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Abstract. Computer assisted navigation is a widely adopted technique
in neurosurgery and orthopedics. However, it is rarely used for surg-
eries on abdominal organs. In this paper, we propose a novel, non-
invasive method based on electromagnetic tracking to determine the
pose of the kidney. As a clinical use case, we show a complete surgi-
cal navigation system for augmented reality assisted laparoscopic partial
nephrectomy. Experiments were performed ex vivo on pig kidneys and
the evaluation showed an excellent augmented reality alignment error of
2.1mm± 1.2mm.
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1 Introduction

Laparoscopic partial nephrectomy (LPN) is considered to be the standard of
care for small renal tumors. As opposed to radical nephrectomy where the whole
organ is removed, only parts of the kidney get extracted in partial nephrectomy.
Although this nephron-sparing surgery is increasingly applied, it is still under-
used as was found by an investigation among 66 000 patients undergoing radical
or partial nephrectomy in the US [2]. In tumors smaller than 4 cm in diame-
ter, LPN has shown to provide equivalent cancer control as compared to radical
nephrectomy, but with the advantage of nephron-sparing [8]. The latter results
in a higher renal performance and thus in a better quality of life for the patient.

One major challenge in LPN is obtaining optimal surgical margins; that is,
removing all cancerous organ parts while keeping as much healthy tissue as pos-
sible. Established strategies to decrease the percentage of resections resulting in
positive margins make use of intraoperative ultrasound and fresh frozen section
analysis [8]. More recently, surgical support by accurate 3D navigation systems
started to gain importance.

In this paper, we present a novel, non-invasive method for navigated kidney
surgery. In particular, an electromagnetic tracking system is used to determine
the kidney pose by localizing a tiny magnetic sensor within a catheter tip that
was placed through the urinary passages (urethra, bladder, ureter) at the renal
pelvis (Fig. 1, 2). To our knowledge, this transurethral renal access is used for
the first time for tracking purposes. It became possible by applying miniaturized
electromagnetic sensors that just recently appeared on the market.
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Fig. 1. Transurethral placement of the
electromagnetic sensor in the renal
pelvis of the right kidney

Fig. 2. Electromagnetic sensor, Model
90, Ascension Corp. (left). Ureteral
catheter, Angiomed GmbH (right).

By additionally tracking the laparoscope, we implement a reliable surgical
navigation system for LPN. To increase usability and to allow for a seamless
integration into the surgical workflow, the classical abstract navigation view is
extended with an intuitive augmented reality (AR) visualization technique.

In 2008, Nakamoto et al. [5] proposed a similar LPN guidance method, which
uses the Calypso 4D to determine the position of implanted wireless magnetic
transponders. Additionally, an optical system was used to track the laparoscope.
By referencing those two coordinate systems (CS), AR can be performed. An ad-
vantage of this approach is the robust tracking of the kidney, as the transponders
are implanted and unlikely to shift. The downsides are its extraordinary high
price of > $ 400 000, its large footprint, and the necessity of a second tracker. In
our proposed approach, one electromagnetic tracker with wired sensors is suffi-
cient, since the kidney transponder coils and the connecting wire can be packed
into a single catheter. This provides us with the opportunity to apply electro-
magnetic tracking systems that are transportable, much cheaper (< $ 15 000),
and relatively robust to ferromagnetic disturbances. A further advantage of our
method is that no transponders have to be implanted into the kidney.

Hughes-Hallett et al. [3] published an excellent review of different AR tech-
niques to perform LPN. Besides the above-mentioned approach, it also describes
fundamentally different methods.

2 Materials and Methods

The setup of the proposed navigation system is shown in Fig. 3. In the following,
we are going to describe each part of the tracking pipeline in detail, covering
deployed materials and algorithms.
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Fig. 3. Navigation system overview. Arrows denote affine transformations.

2.1 Electromagnetic Tracker

As an electromagnetic tracking device, the trakSTAR 2 together with the flat
transmitter from Ascension Technology Corp., Shelburne, USA is used. The elec-
tromagnetic sensors support 6 degrees of freedom. Therefore, the rotation and
translation of each sensor can be determined explicitly and are compactly repre-
sented by an affine homogeneous 4×4 transformation matrix. A Model 90 sensor
with a diameter of 0.9mm is built into the catheter. Model 800 sensors with a
diameter of 7.9mm are attached to the surgical tools. In an OR environment
and in the presence of surgical tools (causing ferromagnetic disturbances), a dy-
namic accuracy of 1.3mm and a static accuracy of 2.4mm were determined for
a similar setup [10].

As shown in Fig. 3, the electromagnetic tracking system provides the affine
transformations OTK (kidney sensor → origin), OTL (laparoscope sensor →
origin) and OTP (pointer-tool sensor → origin).

2.2 Laparoscope

We use the 30◦ Hopkins2 laparoscope (Storz GmbH, Tuttlingen, Germany) to-
gether with the Prosilica GC laparoscopic camera (Allied Vision Technologies
GmbH, Stadtroda, Germany). The intrinsic parameters of the laparoscopic optic
are determined based on 2D–3D point-correspondences [9] established from a
5× 8 chessboard pattern.

As shown in Fig. 3, the transformation CTL links the laparoscopic sensor’s
CS and the CS of the camera. The methods to determine CTL are known as
hand-eye calibration. We implemented the least-squares approach proposed by
Park et al. [7].

2.3 Pointer-Tool

A laparoscopic gripper manufactured by Covidien, Mansfield, USA is used as a
navigated surgical device. The name pointer-tool is derived from its application
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for determining the 3D position of the tool-tip. The transformation TTP (Fig. 3)
is the translation from the pointer-tool sensor to the pointer-tool tip. We compute
it by the method described in [6].

2.4 Kidney Registration

The kidney registration results in the transformation V TK , which maps the CS
of the virtual 3D data to the CS of the electromagnetic sensor in the kidney
(Fig. 3). In the case of LPN, the 3D data are acquired from a pre-operative
diagnostic CT scan.

A well established method to compute the registration is based on 3D–3D
point correspondences [1]. If applied to the situation in Fig. 3, one has to select
N ≥ 3 identifiable landmarks V Ln (n = 1, . . . , N) from the virtual 3D data. By
using the pointer-tool, the corresponding landmarks TPn are then probed on the
real kidney. In order to represent them in the kidney sensor’s CS, denoted as
KPn, the following linear transformation is applied:

KPn =
(
OTK

)−1 · OTP · (TTP

)−1 · TPn (n = 1, . . . , N).

In a next step, we compute the transformation V TK by using the two point
sets V Ln and KPn (n = 1, . . . , N) as input for the method in [1]. The residual
fitting mismatch between the two 3D point sets is the average registration error

Ereg =
1

N

N∑

n=1

(∥∥V Ln − (
V TK · KPn

)∥∥).

2.5 Navigation

After the kidney registration and device calibration, the remaining task for com-
pleting the surgical 3D navigation toolchain is to generate the navigation views.

The Classical Abstract Navigation View can be realized by transforming virtual
anatomical 3D data V D and the surgical tool TP into a common CS and by
displaying them in a suitable 3D environment. In our implementation, we chose
the CS of the virtual 3D data as reference CS. Therefore, V D is already in the
correct CS. The surgical tool needs to be transformed from TP to V P by

V P = V TK · (OTK

)−1 · OTP · (TTP

)−1 · TP .

The Augmented Reality Navigation builds upon the classical abstract view. In
addition, the position and rotation of the laparoscopic camera, CTL, is mapped
to the 3D environment’s virtual camera pose V C by

V C = V TK · (OTK

)−1 · OTL · (CTL

)−1
.

Furthermore, the projective properties of the virtual camera are aligned with
those determined during the laparoscopic intrinsic camera calibration. Finally,
the undistorted laparoscopic image is put as background into the virtual scene.
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3 Experiments and Results

For the following experiments, we used six pig kidneys. Four of them were pre-
pared for the Sensor Shift experiment (Sec. 3.1) and two were dedicated to
determine the Overall Navigation Error (Sec. 3.2). For comparison purposes, a
rigid kidney-like mock object was taken into the experiments as well. The Mock
is constructed using a sponge and holds an artificial tumor made of silicone.

3.1 Sensor Shift

In the presented tracking approach, it is key that the electromagnetic sensor
placed in the renal pelvis does not move relative to the kidney while the organ
is exposed to external mechanical forces and motion during mobilization. In
addition, the error of applying a rigid registration to a soft-tissue structure needs
to be evaluated.

In order to observe sensor shifts, we compared an initial 3D–3D registration
V TK0 with subsequent registrations V TKi . Between each pair of consecutive reg-
istrations, we applied a standardized motion to the kidney, similar to the ones
that can be observed during mobilization. The registration differences of the
respective 4 × 4 homogeneous transformation matrices can then be split into a
rotational part ΔΘi and a translational part Δti. Since rotations are executed
first, Δti depends heavily on ΔΘi. At the same time, the distance to the CS
origin matters. Therefore, we decided to consider only ΔΘi as a quantitative
measure between the registrations. A good illustration of the effect of ΔΘi is
the resulting point shift ΔP i in a certain distance d from the sensor. Since the
length of an average kidney is about 10 cm, it is reasonable to assume that the
sensor can be placed within a range of d < 2.5 cm to the region of treatment.

We compute ΔΘi by the inner product of unit quaternions [4] as

ΔΘi = arccos
(∣∣q

(
r
(
V TK0

)) · q (r (V TKi

))∣∣),

since this rotation metric uses the common unit of radians. Here, q(.) converts
a rotation matrix into a 4 × 1 quaternion and r(.) extracts the 3 × 3 rotation
matrix from a registration. The shift of an arbitrarily chosen point, expressed as
Euclidean distance, is calculated as

ΔP i =
∥
∥
∥r

(
V TK0

) · �D − r
(
V TKi

) · �D
∥
∥
∥ with �D =

1√
3
·
⎡

⎣
1
1
1

⎤

⎦ · d.

The influence of the nonrigid part of the kidney is difficult to isolate. As a
reference, the results of the rigid Mock can be used. An additional indicator is
the registration error Ereg. In principle, differences between the pre-operative
CT scan and the actual kidney shape lead to an increased registration error.

The following experiment was performed ex vivo with four pig kidneys and the
above-described Mock. In order to avoid registration errors introduced through
landmark correspondence mismatches, five artificial landmarks with precisely
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known 3D coordinates from the CT data were used. We chose 20◦ of rotation
and 30mm of translation relative to the renal hilum (i.e., the entrance of ureter
and blood vessels to the kidney) as a reasonable parameterization for simulating
the possible mobilization of the kidney during LPN. For every step i, the same
motion sequence with the given values was applied to the organ. The reposition-
ing error of the used pointer tool was 0.2mm.

Fig. 4. Registration
rotational shift ΔΘ

Fig. 5. Point shift
ΔP for d = 25mm

Fig. 6. Registration
error Ereg

Results: As expected, the Mock performed best. Its registration errors (Fig. 6)
are about four times smaller than those of the kidneys. The difference can clearly
be attributed to the influence of organ deformation or, in general terms, to
nonrigidity.

In terms of the sensor shift, the Mock and kidneys perform comparably. The
rotational shifts (Fig. 4) of Kidney II and IV stand out, and so do the cor-
responding point shifts (Fig. 5). In the worst case, an error of 1.5mm can be
expected in a distance of 25mm from the sensor after applying the motion se-
quence five times.

In this experiment, the registration error is considerably larger than the point
shift. This is the case because the registration is performed over the whole kidney
(d ≈ 50–100mm), whereas the point shift is estimated for a distance of d =
25mm from the electromagnetic sensor.

3.2 Navigation Error

In the following experiment, we determined the overall positioning accuracy of
our navigation system in both modes: abstract navigation view and AR. The
experiment was performed on two ex-vivo pig kidneys and the Mock. For each
subject, 20 measurements were taken at five known artificial landmarks dis-
tributed over the whole kidney. However, in order to be close to the clinical
application, the kidney registration was performed using four well identifiable
natural landmarks. The repositioning error of the used pointer tool was 0.2mm,
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Fig. 7. Navigation error ΔAbstract Fig. 8. Navigation error ΔAR

Fig. 9. Real kidney overlaid with vir-
tual renal pelvis (blue)

Fig. 10. Virtual marker (green) beside
its real corresponding landmark

the error of the intrinsic camera calibration was 0.5 pixel, and the error of the
hand-eye calibration of the laparoscopic camera was measured to be 0.4mm.

In the case of the abstract navigation view, the pointer tool was used to probe
a defined landmark a on the kidney and to compare its position TPa against the
known 3D location V La. The difference is the target registration errorΔAbstracta :

ΔAbstracta = ‖V La − (V TK · (OTK)−1 · OTP · (TTP )
−1 · TPa)‖.

The target registration error of the AR navigation, ΔARa
, was determined

by comparing the visualized location of a landmark on the laparoscopic image
stream against its true position (Fig. 10):

ΔARa
= ‖TPRa − TPVa‖.

In practice, we used the pointer-tool tip to probe the 3D position of a visualized
landmark projected onto the kidney surface TPVa and to probe the true position
TPRa . The distance between the laparoscope and a particular landmark was
between 20mm and 35mm.

Results: Registration errors are 1.0mm for the Mock, 2.3mm for Kidney I, and
1.8mm for Kidney II. For the kidneys, the determined mean error is 1.9mm
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(std = 0.6mm) for abstract navigation (Fig. 7) and 2.1mm (std = 1.2mm) in
AR mode (Fig. 8, 9, 10).

The error of the AR navigation is higher than the one of the abstract naviga-
tion, which can be explained by the additional error of the camera transforma-
tion. The results also show that the standard deviation of the AR system is much
higher. This might be caused by the intrinsic camera parameters. We observed
wide-spreading errors of one landmark while changing viewing positions.

4 Conclusion

We showed that our transurethral electromagnetic tracking approach can be
applied for LPN, which uses resection margins of 5–7mm. With an AR error
range of 0.9–3.3mm, our approach performs better than the Calypso based LPN
[5] (3–5mm). However, the experiments also showed that our method is prone
to sensor shifts under possible mobilization of the kidney during surgery. For the
moment, this issue is tackled by performing re-registrations. In the future, we
hope to avoid it by using a dedicated catheter shape.
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