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Abstract. In the context of minimally-invasive procedures involving
both endoscopic video and ultrasound, we present a vision-based method
to track the ultrasound probe using a standard monocular video laparo-
scopic instrument. This approach requires only cosmetic modification to
the ultrasound probe and obviates the need for magnetic tracking of
either instrument. We describe an Extended Kalman Filter framework
that solves for both the feature correspondence and pose estimation, and
is able to track a 3D pattern on the surface of the ultrasound probe in
near real-time. The tracking capability is demonstrated by performing
an ultrasound calibration of a visually-tracked ultrasound probe, using
a standard endoscopic video camera. Ultrasound calibration resulted in
a mean TRE of 2.3mm, and comparison with an external optical tracker
demonstrated a mean FRE of 4.4mm between the two tracking systems.

1 Introduction

Many procedures can be performed using endoscopy as a viable alternative to
open surgery. Such minimally-invasive approaches can reduce recovery time,
length of hospital stay, and morbidity. During such procedures, surgeons employ
an endoscopic camera to view the organ surface and an endoscopic ultrasound
(US) probe to visualize structures within the organ. In a typical surgical configu-
ration, the video and US images are presented separately and in 2D. The surgeon
must, therefore, perform spatial reasoning to mentally map the US image onto
the video. Furthermore, the 2D nature of these images results in decreased depth
perception.

Navigated endoscopy incorporates a spatial tracking device to infer the pose
of the US probe relative to the camera, allowing US images to be registered to,
and fused with, the video. The fused image is more intuitive, and lowers the cog-
nitive load by eliminating the mental transform between the two images, which
may improve hand-eye coordination of the surgeon. Examples of such systems
include tumour resections using magnetic [4], robotic [9], photoacoustic [3], and
vision-based [12] tracking systems, with Langø et al. [8] providing a compre-
hensive overview. Systems that employ extrinsic tracking devices increase cost,
impact surgical workflow, require additional sterilization, and introduce other
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limitations such as line-of-sight and metal interference issues for optical and
magnetic tracking solutions respectively. Intrinsic tracking using the endoscopic
camera to perform spatial measurements [12] does not incur these limitations,
but accuracy, robustness, and the need to modify standard surgical instrument
may be of concern. In particular, vision-based tracking in an endoscopic envi-
ronment may be subject to lighting conditions, erroneous feature detection, and
occlusion.

In this paper, a vision-based tracking system using a standard surgical laparo-
scopic camera is presented. A 3D marker was designed and rigidly attached to the
semi-cylindrical back surface of a standard linear laparoscopic US probe, provid-
ing a set of features that can be reliably detected in the video sequence. Based on
an Extended Kalman Filter framework, the proposed system is capable of track-
ing the 3D marker in 6 degrees of freedom, in the presence of spurious and/or
missing features, even under strong specular lighting conditions. The tracking
capability of the proposed system is demonstrated by performing an US probe
calibration, along with both visual and quantitative validation procedures.

2 Methods and Materials

Given a set of known 3D model points M , and a set of 2D observed features U
as imaged by the camera, the process of 2D-to-3D registration can be treated as
a Perspective-n-Point (PnP ) problem. In general, a PnP solution requires the
correspondence between the 2D and 3D features to be established, as well as the
optical properties of the imaging system to be known [13].

In practice, spurious features are often detected in the image, and features
may be missing due to occlusion or strong specular lighting conditions. There-
fore, to ensure robust operation of PnP algorithms, it is advantageous to address
both the correspondence and pose estimation problems simultaneously. The pro-
posed method employs an Extended Kalman Filter (EKF) framework [11] to
constrain the search for feature correspondence. Given a calibrated camera and
a 3D marker, possible poses of the 3D marker with respect to the camera are
represented as a Gaussian Mixture Model (GMM). Uncertainty relating to the
pose of the marker is propagated from the 3D model space to the 2D image
space using EKF equations, constraining the search space for feature correspon-
dence in a sequential fashion. A globally convergent PnP algorithm is applied to
further refine the estimation established with at least 4 correct correspondences.

2.1 Hardware Setup

An “X-Corner” fiducial pattern (Fig. 1) was rigidly attached to the curved back-
surface of a linear endoscopic US probe (UST-5536-7.5, Aloka, Japan) to serve as
the 3D marker. A local 3D coordinate system of the pattern was defined, with
the locations of the black-and-white intersections (i.e. X-corners) accurately
determined using a measuring microscope (STM6-LM, Olympus, Japan).
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(a) (b) (c)

Fig. 1. (a) a 3DX-corner pattern affixed to a linear US probe, (b) the proposed method
is able to establish the 2D to 3D correspondence even in the presence of spurious(top
right) and missing features (those occluded by surgical grasper), and (c) a surrogate
marker designed for validation using an optical tracking system

To locate the X-corners in the video image, a corner detection algorithm [1]
specifically designed to detectX-corners was employed. Compared to generic cor-
ner and edge detectors [7], this algorithm tends to detect less clutter and is more
computationally efficient. Once detected, the locations of X-corners are further
refined to sub-pixel accuracy [2]. The camera (Surgical laparoscope, Olympus)
was calibrated in a standard fashion using a planar pattern [2]. Both video and
US images were captured at an image size of 640× 480 pixels (Morphis, Matrox,
Canada), and the video was corrected for both tangential and radial distortion.

2.2 Simultaneously Solving for the Pose and Correspondence

The pose of the US probe is represented as a 6D vector: 3 components repre-
senting the rotation in Rodrigues’ form [2] and 3 representing the translation. It
is assumed that the US probe can be freely displaced within the viewing frus-
tum of the endoscopic camera, with a depth ranging from 5cm to 20cm. The
orientation of the US probe mimicked realistic surgical conditions. Under these
range constraints, pose samples were simulated and a Gaussian Mixture Model
(GMM) was learned [5] offline to represent the 6D pose space. The learned GMM
was then used to provide the initial pose and correspondence of the US probe
by minimizing the following error function [11]:

Error(p) =
∑

(m,u)∈Matches

‖u− Proj(p;m)‖ + τ |NotDetected| (1)

where u is a detected X-corner, Proj(p;m) is the projection of a model point m
using the pose p, τ is a penalty term for unmatched points, and |NotDetected|
denotes the cardinality of the undetected feature set. Uncertainty in pose space
is propagated to image space using EKF equations and used to constrain the
matching between the detected X-corners and model points. Once a correspon-
dence is found, the pose and the associated uncertainty are updated using EKF
equations to further reduce the search space for subsequent correspondence
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matching. This process is repeated until at least 4 correct correspondences are
established, by which time the initial pose estimation given by the GMM is up-
dated in response to the found correspondence. This estimated pose is refined
by solving the generic PnP problem with a globally convergent algorithm [10].

The GMM, which provides an accurate pose prior but is computationally
expensive, is nevertheless used to provide the initial pose estimation for the first
video frame. For all subsequent frames, the pose provided by the PnP algorithm
at frame i is employed as a motion prior for frame i+1. Standard EKF equations
are used to propagate the pose and the associated covariance throughout the
video sequence.

2.3 Laparoscopic Ultrasound Calibration

The tracked US probe was calibrated [6] using a Z-phantom with 2 line fiducials
arranged in a Z pattern. The Z-phantom was filled with polyvinyl chloride-
plastisol (PVC) compound, which serves as a clear tissue-mimicking medium
(Fig. 2(b)). A rectangular checkerboard pattern was rigidly attached to the pla-
nar surface of the phantom, and its pose was determined using OpenCV [2]. Once
the homologous features were determined in both the image and camera space,
the calibration was solved using the standard Orthogonal Procrustes algorithm.

(a) (b) (c)

Fig. 2. (a) a CAD model of the Z-phantom (designed by PERK
http://perk.cs.queensu.ca), (b) an US image showing 2 Z-patterns, and (c)
pose of the US probe/Z-phantom was determined using the proposed method and
OpenCV [2], respectively

2.4 Validation Using Optical Tracker

A surrogate 3D marker, similar to that attached to the US probe, was con-
structed and rigidly attached to an optical Dynamic Reference Body (DRB)
(Fig. 1c). The 3D marker and the optical DRB were carefully coregistered using
a calibrated stylus. This setup was simultaneously tracked using both the pro-
posed method and an optical tracking system (OTS) (Vicra, NDI, Canada). A
total of 75 measurements were made within the depth range between 92mm to
99mm, typical of an endoscopic intervention.

http://perk.cs.queensu.ca
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3 Results

A total of 17 US/video image pairs were acquired for calibration. In each US im-
age, the two fiducials, corresponding to the cross line of the Z-phantom (Fig. 2)
were manually identified to obtain a total of 34 homologous points in both the
US image and the 3D space. The calibration was accomplished using the Orthog-
onal Procrustes algorithm and resulted in a mean Fiducial Registration Error
(FRE) of 2.2mm with a standard deviation of 0.9mm. A leave-one-out cross val-
idation was performed where one of the 17 image pairs was removed prior to the
calibration and the two fiducials on this image were then used as target points.
This cross validation was repeated 17 times with different validation images,
resulting in a mean Target Registration Error (TRE) of 2.3mm and a standard
deviation of 1.0mm. Table 1 summarizes the result.

Table 1. US probe calibration result using a total 17 tracked US images

mean error (mm) standard deviation (mm)

Calibration FRE 2.2 0.9

leave-one-out TRE 2.3 1.0

Once US calibration is established, it is used to fuse the US image onto the
endoscopic video. For the purpose of visual validation, two phantoms were con-
structed. The first comprises a spine vertebra semi-submerged into a PVC block;
the second, a surgical needle inserted through a block of PVC. Figure 3(b) clearly
shows that the outline of the spine forms a continuous contour, verifying that
both visual tracking and US calibration are performing as expected. The pro-
posed method is able to track the US probe in the presence of feature occlu-
sion (Fig. 3(c,d)), as well as under ambient and endoscopic lighting conditions
(Fig. 3(e,f)). Note that in the fused image, the needle seen in US is in alignment
with the ends of the needle protruding from the phantom.

A total of 75 measurements of the surrogate marker were taken simultaneously
using the endoscopic camera and the OTS. The tracking accuracy was evaluated
at a set of 3D points lying on a virtual US fan created using the calibration ob-
tained from the previous experiment. The 3D location of each pixel in the US fan
was determined in both the OTS and the camera coordinate systems, allowing
the two tracking systems to be coregistered. The FRE of this registration incor-
porates tracking errors from the two tracking systems as well as the registration
error between the 3D marker and the optical DRB. Assuming the OTS is the
gold standard, and the obtained registration is valid over the region of interest,
the FRE represents the tracking error of the proposed method propagated to
the US fan.

Figure 4 depicts the mean FRE of the camera coregistration using US image
pixels as fiducials. The mean FRE exhibits a radial pattern: pixels close to the
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(a) (c) (e)

(b) (d) (f)

Fig. 3. Visual validation of tracking and US calibration: (a) a spine phantom, (b) US
overlay showing a continuous contour of the spine outline under endoscopic lighting
conditions. Needle phantom with (c,e) ambient lighting, (c,d) occlusion by surgical
tool, (e,f) no occlusion, and (d,f) under endoscopic lighting conditions. Red arrows
point to the ends of the needle while the yellow arrow points to its image in US. Note
the dramatic improvement in the visual perception of the US beam with respect to the
US probe, when the probe occludes the upper part of the US image, compared to the
more näıve rendering of simply overlaying the US image on the video scene.

origin of the 3D marker exhibit a smaller mean FRE, which gradually increases
as the pixel location is moved further away from the origin. This radial pattern
suggests that the main contribution of the tracking error is from the rotational
error of pose estimation. Over the acquired 75 measurements, the mean FRE
of all pixels was 4.4mm, with a standard deviation of 3.3mm. The per-pixel
mean FRE ranges from a minimum of 4.2mm to a maximum of 4.7mm. In
our experience, this error is over-estimated due to the coregistration between
the checker pattern and the optical DRB. Nevertheless, these results provide
an upper-bound on the error introduced by the proposed method. The visual
validation results suggest that the actual tracking error is substantially lower.

4 Discussion and Conclusion

A vision-based tracking procedure using a standard surgical monocular camera
is proposed. By tracking a 3D pattern that is rigidly attached to a surgical
tool, this approach operates under endoscopic lighting conditions and in the
presence of occlusion. As with other vision-based systems, the limitation of this
method is that it requires a fixed-focus camera that adheres to the pin-hole
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Fig. 4. Per-pixel mean FRE (in mm) of the camera-OTS coregistration shown in US
image space. The x and y axis are the US image axis, with the top-left corner being
closest to the origin of the 3D marker.

camera model. In contrast to other systems, this approach only requires trivial,
cosmetic modification of the tracked object (endo-ultrasound probe).

One advantage of this approach is the ability to track a marker defined on a
curved, rather than a planar surface, and can thus be adapted to a wide range
of surgical tools. The current implementation tracks X-corners, but any feature
that can be reliably detected in a video sequence can be used. Modifications to
surgical tools are therefore minimized, and since no extrinsic tracking system is
used, additional cost is minimal.

This method was used to calibrate a tracked US probe, and US image overlay
gives a visually consistent augmentation. The reported US calibration FRE and
TRE are in the order of 2mm which, in our experience, is comparable to results
obtained using a magnetic tracking system. An optical tracking system was used
to validate the accuracy of the proposed system. Using a surrogate marker to
represent that attached to the US probe, simultaneous tracking by both systems
was performed, allowing the local coordinate systems of the two trackers to
be coregistered. Using the measurements from the OTS as the gold standard,
camera tracking proved to be consistent with the OTS. The error of camera
tracking exhibits a radial pattern, suggesting that the main contributor of the
error is the rotational component of the pose estimation. The reported mean
FRE is 4.4mm with a standard deviation of 3.3mm. This FRE is a combined
system error including the co-calibration error of the 3D marker and DRB, which
provides an upper-bound for the tracking error of the proposed system. Further
analysis is warranted to provide a more accurate estimate of this error.

The proposed system currently performs at about 5 frames per second, but
can be dramatically improved through more efficient implementation. Future
work includes 1) pattern design of the 3D marker to optimize tracking accuracy
and range of tracking angle, 2) integration into standard endoscopic procedure,
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3) improvements to the algorithm to track multiple surgical instruments, and 4)
extending this algorithm to track intrinsic visual features of the surgical tools,
eliminating the need for extrinsic 3D markers entirely.
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