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Abstract. In robotically assisted laparoscopic surgery, soft-tissue motion track-
ing and structure recovery are important for intraoperative surgical guidance,
motion compensation and delivering active constraints. In this paper, we pre-
sent a novel method for feature based motion tracking of deformable soft-tissue
surfaces in totally endoscopic coronary artery bypass graft (TECAB) surgery.
We combine two feature detectors to recover distinct regions on the epicardial
surface for which the sparse 3D surface geometry may be computed using a
pre-calibrated stereo laparoscope. The movement of the 3D points is then
tracked in the stereo images with stereo-temporal constrains by using an itera-
tive registration algorithm. The practical value of the technique is demonstrated
on both a deformable phantom model with tomographically derived surface ge-
ometry and in vivo robotic assisted minimally invasive surgery (MIS) image
sequences.

1 Introduction

Recent advances in robotic assisted Minimally Invasive Surgery (MIS) for performing
micro-scale tasks using motion scaling and miniaturized mechanical wrists have made
it possible to perform closed-chest cardiothoracic surgery on a beating heart. This ap-
proach minimizes patient trauma and avoids certain adverse effects associated with
cardiopulmonary bypass. In practice, deformation of the epicardial surface due to car-
diac and respiratory motion can impose significant challenges to delicate tasks such
vessel anastomosis. The use of mechanical stabilizers can effectively remove most of
the bulk motion, but residual tissue deformation remains significant in most cases. For
intraoperative guidance and applying image guided active constraints to avoid critical
anatomical structures such as nerves and blood vessels, it is necessary to develop
complementary techniques for accurate 3D surface structure reconstruction and mo-
tion estimation in situ [1].

The determination of tissue deformation can be approached with a number of ap-
proaches that involve intraoperative imaging such as endoscopic ultrasound, or mo-
tion sensors such as mechanically or optically based accelerometers [2,3]. Marker
based techniques have been proposed, but they involve suturing or projecting fiducals
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onto the heart surface [4,5]. Region based tracking of natural epicardial regions has
also been investigated using monocular video sequences [6], but only for recovering
2D image motion. Since robotic assisted MIS procedures typically involve a pair of
miniaturized stereo cameras, detailed 3D motion and structure recovery from the ste-
reo laparoscope with image registration was recently proposed [7,8]. The major ad-
vantage of these methods is that they do not necessitate additional modification to the
existing MIS hardware, but computationally they require complex computer vision
algorithms inferring dense 3D correspondence which is often an ill-posed problem.
Existing research has shown that sparse sets of well known feature correspondences
can be used as ground control points to enforce additional constraints and increase the
inherent accuracy and robustness of dense stereo techniques [9]. Furthermore, the in-
tegration of other visual cues such as shading and specular reflectance and their tem-
poral characteristics in response to soft-tissue deformation can further improve the
practical value of optically based methods.

The purpose of this paper is to introduce a method for inferring precise 3D struc-
ture and motion for a set of sparse salient features on the soft-tissue surfaces during
robotic assisted MIS procedures. With a calibrated stereo laparoscope, a combination
of landmarks is used to provide robust performance in the presence of specular reflec-
tions. The temporal behavior of each landmark is then derived by using constraints in
the stereo video sequence. Detailed validation of the proposed method was performed
on both a phantom model with known geometry and in vivo robotic assisted MIS data.

2 Methods

2.1 Salient Landmarks on the Epicardial Surface

Traditionally, the identification of salient landmarks is usually achieved with edge or
corner features for sparse stereo matching and motion tracking. For robotically as-
sisted MIS, these features can be unstable and prone to errors due to the homogeneity
of surface texture and the presence of specular highlights, which can cause clustering
of high frequency features on the specular boundary. In the context of wide-baseline
stereo matching, Matas et al. [10] defined maximally stable extremal regions (MSER)
based on thresholding the image intensity to create connected components with local
minima. The use of MSER landmarks has a number of desirable properties as they are
invariant to monotonic changes in illumination. Furthermore, if they are detected by
starting from the lowest intensity (MSER-), they can implicitly avoid specular reflec-
tions. It can also be shown that on MIS cardiac surfaces, MSER- generally corre-
sponds to physically meaningful texture details such as superficial blood vessels or
small tissue bruising.

In this paper, a combination of MSER- regions and the traditional gradient based
image features [11] is used for salient landmark selection. The use of different feature
descriptors can provide added robustness [12], which is necessary in the presence of
occlusions and specular highlights as encountered in cardiac MIS procedures. We as-
sociate a measurement region (MR) around each landmark for computing the dissimi-
larity metrics. The MR is a rectangular window for corner features and an ellipse that
bounds the convex hull of the component for MSER- regions.
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2.2 Stereo Feature Matching

To recover 3D measurements from a stereoscopic laparoscope, the correspondence of
landmarks of the stereo pair needs to be determined. There are many algorithms for
matching sparse feature sets, and in this work we used the method proposed by Pilu
[13] for combining proximity and similarity measures to discriminate between poten-
tial matches. For each feature type, we build a cost matrix with row entries corre-
sponding to features in the left image and columns for the right image. Each entry of
the cost matrix depicts how well respective features correspond to each other by using
the following dissimilarity measure:

[
T

Cost; =e e @

In Eq. (1), r is the Euclidian distance between features, y and u are sensitivity control
parameters set to the values suggested in [13], and C;; is the normalized cross correla-
tion (NCC) between the measurement regions of featuresi and j. When matching
MSER-, we used the largest MR for computing correlation. The algorithm makes use
of the properties of Singular Value Decomposition (SVD) of the cost matrix to at-
tenuate matrix values for poor matches. Once corresponding points are determined,
3D points on the epicardial surface can be inferred by using the centre of mass of the
MSER- as a reference. By calibrating the camera before the MIS procedure, the epi-
polar constraint can be introduced to the proximity cost. Calibration is also important
to the intrinsic accuracy of the proposed technique as otherwise the recovered 3D
points will be ambiguous up to a projective transformation if just using the deter-
mined stereo correspondences for estimating the camera matrices.

2.3 Temporal Tracking Using Stereo Constraints

Once the stereo correspondence is established, we used temporal motion tracking of
salient features to iteratively update their temporal positions in 3D space by using
both stereo frames. This extends the Lucas-Kanade (LK) [15, 16] registration algo-
rithm for incorporating the inter-stereo epipolar constraint. The goal of the LK tracker
is to align a reference image template 7(x) with an image region subject to the
squared pixel difference, given a warping function W(x;p) of arbitrary complexity
and p parameters. The algorithm starts with an initial estimate of the warping pa-
rameters p and iteratively computes an update term AP until convergence below a
predefined threshold Ap < ¢ . The error function e used for minimizing the modified
stereo LK tracker is defined as:

EZZX:l[I(W(x;P—i-Ap))—T(X)r +[J(W’(X/;P-&-Ap))—T’(x’)r
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where I(W(x;p)) and J(W'(x;p)) are the images transformed by the respective warp-
ing function. The error function can be linearized by taking the first order Taylor ex-
pansion about p, such that the partial derivative with respect to AP can be deter-
mined by using the chain rule. Setting the partial derivative to zero and solving for
Ap yields a least-squares solution (constants are ignored), we have:
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Where vy and VJ are the warped image gradients of each stereo channel, W /9p is
the Jacobian of each warping function and H ' is the inverse of the Hessian matrix:
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The motion parameterization used in this is study is based on a pure translation model
for each feature, which incorporates terms for the vertical and horizontal motion in
the reference image, and an additional term for disparity changes in the stereo pair.
More complex models can readily be incorporated into the proposed framework (for
further details consult the study by Baker et al [16]) but the increased search space
may have an adverse effect on the actual system performance [6]. Furthermore, it has
been demonstrated that for small inter-frame motion, the use of translation tracking
alone can be sufficient [11].

2.4 Experimental Design

The proposed method was implemented in C++ on a standard desktop PC with a Pen-
tium IV 2.4 GHz CPU and 512 Mb RAM, running the Windows XP operating system.
In the current implementation, initialization took 0.5s (mostly for MSER detection)
after which the algorithm processed 320x288 images at 11 frames per second (fps).
With further optimization real-time performance can be achieved.

(a) (b)

Fig. 1. The cardiac phantom model used for validating the proposed technique (a) image of the
heart model showing the visual and geometrical fidelity of the model and (b) CT slice for three
levels of deformation and 3D renditions of reconstructions from the respective CT series



Soft-Tissue Motion Tracking and Structure Estimation 143

To validate the proposed method, a scaled simulation environment was created
with a phantom heart model shown in Fig. 1 (a). A stereo rig mounted on a Stdubli
RX60 robotic arm with six degrees of freedom (DOF) and repeatability accuracy of
+0.02mm. The phantom model was created using thixotropic silicone mould rubber
and pre-vulcanized natural rubber latex with rubber mask grease paint to achieve a
specular appearance and high visual fidelity. The deformable silicone surface was
mounted onto a piston mechanism with controllable injection levels to simulate the
heart beat motion in a reproducible manner. The precise phantom model geometry
was recovered at seven discrete heart beat simulation levels using a Siemens Soma-
tom Sensation 64 CT scanner with slice thickness of 0.6mm, an example CT slice and
3D rendition of a reconstruction are shown in Fig. 1 (b).

For in vivo analysis, data from robotic assisted cardiac surgery carried out with a
daVinci™ surgical system (Intuitive Surgical, CA) was used. The cameras of the
stereoscopic endoscope were hardware synchronized by using a proprietary FPGA
device designed by this institution. The stereo cameras were calibrated before the pro-
cedure using a planar calibration object [17]. The proposed method was used to de-
tect and then track landmarks on the epicardial surface after the positioning of a me-
chanical stabilizer. Since, ground truth data for the 3D structure and motion of the
soft-tissue cannot be easily obtained for robotic procedures, we used the motion of
landmarks on the epicardial surface to determine the respiratory and cardiac motion as
a means of qualitative analysis.

3 Results

The phantom heart model described above was used to generate an image sequence of
50 frames, with each frame showing consecutive deformation of the heart associated
with the CT data. The setup was devised so that the resultant inter-frame pixel motion
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Fig. 2. Phantom model experiment for evaluating reconstruction accuracy of stereo feature
tracking (a) the average and standard deviation of error in millimeters for feature correspon-
dences in each experimental frame (b) the number of features actively tracked at each frame of
the sequence
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Fig. 3. Example stereoscopic image pairs of robotic assisted totally endoscopic coronary artery
bypass surgery used for the in vivo analysis in this study
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Fig. 4. Results for in vivo robotic assisted MIS (a) the recovered 3D coordinates in the left cam-
era reference system for a landmark tracked through 1500 video frames at 50 fps (b) power
spectral analysis clearly identifies the heart beat and respiratory frequencies in the 3D motion
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Fig. 5. Principal component analysis of the recovered motion signal indicating the decoupled

cardiac motion component
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did not exceed 15 pixels, which was consistent with observations from in vivo data for
consecutive frames. Metric error was measured as the distance between the recon-
structed 3D point and the point on the CT reconstructed surface along the ray back-
projected from the left camera. In Fig. 2, we demonstrate the reconstruction accuracy of
stereo correspondence obtained with the proposed technique. Not all features are suit-
able for temporal tracking, and initial outliers were rejected depending on the correla-
tion threshold. This results in fewer features being tracked over the entire period but im-
proves the overall accuracy by ensuring that only consistent landmarks are considered.
With the proposed framework additional landmarks may be introduced at any stage.

The in vivo performance of the algorithm is assessed with a robotic assisted totally
endoscopic coronary artery bypass graft (TECAB) as shown in Fig. 3. In Fig. 4, it is
evident that the recovered motion clearly captures the coupled deformation of the
epicardial surface due to cardiac as well as respiratory motion. It is worth noting that
the graph shown in Fig. 4 illustrates the surface motion as projected onto the x,
yand z axes of the camera coordinate system. Within this figure, the power spec-

trum of each of the motion components is also provided, which illustrates the domi-
nant frequencies derived from the proposed algorithm. In Fig. 5, we show the decoup-
led motion component indicating only the cardiac motion by using a localized
principal component analysis (PCA) cardiac/respiratory decoupling technique.

4 Discussion and Conclusions

In this paper, we have proposed a practical method for determining soft-tissue defor-
mation for robotic assisted MIS from a set of landmarks. We have used a combination
of landmarks including MSER- regions and the traditional gradient-based image fea-
tures for ensuring robust system performance. Results from the phantom model have
demonstrated the accuracy of 3D reconstruction that can be achieved and analysis of
in vivo robotic assisted MIS data has further demonstrated the clinical value of the
proposed technique. With the current implementation, features occluded by the in-
struments or tissue effects such as bleeding are detected through correlation and epi-
polar geometry thresholds and set as outliers in the tracking process. The introduction
of new features or labeling lost features as occluded and performing subsequent
searches with statistical motion models can be used improve the tracking process.
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