation (left). There is also the FTRAC in the image. The image after segmentation (right); the blue '+’

)

symbol represent individual seeds and the blue ’.” indicates a seed that is a part of a multiple seed cluster.
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