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ABSTRACT

Many recent studies have demonstrated the efficacy of interstitial ablative approaches for the treatment of hepatic tu-
mors. Despite these promising results, current systems remain highly dependent on operator skill, and cannot treat many
tumors because there is little control of the size and shape of the zone of necrosis, and no control over ablator trajectory
within tissue once insertion has taken place. Additionally, tissue deformation and target motion make it extremely diffi-
cult to place the ablator device precisely into the target. Irregularly shaped target volumes typically require multiple in-
sertions and several overlapping (thermal) lesions, which are even more challenging to accomplish in a precise, predict-
able, and timely manner without causing excessive damage to surrounding normal tissues.

In answer to these problems, we have developed a steerable acoustic ablator called the ACUSITT with the ability of
directional energy delivery to precisely shape the applied thermal dose. In this paper, we address image guidance for this
device, proposing an innovative method for accurate tracking and tool registration with spatially-registered intraopera-
tive three-dimensional US volumes, without relying on an external tracking device. This method is applied to guidance
of the flexible, snake-like, lightweight, and inexpensive ACUSITT to facilitate precise placement of its ablator tip within
the liver, with ablation monitoring via strain imaging. Recent advancements in interstitial high-power ultrasound appli-
cators enable controllable and penetrating heating patterns which can be dynamically altered. This paper summarizes the
design and development of the first synergistic system that integrates a novel steerable interstitial acoustic ablation de-
vice with a novel trackerless 3DUS guidance strategy.

Keywords: Ultrasound, Steerable Needle, Robot, Liver, Image-Guided Surgery, Ablation, Elasticity Imaging, Sensor-
less 3DUS

1. INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common type of common primary liver cancer with over one million new
cases worldwide per year. In the United States HCC incidence is increasing, largely due to known and clinically occult
hepatitis C [El-Serag-2003]. Other primary malignancies are also on the rise in the U.S., including intrahepatic cholangi-
ocarcinoma [DeOliveira-2007]. However, metastatic diseases from other sites are the most common hepatic malignan-
cies in the U.S. overall. Colorectal cancer accounts for the majority of these metastases, although other primary gastroin-
testinal, lung, and breast tumors (among others) also commonly cause hepatic metastases. For colorectal cancer specifi-
cally, 146,000 new cases were diagnosed in 2005 and 50% of these (73,000 patients) developed liver metastases with
30% (44,000 patients) exhibiting metastases confined exclusively to the liver [McLoughlin-2006].

In selected patients, potentially curative therapies for primary and secondary liver cancer include surgical resection
and in some cases liver transplantation. Unfortunately only a small percentage of patients are candidates for these treat-
ments. Intra-arterial approaches such as chemoembolization, while therapeutically useful in some cases, rarely achieve
complete tumor destruction. For these reasons, interest has increased in interstitial ablative approaches for the treatment
of primary and metastatic liver cancer, including chemical ablation, cryoablation [Kuszyk-2000], and radiation therapy
[Koniaris-2000]. Perhaps most promising is the use of heat ablation using energy sources like radiofrequency (RF) [Cho-
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ti-2000, Choti-2002a], laser, microwave [Izumi-2001], or focused ultra- -
sound [Daum-1999, Haar-1995]. These thermal approaches utilize im- Uitrasound - \ ]
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age guided placement of a probe within the target area in the liver pa- \,..;'/ .
renchyma. High frequency interstitial focused ultrasound has been de-
veloped partially in response to the limitations of other ablative ap-
proaches such as cryotherapy and RFA.

In spite of promising results of ablative therapies, significant tech-
nical barriers exist with regard to its efficacy, safety, and applicability to
many patients. Specifically, these limitations include: (1) control of cur-
rent ablative therapy technology, (2) localization/targeting of the tumor,
and (3) monitoring of the ablation zone.

%

Current Ablation Technology Limitation: Many recent studies
have demonstrated the efficacy of interstitial ablative approaches for the
treatment of hepatic tumors, including chemical ablation, cryoablation,
and thermal ablation using energy sources like radiofrequency, laser,

Figure 1. Radiofrequency ablation of a liver
tumor under 2D US.

microwave, or focused ultrasound. Despite these promising results, current systems remain highly dependent on operator
skill, and cannot treat many tumors because there is insufficient control of the size and shape of the zone of necrosis, and
no control over the ablator trajectory within the tissue.

Targeting Limitation: One common feature of current ablative methodologies is the necessity for precise place-
ment of the end-effector tip in specific locations, typically within the volumetric center of the tumor, in order to achieve
adequate destruction. The tumor and a zone of surrounding normal parenchyma can then be ablated. Tumors are identi-
fied by preoperative imaging, primarily CT and MR, and then localized by intra-operative ultrasonography (IOUS) (Fig-
ure 1). When performed percutaneously, trans-abdominal ultrasonography is most commonly used. One major limitation
of ablative approaches is the lack of accuracy in probe localization within the center of the tumor. In addition, manual
guidance often requires multiple passes and repositioning of the ablator tip, further increasing the risk of bleeding and
tumor dissemination. In situations when the desired target zone is larger than a single ablation size (e.g. 5-cm tumor and
4-cm ablation device), multiple overlapping spheres are required in order to achieve complete tumor destruction. In such
cases, the capacity to accurately execute multiple manual ablations is significantly impaired by the geometrically com-
plex 3D planning required as well as by image distortion artifacts from the first ablation, further reducing the targeting
confidence and potential efficacy of the therapy. IOUS often provides excellent visualization of tumors and guidance for
probe placement, but its 2D nature and dependence on the sonographer’s skills limit its effectiveness [Wood-2000].

Monitoring Limitation: Current monitoring approaches often result in either local failure or in excessively large
zones of liver ablation. Some ablative devices employ temperature monitoring using thermistors built into the ablation
probes. However, these temperature readings only provide a crude estimate of the zone of ablation. Non-invasive moni-
toring techniques include ultrasound imaging, magnetic resonance imaging, computed tomography, X-ray fluoroscopy,
and elasticity imaging. The main advantage of an ultrasound-based monitoring approach is that it can be utilized and
applied intraoperatively during the intervention without moving the patient to the MRI or CT scanner room or exploiting
X-ray radiation.

Our Approach: Improved real-time guidance for planning, delivery, and monitoring of the ablative therapy would
provide the missing capability needed to enable accurate and effective application of this promising therapy. Recent stu-
dies are beginning to identify reasons for diminished efficacy of ablative approaches, including size, location, operator
experience, and technical approach [van Duijnhoven-2006]. These studies suggest that device targeting and ablation
monitoring are likely the key reasons for local failure.

However, real-time ablation monitoring will be particularly useful if coupled to an ablative technology capable of
precisely shaping the delivered thermal dose in real-time. Recent studies have demonstrated significant advantages of
multi-transducer interstitial ultrasound applicators, most notably the capability to dynamically tailor the longitudinal and
angular heating distributions which are important for conformable treatments and preserving critical non-targeted tissue
[Diederich-1999, Nau-1999, Nau-2007]. Therefore, a strong rationale exists for studying interstitial therapeutic ultra-
sound as a modality for thermal therapy, together with real-time monitoring imaging feedback.

In this paper, we introduce the first synergistic prototype that integrates the following three technologies: 1) Ultra-
sonic Interstitial Thermal Therapy (USITT) device [Diederich-1999, 1999a], 2) Steerable Active Cannula (AC) [Web-



ster-2006] that delivers the ablation tool, and 3) Trackerless 3DUS and real-time ultrasound elasticity imaging for guid-
ance and monitoring of the deposited thermal energy. In this project, we started to develop an innovative method for
accurate tracking and tool registration with respect to spatially-registered intraoperative US volumes without relying on
an external tracking device. This three-dimensional ultrasound (3DUS) will be integrated with a flexible, snake-like
lightweight and inexpensive robotic, called the Active Cannula (AC), to facilitate precise placement of a steerable ultra-
sound thermal ablator into the liver and to monitor the progress of tissue ablation with real-time 3D registered ultra-
sound. Recent developments of implantable or interstitial high-power ultrasound applicators have demonstrated extreme-
ly controllable and penetrating heating patterns which can be shaped and dynamically altered, providing an ideal me-
chanism for conformable thermal surgery.
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Figure 2. Active Cannula with Ultrasonic Interstitial Thermal Therapy (ACUSITT) applicator. Top-Left: A proto-
type 4-tube active cannula (AC). Top-Right: Ultrasound Interstitial Thermal Therapy (USITT) flexible interstitial
ultrasound applicators designed for heating from within catheters. Bottom: Photo of an ACUSITT tip showing the
USITT ablator delivered through an AC.

2. METHODS

2.1 The Active Cannula with Ultrasonic Interstitial Thermal Therapy (ACUSITT) Device

The USITT interstitial ultrasound applicators utilize arrays of small tubular ultrasound radiators [Diederich-1996, Diede-
rich-1999] (Figure 2, Top-Right). The applicators contain multiple tubular segments, each with separate power control,
so that the energy deposition can be adjusted in real time along the applicator axis. Each transducer delivers highly col-
limated energy, so that the axial shape of the therapeutic temperature zone is well defined by the number of active ele-
ments and their applied power levels. Angular control of energy delivery is also possible by sectoring the transducer
surface at e.g. 90°, 180°, or 360°. The Active Cannula (AC) is built from several concentric precurved elastic tubes (Fig-
ure 2, Top-Left). When these tubes are actuated to axially extend and rotate, the shape and trajectory of the AC change
accordingly. Integrating the AC and USITT is conceptually simple. Since the USITT is flexible, it can be delivered
through the central working channel of an AC with appropriately sized tubes. The experimental prototype used in our
studies is shown in Figure 2.

2.2 Trackerless 3DUS System

We developed an integrated prototype for an image-based sensorless 3DUS system [Rivaz-2006, -2007a] implemented
in C++. The prototype system consists of both hardware and software components. The hardware side comprises a Sonix
RP system (Ultrasonix Medical Corporation) for acquisition of ultrasound (US) data and a robotic stage for um-precise



positioning of the US probe to provide ground-truth displacement information; the software components integrate and
command the hardware as well as perform the offline and online computations.

The system operates in two distinct modes — calibration mode and image-based 3DUS reconstruction mode. Both
are described in the following from a process flow perspective (Figure 3). In calibration mode, information necessary to
calibrate the later distance estimations is collected. To this end, the robot control component steps the robot through a
series of precisely defined positions and triggers the acquisition of a single US frame (RF data) from a homogeneous
fully developed speckle (FDS) phantom at each position. These frames are associated with their respective coordinates
and stored for offline use. Then, the software system reads the batch of frames and positions and subdivides the frames
into distinct subpatches. Pairs of patches at the same location originating from frames at different distances are then cor-
related, thus creating a set of (strictly monotonous) calibration (or decorrelation) curves I'y(d). These curves depend on
the characteristics of the selected probe, the imaging frequency, and the image location x, y (in particular the depth y) of
the respective patches. Currently, the offline calibration process takes 2-3 minutes including scan time to generate the
needed decorrelation curves.
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Figure 3. Trackerless 3DUS process flow.

In image-based 3DUS reconstruction mode, the distances d;; between successive frames f;, f; are computed. We need
at least three distance measurements to determine a unique plane (for the current frame) with respect to the neighboring
or previously scanned planes. The same robot-based system is used to acquire US frames from a phantom, providing
ground truth distances for performance evaluation. The robot is also capable of introducing translational in-plane and
out-of-plane motions, which makes this setup an ideal testing platform. Again, a batch of frames is acquired and trans-
ferred en bloc to the distance estimation algorithm. For each patch, the same patch subdivision as before is performed,
and FDS patches are selected in an FDS classification phase. This subset of patches is correlated with corresponding
patches from a set of preceding frames (chosen as described below), resulting in decorrelation values CC;; which serve
as lookup indices into the previously computed decorrelation curves, yielding a set of distance estimates Ad (Figure 4).
From this set, a single distance or position estimate d;; is computed by averaging.

We investigated three different patch distance estimation algorithms. In the accumulation approach, patches from
each new frame f, are correlated to their counterparts from only the immediately preceding frame f,,;. However, the de-
correlation curves hint at certain correlations resulting in better estimates than others. To overcome this limitation, we
investigated a method that gives high weight to more trusted correlation patch pairs. In the weighted average approach,
patches from preceding frames f, ... f,., are used for correlation (m corresponding to the domain of the decorrelation




curve), with their resulting estimates being weighted according to the derivative I'y,’(d) of the corresponding decorrela-
tion curve (Figure 4). Finally, the maximum weight approach selects only the distance/weight pair with the highest
weight.

In both calibration and image-based reconstruction modes, the patch size can be reduced by the introduction of US
beam steering. Two frames are acquired at the same position with different beam angles, resulting in (partly) indepen-
dent speckle patterns. Then, the size of each patch can be cut by half, thereby increasing the probability of finding high-
quality patches with minimal coherent scattering components [Rivaz-2007b]. The two half-sized patches from the same
positions are reassembled into one structure, which then undergoes FDS classification.

C o D Derivative comelation coefficient

Figure 4. Decorrelation curve (for a particular patch depth) and its derivative.

2.3 Real-time GPU-based Elasticity Imaging System

We applied parallelization to the calculation of strain images using multi-core Nvidia general-purpose GPU cards [Boc-
tor-2009]. These graphics processing units contain many cores, typically ranging from 128 to 240 or more. Each core
can be dedicated to perform various functions on different sets of data. Nvidia has provided a parallel computing archi-
tecture named CUDA (Compute Unified Device Architecture), which is used for programming and configuring these
GPU's. It defines a thread block, which — as its name suggests — is a group of threads. A piece of function called kernel
can be configured to run on a particular number of blocks, and each thread in those blocks performs the same function as
specified in the kernel on the same or a different dataset. In this multi-threaded programming, it is important that the
functions (in our case the kernels) be thread safe, ensuring that they do not update global data or shared data without
synchronization.

The GPU-based system component is integrated with the real-time RF acquisition, beam steering, and B-mode re-
construction components (Figure 5), following a modular, distributed architecture. With this functional breakdown of the
solution into a collection of independent, communicating modules, we achieve efficient resource allocation across dif-
ferent machines, high module cohesion, as well as decoupling of modules to minimize the impact of processing perfor-
mance discrepancies. In its current implementation and configuration, the modules span up a directed, acyclic communi-
cations graph as nodes, with communication channels like network and shared memory (depending on distribution vs.
co-location and one-to-one vs. one-to-many configuration) as edges.
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Figure 5. Part of the distributed software architecture. Real-time RF data is acquired through the communication interface mod-
ule (CIM) and distributed to both B-mode and elasticity modules.




2.4 Experimental Testbed

Figure 6 shows the experimental testbed of the integration of the active cannula (AC) and the ultrasound ablator tool
(USITT) under real-time ultrasound guidance. The shown setup is used for positioning the ACUSITT tip and the US
imaging probe mounted on the um-precise positioning robot. This robot is included to provide “ground truth” for the
proposed trackerless 3DUS method. Scans were taken for three positions of the ACUSITT tip controlled by the mechan-
ism of Figure 2 through a single tissue insertion point as depicted in Figure 6.

View F

Figure 6. Setup used for 3DUS volume reconstruction and ACUSITT tip localization.

3. EXPERIMENTAL RESULTS

The ACUSITT device testing and integration is described and presented in a separate paper [Burdette-2010]. In this sec-
tion, we will describe different experiments and results pertaining to the following: 1) image-based 3DUS component, 2)
real-time elasticity imaging system, and 3) ex vivo tissue experiments that integrate for the first time the AC and USITT

tools under ultrasound guidance.

3.1 Trackerless 3DUS System Results

The accumulation approach was used during ex-vivo tissue experi-
ments to perform “trackerless” reconstruction of three positions dep-
loyed by the integrated ACUSITT device. The results were compared
to ground truth robot position data. Figure 6 shows the setup used for
positioning the ACUSITT tip and the US imaging probe mounted on
the um-precise positioning robot. Scans were taken for three positions
of the ACUSITT tip controlled by the mechanism of Figure 2 through
a single tissue insertion point as depicted in Figure 7. Figure 8 is the
result of an experiment including three ACUSITT tip positions and
shows the ground truth and 3DUS results. After introducing these
three fiducials, a 3DUS scan was performed with 149 images and
covering around 60 mm scanning distance (out-of-plane). While pa-

Figure 7. Representation of ACUSITT within the
US volume, showing one pose within the work-
space (red overlay).




rallel scanning and image-based reconstruction can preserve axial and lateral resolution, it is known that accurate recov-
ery of the out-of-plane motion is always a challenging task with unavoidable drift. Figure 8 shows that out-of-plane mo-
tion can be recovered with only 11% drift error using the accumulation method. This method depends on our novel work
in FDS classification and accurate resolution cell calibration [Rivaz-2006, 2007a]. Figure 9 compares the 3D
reconstruction of the three fiducials from both ground truth and the sensorless 3DUS method.
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Figure 9. Comparison of 3D reconstruction of the inserted three fiducial
markers using both ground-truth and the sensorless image-based method.
Figure 8. Results of 3DUS reconstruction versus As shown, the image-based method causes the three fiducials to deviate

ground truth for three ACUSITT positions in ex- less than 1-2mm compared to ground truth. These deviations can be easi-
vivo bovine muscle tissue performed for 149 ly compensated by the ACUSITT. (The triangle vertices represent the
scans over 60mm. locations of three cylindrical metal fiducial markers, while the green

squares represent the individual ultrasound image planes.)

The time required to reconstruct a 3DUS volume using the proposed sensorless method is a function of the follow-
ing three tasks: 1) scan time, 2) FDS patch classification, 3) distance estimation and 3DUS reconstruction. In general,
scanning a volume of interest might take from 2 — 5 seconds depending on the size of the VOI and scan speed. During
this time, the generated volume consists of 40 — 250 frames (with ultrasound frame rate ranges from 20 — 50 frames/sec,
depending on the imaging settings). Typically, 100 — 150 images are the average size of a single 3DUS volumetric scan.
Methods 2 and 3 (as shown in Figure 10) require on average less than 25 milliseconds, depending on the chosen algo-
rithm and method. This time is calculated per pair of images, which means the algorithm run time for 100 images is ap-
proximately 2.5 seconds.
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Figure 10. Image-based 3DUS reconstruction time. Method 1 is the accumulation approach; method 2 is the weighted average
approach; and method 3 is the maximum weight approach.




3.2 Real-time Elasticity Imaging Results

The parallelized implementation of the normalized 180
cross-correlation elasticity imaging method using
CUDA has been tested on an NVidia GeForce
9800 GX2 GPU card with 512 MB RAM and with 140 B

160

an Intel Quad Core Q9400 CPU host CPU and -‘8 120 —  Wtime for Cuda
8GB RAM. First we studied the performance of S 100 L mtime for Cuda
our code on the GPU card as a function of both the 8

volume size and the number of sample points n B - mtimeforc

(strain points per RF line) [Boctor-2009]. The vo- 60 =
lume size ranges from 1 to 750 images per vo-
lume. Typically, this parameter is in the range of
50-200 images per volume. Another study has
been performed where we have fixed the number
of sampling points to 139. Equivalent C imple- 1 125 25 375 500 625 750
mentation performance is also shown in Figure 11. Number of frames

As expected, it is observed that the CUDA imple-

with 1/0

Figure 11. GPU performance time vs. C implementation. The dotted line

mentation is much faster than the C implementa- | shows the time needed to acquire these volumes using an ultrasound ac-
tion. Specifically, the speedup is about 28x if we | quisition rate of 30 frames/sec, defining the real-time threshold. It is ap-

do not take into account the 1/O time to transfer | parent that the GPU-based EI method is faster than this deadline.
the data between the host (CPU) memory and the

device (GPU) memory. With the I/O taken into
consideration, it is still 22x faster.

3.3 Ultrasound-guided ACUSITT Prototype Results

Additionally, we integrated ultrasound imaging to guide and monitor ablation using the first ACUSITT prototype, as
shown in Figure 6. This experiment demonstrates combined spatial planning and thermal modeling, which resulted in
accurate targeting of the treatment zones. Furthermore, these results are confirmed with both elasticity images and gross-
pathology pictures. Figure 12 shows strain images taken after performing three controlled ablations from a single entry

point using the ACUSITT device. Strain results are in good correspondence with gross-pathology outcomes.
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Figure 12. Intraoperative monitoring of ablative therapy using strain imaging. Gross-pathology pictures confirm strain
images and highlight the ability of performing multiple insertions from a single entry port using the ACUSITT tool.




4. CONCLUSION

In this work, we presented the first integrated prototype comprising the following components: AC delivery system,
USITT ablation tool, and trackerless real-time strain ultrasound imaging system. This new system is capable of applying
multiple ablations from a single entry point, eliminating the need for multiple insertions using current and available abla-
tion technologies. Moreover, targeting can be performed under the guidance of a low-cost image-based 3DUS system.
While drift error is unavoidable with image-based 3DUS reconstruction, the design redundancy of both AC maneuvera-
bility and USITT changeable ablation pattern can overcome this limitation. Additionally, real-time elasticity imaging
provides a valuable feedback to the ACUSITT tool, allowing to precisely shape the desired ablation. While this paper
presents a first prototype, there is more to be added to the current system implementation including: extending the cur-
rent sensorless 3DUS algorithms to include the beam steering aspect in real-time, integrating monitoring information
with the ACUSITT device, and conducting animal in-vivo trials to test the overall navigation accuracy of the proposed
novel system.

In summary, the results from the prototype presented in this paper demonstrates the potential to provide a low-cost,
closed-loop system for steering, placement with a single parenchymal penetration, and guidance and percutaneous deli-
very of conformal ultrasound ablative therapy with on-line monitoring.
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