























configuration, the modules span up a directed, acyclic communications 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 11: Proposed system software architecture, implemented in two different system setups. In the more comprehensive
Setup A, 2D ultrasound data (left) is combined with position data into a 3D reconstruction (center), which can then be
registered with CT (right) and visualized. Setup B represents a separate, standalone 2D B-Mode/EI workstation.
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Figure 12: Process steps (vertical) and procedure/module alternatives (horizontal). All these combinations are possible with
the proposed architecture.

While a few constraints were given for the current system configuration (due to ultrasound acquisition hardware and
various hardware drivers tied to certain operating systems), most of the remaining features had no such restrictions.
Therefore, a functional decomposition of the system requirements led to the module set and architecture as shown in
Figure 11. An obvious benefit is the ability to distribute the computation (e.g. for local vs. remote visualization or remote
strain computation) according to the current application’s needs. Two such implementations are shown in the figure:
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Setup A includes the components necessary for a complete “tracked freehand 3D ultrasound for CT-based navigation”
system as described in the previous paragraphs. This system can be easily distributed across different machines to
accommodate limited space in the operating room (OR), higher computation requirements for online strain computation,
and the need for more screen real estate during the offline planning phase. As a second system, Sefup B uses a subset of
those modules to provide a stand-alone “2D B-mode/strain imaging” workstation. Tracking data may optionally be
collected for later 3D reconstructions, if required. A variety of possible procedures and underlying module combinations
can be seen in Figure 12.

The architecture is very flexible in the sense that any ultrasound machine can be the imaging source, as long as it can
export RF data (either in real-time or stored to disk), ideally with associated timestamps. Similarly, different tracking
mechanisms can be employed, such as EM tracking like in the presented system, but also optical tracking or systems
based on local sensors such as opto-inertial components as in the BeeSpaceMouse [7]. Strain image computation can be
achieve through a multitude of different modules — NCC, DP, GPU-based variations of both, but also with the respective
proprietary modules available in commercial (Siemens, Ultrasonix) systems. Intra-operative 3D-US/CT registration can
be performed using either B-mode or EI. Most of the components not tied to specific hardware have been ported
between different operating systems (Windows XP 32-bit, 64-bit, Linux (kernel 2.6), and Mac OS X 10.6, as well as
several different CUDA GPU devices).

Finally, we also plan to offer the infrastructure framework as well as particular module implementations available for
download from our website in the near future.

3. RESULTS
3.1 Experimental Results

A variety of experiment series (with tracked US in breast irradiation planning [2], in ablation monitoring [5], and robot-
based US palpation motion optimization [4]) has each shown an increase in elastography imaging quality. Combined,
they promise robust handheld laparoscopic EI acquisition.

EI slice acquisition can be performed either using a 3-DoF robot-based setup (to ensure repeatable palpation motion
parameters and micrometer-precise slice position information) or in an EM-tracked handheld approach. With the robotic
setup, EI images were acquired at maximum decompression of a palpation cycle to consistently minimize tissue
deformations. For ultrasound acquisition, both Ultrasonix Sonix RP/CEP (for B-Mode and RF data) and Siemens
Antares (for B-Mode and EI data) machines were used. By parallelizing both (NCC and DP) algorithms using CUDA, it
was possible to increase the frame throughput by a factor of 6...10 as compared to the corresponding C implementations.
While this amounts to approx. 300fps for NCC-EI and 30fps for DP-EI, these numbers describe “batch-mode” usage,
where all RF frames are pre-loaded into GPU memory [1]. For real-time usage where RF data and EI frames are
continually moved between host and device memories, a continuous frame rate of approx. 5...10fps was achievable for a
non-optimized input/output setup.

The 3D volume reconstruction operates at a speed of ~24 slices/sec (with a single thread on a 2.66GHz Intel Core 2
Duo with 6MB L2 cache), independent of the type of the input images, i.e. B-mode or EI. The reconstruction voxel size
was set to a range of values between 1.0mm and 2.0mm, with little discernible effect on achievable frame rate or on the
subsequent process steps.

The final volume is transferred to the rigid registration algorithm to align with CT data (using Mattes Mutual
Information/MMI as the similarity metric). The registration application is based on the open source development
toolkits MITK from the German Cancer Research Center (DKFZ), ITK and VTK from Kitware Inc., as well as Qt from
Nokia/Qt Software. Using these toolkits enables working with standardized, well-established algorithms. The
registration experiments were performed using subvolumes cropped from the EI, B-Mode, and CT volumes. The region
of interest was chosen based on the expected amount of data for our clinical application. As only a small portion of the
kidney is scanned during the operation, the experimental volumes were comprised almost exclusively of kidney tissue.
In order to facilitate a comparison between the registration properties of strain images and B-Mode images, both datasets
were registered with CT using different initial offsets for the registration — single displacements along the x and y axes as
well as all translational perturbations by +/~2mm and +/—4mm in all three dimensions. The last test was perturbation by
+/—2mm along the x and y axes and 4mm in z direction, respectively. Given the general restrictions in the use of ex-vivo
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tissue for elasticity imaging, the geometry and availability of features in the physiological porcine kidney phantoms
approximated in-vivo conditions.

Registration of the volume of interest takes 5-10 seconds for three translational degrees of freedom (extension of
registration to six DoF is discussed in an upcoming publication). While the cost function values of MMI between EI and
CT show a relatively smooth behavior (Figure 8), the capture range is nevertheless fairly small, making pre-registration
necessary.

The quality of the registration results was measured using visual examination using the fiducials that were added to the
phantom. Those fiducials were clearly visible in strain, CT and B-Mode images. For getting correct registration results
for the B-Mode case, the registration parameters often had to be optimized very specifically to the given problem. As
there are several local minima having equal of even smaller (i.e., better) values for the metric, it is hard for the Amoeba
optimizer to find the minimum of interest. The situation is much different for the strain to CT image registration, where
the cost function has only one very pronounced global optimum. However, this global optimum can also be missed by
the Amoeba optimizer under certain conditions (e.g. initialization of the simplex fully on the plateau).

In order to account for the different imaging modalities, preliminary experiments with other metrics were performed as
well. In particular, noting that B-Mode US shows gradients of acoustic impedance, the gradient of the CT data was
computed to match this property. Then, both images were registered using a mean-squares error metric. However, this
approach proved less effective and produced even larger registration errors than the Ml-based approach discussed here,
in spite of the tissue representation being more similar in the two modalities then.

These results show that the metric used for the chosen registration algorithm is very well-suited for estimating the
similarity between CT and EI images, even for the small field of view given in our test data.

The medSAFE tracking system consists of a 9-axis flat magnetic field transmitter and an electronics unit, supporting up
to four wired 6-DoF sensors simultaneously. Each sensor is connected to the electronics unit via a pre-amplifier. The
system can acquire up to 200 position measurements per second within a measurement volume of
400mm x 400mm x 360mm. The sensors attached to camera and tumor are of 1.3mm diameter and 7.7mm length. The
tracking system can achieve a RMS error <lmm when moving the sensor at <200mm per second. The cable connecting
the sensor to the electronics unit of the tracking system has a diameter of 1.2mm and measures 2m in length, making the
cable thin enough to fit through a trocar while being attached to an endoscopic camera.

Currently a Logitech QuickCam camera provides 640x480-pixel live video footage. In future system designs the video
source will be replaced by a laparoscope and therefore will meet the requirements for minimally invasive surgery. For a
smooth and real-time video navigation experience we are calculating at least 25 augmented video images per second.
The much higher rate of position information from the tracking system enables outlier correction, which will be
implemented in future system stages. Similar tracking/visualization system designs using both optical and magnetic
tracking systems are proposed in literature, e.g. in [3]. Nevertheless there are key differences; the most important being
that the video overlay in the presented system can be done not only in real-time, but also online and not retrospectively.

3.2 Discussion

With the proposed system, it will be possible to perform safe partial nephrectomies by leveraging pre-operative planning
data. The ability to reliably avoid blood and collective vessels while honoring safe resection boundaries, with only a
small additional hardware footprint, promises good acceptance of the system in clinical environments.

While the main drawback versus the current standard laparoscopic procedure is the manual acquisition of the 3D
ultrasound volume, this constitutes a minor time investment in practice. The principal benefit of the system has to be
seen in the “heads-up display” capability of overlaying the tumor position onto the live endoscopic video stream,
instructing the surgeon as to where cutting is safe. In particular, this achieves a vast reduction of preparation time while
clamping the renal artery and interrupting blood flow, because pre-operative planning can be executed directly in the
OR, allowing the surgeon to concentrate on a quick resection of the tumor mass.

3.3 Outlook

The system shows that the main problems — robust real-time elastography and robust 3D-US/CT registration — are
solvable. What needs to be evaluated is how well the phantom and laboratory results transfer into the animal testing and
clinical stages. To achieve this, accuracy, reliability, and usability will need to be investigated.
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With the software module set’s rapid expansion in our group, the software architecture is seeing equally strong
development. After appropriate preparation of the implementations, we expect to make the discussed modules available
for public in the near future.
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