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Objective: To assess the feasibility of using an electromagnetic tracking for both registration and navi-
gation in endovascular aneurysm repair.
Materials and methods: A registration process was implemented to align computed tomography (CT) data
and electromagnetic tracking data. Two abdominal aortic aneurysm (AAA) phantoms were used, a rigid
plastic AAA model (phantom A) and a soft silicon AAA model (phantom B). A pre-procedural CT volume
was acquired for each phantom. Intra-operative simulation was performed by placing each phantom in
the magnetic field of the tracking device. Using a modified electromagnetic catheter, a set of three-
dimensional positions was acquired in the phantom’s aortic lumen. Pre-procedural CT images and
intra-procedural tracked positions were registered. Four reference points were used to calculate the
registration accuracy of phantom A. Three surgeons simulated catheterisation of the left renal artery with
phantom B using only image-guided procedure software.
Results: The mean registration error was 1.3 mm (range 0.88e1.89). The median time for left renal
catheterisation was 22 s (range 15e59).
Conclusion: Registration of CT data and electromagnetic tracking data is feasible using catheter positions
in the aorto-iliac structure as landmark. This navigation system could reduce X-ray exposure time and
the use of contrast medium injections.

� 2012 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.
Endovascular aneurysm repair is conventionally guided by two-
dimensional (2D) projection fluoroscopic images, so the operator
still performs the endovascular procedure by mentally fusioning
three-dimensional (3D) preoperative images and intra-operative
2D projection fluoroscopic images. This results in a loss of infor-
mation; moreover, the patient and medical staff are exposed to X-
rays and contrast medium is nephrotoxic.

Several solutions have been proposed to improve the endovas-
cular procedure through guided navigation. Some authors have
suggested using other imaging modalities as alternatives to fluo-
roscopy. Thus, the use of intravascular ultrasound (IVUS) has been
assessed.1 Another group has reported the implantation of endo-
prosthesis in 88 patients using IVUS and fluoroscopy2 to identify
the target site. Interventional magnetic resonance imaging (MRI)
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has also been proposed,3,4 but its use requires considerable changes
in the interventional environment and protocol. Moreover, cost and
lack of access to MRI still represent a limitation to its utilisation in
endovascular aneurysm repair (EVAR). Recently, intra-operative
cone-beam computed tomography (CT) has been evaluated in
fenestrated/branched aortic endografting.5 This technology
provides intra-operative 3D images to the surgeon andwould result
in lower contrast doses.

Another approach consists of transferring the preoperative CT
volume into the intra-operative environment by means of a regis-
tration step. Registration brings the pre-intervention data (patient
images or models of anatomical structures) and intra-intervention
data (patient’s images, positions of surgical tools, etc.) into the
same coordinate frame. Registration is frequently used in neuro-
surgery or orthopaedic surgery but is currently not used in endo-
vascular surgery. Penneyet al. proposed 3D/2D intensity-based rigid
registration, using the vertebra as regions of interest, between
a preoperative CT scan and intra-operative fluoroscopy images,
but the accuracy of registration was considered insufficient.6
ed by Elsevier Ltd. All rights reserved.
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Figure 1. Phantom A: plastic aortic phantom fixed to a plastic structure. 4 points of
reference numbered from P1 to P4 were defined on the plastic structure.
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Themethod has been recently improved.7 The results reported from
use of the image-guided surgery system during 23 procedures
showed that the method was within a target accuracy of 3 mm in
78% of cases. Göksu et al. also proposed feature-based rigid regis-
tration.8,9 In this case, the registration used 3D preoperative vessel
centrelines extracted by active navigation and 2D vascular structure
centrelines obtained from angiography. This navigation system
provides a good accuracy but still requires the use of contrast
medium for angiography.

Others authors have attempted to avoid the use of contrast
medium and to suppress or reduce fluoroscopy by using intra-
operative ultrasound.10 The registration was performed by local-
ising external fiducial markers in the CT volume followed by
matching the corresponding positions on the patient. Pujol et al.
proposed using an optical localiser and a magnetic localiser to
track, respectively, an ultrasound probe and the endovascular
device.11 Intra-operative ultrasound allowed the registration of the
preoperative CT scan within the intra-operative coordinate system.
A phantom study showed such registration to have a precision error
of about 2.1 mm, but the procedure was restricted in applicability.

Manstad-Hulaas et al. inserted a side branch stent graft in an
artificial abdominal aortic aneurysm (AAA). For registration, they
defined six anatomical landmarks in the 3D image and then located
the corresponding positions on the physical glass model with
a magnetic sensor.12 Wood et al. have showed in a phantom study
that itwas possible to use guidewire, catheter andneedle navigation
with electromagnetic tracking by matching pre-procedural images
and electromagnetic tracking data.13 Based on this type of approach,
Abi Jaoudeh et al. have recently deployed a thoracic aortic stent graft
in a pig using electromagnetic tracking.14 The accuracy of this 3D
navigation systemwas evaluated ex vivo and then in vivo in porcine
models.15 The estimated in vivo accuracy was 4.18 � 1.76 mm.
According to Wisselink et al., rapid advances in navigation tech-
niques will probably improve accuracy in the near future.16

Thus, electromagnetic tracking seems to be attractive for
endovascular device navigation. Indeed, a magnetic sensor can be
incorporated in the endovascular device and provides a real-time
localisation of the device in the volume of interest.17,18

However, before using an electromagnetic tracking system in
the operating room, a registration stepmust be performed to obtain
the geometric transformation between the preoperative and the
intra-operative coordinate systems. Usually, in this case landmark-
based registration is used. Landmarks must be visible both in the
preoperative CT scan and in the intra-operative environment. Thus,
an issue with this type of registration is the choice of landmarks.

� These may be external landmarks, such as external fiducials
attached on the patient’s skin before the CT scan13,14 or
a reference plate15 placed on the operating table underneath
the phantom, animal model or patient. In this case, the external
fiducials, or the reference plate, do not have to be moved until
surgery. However, in the context of soft tissue, the assumption
that the external fiducial will remain rigidly linked to the aorta
between the preoperative and the intra-operative time-points
is highly questionable.

� They can also be internal anatomical landmarks such as
vertebra or the vascular tree,12 but these landmarks are not
visible in vivo by the electromagnetic tracking, and another
imaging modality is required.

Our aim was to evaluate the feasibility of using electromagnetic
tracking for registration, using the aorto-iliac structure itself, and
navigation in AAAs. The hypothesis was that an accurate registra-
tion from geometrical path information within the aorto-iliac
structure might be possible, without using external landmarks.
Registration was performed using 3D CT images as the pre-
interventional data and 3D electromagnetically tracked surgical
tool positions as the intra-interventional data.

Materials and Methods

Aortic phantoms

We used two different phantoms. The first (phantom A) was
a plastic aortic phantom including renal and iliac arteries (primi-
tive, internal and external iliac arteries) (Fig. 1). It was a rigid
‘home-made phantom’ with a 5-cm diameter aneurysm and vessel
diameters of about 1 cm. This phantom was fixed on a plastic
structure with four points of reference, P1eP4. P1 was located
equidistant from the renal ostia; P2, P3 and P4 were located in
a transverse plane fixed under the aorto-iliac bifurcation (Fig. 2).

The second aortic phantom (phantom B) was a soft silicon
abdominal aortic aneurysm model (ELASTRAT� in vitro model,
Shelley Medical Imaging Technology) (Fig. 3). This model provided
a realistic environment for the simulation of endovascular proce-
dures. The aneurysm diameter was about 80 mm and the left and
right iliac diameters were 13 and 12 mm.

Preoperative imaging

CT volumes of the two aortic phantoms were acquired with
a multi-slice CT scanner (General Electric). The CT volume of
phantom A contained 445 slices, each of 512 � 512 pixels with
a resolution of 0.7 mm2 andwith 0.9 mm inter-slice spacing. The CT
volume of phantom B contained 2041 slices, each of 512 � 512
pixels with a resolution 0.51 mm2 and with 0.5 mm inter-slice
spacing.

After reconstruction of CT volume in the preoperative coordi-
nate system (RCT), we applied standard image-processing tech-
niques to each volume to extract the aortic lumen, which contained
all the possible paths of the tracking devices. The two volumeswere
segmented using a classical 3D region-growing algorithm. To
improve registration accuracy, aortic arterial branches were inter-
actively removed from the resulting binary volume by means of
a volume-sculpting tool (two renal arteries, two internal iliac
arteries and digestive arteries). Indeed, renal and internal iliac
arteries are not paths of the modified catheter during the
procedure.



Figure 2. Axial CT slice of phantom A. P2, P3, P4 were located in the same transverse
plane fixed under the aorto-iliac bifurcation.
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To perform the registration of preoperative data and intra-
operative data, an Euclidean distance map19 was built from the
segmented aortic volume.
Electromagnetic tracking system

We used the Aurora� Magnetic Tracking system (Northern
Digital Incorporated, Ontario, Canada) to track modified catheters
in the aortic phantoms. This system is composed of a field gener-
ator, a system control unit (SCU) and a sensor interface unit (SIU)
(Fig. 3). A very low current is induced in the sensor placed within
the electromagnetic field. The SIU converts the voltage induced in
the sensor into digital data and sends it to the SCU, which analyses
the data and calculates the position and the orientation of the
sensors. According to the manufacturer, the acquisition volume is
projected outwards from the front face of the field generator, offset
by 50 mm from the generator and corresponds to a cube of side
Figure 3. Schematic representation of phantom B in the intra-operative frame. The aortic
freedom magnetic sensor at the tip (Red Arrow) is advanced in the aneurysm. The System In
it to the SCU (System Control Unit).
length 50 cm. For our experiments, we used modified 7-Fr endo-
vascular catheters with 5 degrees-of-freedom magnetic sensors
fixed on the tips. The catheters were single lumen catheters, so in
our experiment the wire that connected the magnetic sensor to the
interface unit obstructed the catheter lumen. In addition to the
tracking of the catheter tip, the positions of the reference points on
phantom A were measured by means of a 6 degrees-of-freedom
magnetic pointer. These reference positions were only used to
assess the registration accuracy.
Software

Image-guided procedure software was developed in Cþþ
(Fig. 4). This was based on the open source image-guided surgery
toolkit (IGSTK) framework to communicate with the Aurora�

electromagnetic tracking system. The insight segmentation and
registration toolkit (ITK) and visualisation toolkit (VTK) were also
used to implement the registration and visualisation functions.
Intra-operative acquisition procedure

The magnetic field generator was placed on the left side of each
phantom. The modified catheter was inserted into the right iliac
artery, and was positioned in the coeliac aorta under direct vision.
Next, point acquisition (3D-position tracking) was manually started
at 5-Hz frequency and themodified catheter was slowlywithdrawn
(approximately 2 cm s�1) inside the right aorto-iliac branch. Point
acquisition was stopped when the tip of the catheter reached the
distal external iliac artery. The same procedure was repeated in the
left aorto-iliac branch. From this procedure, we obtained a set of 3D
positions expressed in the intra-operative coordinate system and
representing the trajectories of the modified catheter in the aorto-
iliac lumen. The intra-operative coordinate system was called the
‘tracking device coordinate system’ (RTD).
phantom is placed in the magnetic field. The 7Fr modified catheter with 5 degrees of
terface Unit (SIU) converts the voltage induced in the sensor into digital data and sends



Figure 4. Image-guided procedure software.
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Registration (RCT / RTD)

To align preoperative CT images and intra-operative data, regis-
tration was used to estimate the 3D rigid-body transformation
(rotation and translation) between the CT coordinate system RCT
(Fig. 5a) and the tracking device coordinate system RTD (Fig. 5b). In
otherwords, the result of the proposed path-based registration is the
3D rigid-body transformation T (Fig. 5c). It can then be applied to the
intra-operative tracking data to express the positions and orienta-
tions of the catheter tip in the 3D preoperative CT volume (Fig. 5d).
The registrationmetric, indicating howwell the data are aligned, was
defined as the sum of squared distances between each measured TD
point (Fig. 5c) and the closest point on the vessel wall extracted from
the CTscan. Thismean squaremetricwas computedbymeans of a 3D
distance map. We used a regular step gradient descent optimisation
algorithm tominimise the registrationmetric and thus to register the
tracking device data with the CT volume image. The initial parame-
ters of the registration process were readily determined by consid-
ering the approximate position and orientation of the magnetic
source with respect to the anatomical structure. Successful registra-
tionwas obtained in all tests. The duration of the registration process
was 5e10 s on an Intel i7 870, 6 G0 RAM PC.

Evaluation criteria

Phantom A
The procedure was repeated seven times to evaluate the

reproducibility. Three criteria were assessed for the evaluation of
the registration: success or failure of registration, computation time
for registration and registration accuracy. Registration accuracywas
evaluated using the distance between (1) the reference points
extracted from the CT volume and expressed in RTD and (2) the
reference points measured in RTD by manually locating them with
the Aurora� magnetic pointer.

Phantom B
To evaluate the registration in the ELASTRAT model, we used

a clinical criterion: the ability for three surgeons to catheterise
a renal artery using only the 3D navigation software, without direct
vision or fluoroscopy/angiography. The surgeons included one
experienced (operator 2), one moderately experienced (operator 1)
and one inexperienced (operator 3) in endovascular procedures.
First, the point set acquisition procedure was realised under direct
vision by each surgeon. The preoperative CT data were registered
with the intra-operative 3D tracking data. Then the phantom was
hidden with an opaque sheet and the surgeon tried to catheterise
the left renal artery using only the 3D navigation software. When
the tip of the modified catheter was in the renal artery according to
the surgeon, the catheter was stopped and the correctness of
catheterisation was assessed by direct vision. Each surgeon per-
formed five trials and the time for each renal artery catheterisation
was recorded. Data analysis was performed using Excel (Excel,
Microsoft Inc.). Due to the limited number of samples, a non-
parametric Kruskal and Wallis test was used to evaluate the
agreement between the three surgeons.

Results

Phantom A (Table 1)

Registration accuracy of the different tests is presented in
Table 1. Mean error after registration for the four landmarks was
1.3 mm (range, 1.08e1.65 mm). Mean error after registration along
the cranio-caudal axis (z-axis) for the four landmarks was 0.53 mm
(range, 0.29e0.96 mm).

Phantom B (Table 2)

All operators successfully reached the target. The mean time for
inserting the modified catheter in the left renal artery was 28 s
(range 19e45 s). The median times for left renal artery catheter-
isations were 21, 22 and 24 s for operator 1, 2 and 3, respectively
(Table 2). The result of the non-parametric Kruskal and Wallis test
was c2 ¼ 0.26 showing that there was no significant difference
between the operators (p¼ 0.88) and thus that the method was not
sensitive to the operator.



Figure 5. General scheme of the registration procedure. a) Aorto-iliac lumen is extracted from the preoperative CT scan. The data are expressed in the CT coordinate system RCT. b)
The intra-operative positions of the catheter tip are measured in the Tracking Device Coordinate system RTD. c) Registration of preoperative CT data (CT coordinate system) and
electromagnetic tracking data (TD coordinate system). d) After registration, the modified electromagnetic catheter is tracked in the aortic phantom using only an image-guided
procedures.
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Discussion

Matching preoperative images with the intra-operative elec-
tromagnetic tracking data seems to be an interesting solution to
improve endoprosthesis delivery in EVAR. Electromagnetic
tracking, which gives precise localisation and orientation, can be
used to track the medical device. This navigation system has been
tested in both in vitro and in vivo studies.11e15 However, despite
good results, this navigation system is not used routinely in clinical
practice. One of the main drawbacks lies in the use of landmarks for
registration. Indeed, most authors use external landmarks for
registration. These fiducials must be attached to the patient’s skin
before the CT scan. Thus, the external landmarks are visible in the
volume CT and are used to perform the registration.

Instead of using external landmarks, our aim was to electro-
magnetically acquire a set of 3D positions of the catheter tip within
the phantom lumen as landmarks for registration.
Table 1
Registration accuracy for phantom A (registration errors are expressed in mm).

P1 P2 P3 P4 Mean
registration
error

Mean registration
error: z component

Test 1 1.32 1.15 0.88 0.96 1.08 0.4
Test 2 1.67 1.48 1.38 1.05 1.4 0.29
Test 3 1.56 1.38 1.17 0.89 1.25 0.32
Test 4 1.84 1.78 1.89 1.08 1.65 0.37
Test 5 1.01 1.29 1.32 1.33 1.24 0.72
Test 6 1.31 1.21 1.29 1.21 1.25 0.96
Test 7 1.1 1.21 1.29 1.21 1.2 0.68

1.3 0.53
Phantom A (a home-made rigid phantom) enabled us to validate
our hypothesis. Mean registration accuracy was 1.3 mm for the four
reference points used for the test. The mean registration accuracy
along the cranio-caudal axis was of 0.53 mm. Accuracy along the
cranio-caudal axis is important because this axis represents the
main source of error for the surgeon who might deliver the endo-
prosthesis above or below the planned location in the aorta.

In addition, we tested our registration procedure in a realistic
soft aortic aneurysm phantom. A clinical criterion was used to
evaluate the registration accuracy: the ability for three surgeons,
with differing experience in endovascular procedures, to catheter-
ise the left renal artery using only the 3D navigation software and
without the use of angiography or fluoroscopy. Allowing a mean
time of 28 s and a median time of 22 s for a renal artery catheter-
isation, the navigation system appears easy to use and would
provide a valuable aid to the performance of endovascular
procedures.

One limitation of our study is the fact that left renal catheter-
isation was made with the electromagnetic catheter only. Indeed,
the catheter was not advanced over the guidewire because our
modified catheter presented only 1 lumen, unlike that used by
Manstad-Hulaas et al.15 The catheter’s lumenwas obstructed by the
Table 2
Time for left renal artery catheterization for each surgeon (Times are expressed in
seconds).

Test1 Test 2 Test 3 Test 4 Test 5 Mean time Median time

Operator 1 59 21 18 15 49 32 21
Operator 2 40 32 17 22 17 26 22
Operator 3 37 33 24 19 20 27 24
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presence of the magnetic sensor wire, and thus could not be used
normally. This limitation will be resolved with the development of
a custom-built guidewire with a magnetic sensor on its tip, thus
providing a more realistic experience.

Another limitation is that possible distortions in the magnetic
field resulting from the presence of the X-ray generator or from the
endoprosthesis itself have not been evaluated. Some authors have
investigated the stability of electromagnetic tracking systems in the
presence of surgical instruments as a possible source of distor-
tions.20 Nonetheless, the Aurora� Magnetic Tracking system that
we used showed stable performance even in the presence of
potential sources of distortion.

Despite its limitations, this preliminary study demonstrates that
the electromagnetic tracking of catheter tip positions can be used to
accurately register preoperative CT data and intra-operative elec-
tromagnetic tracking data through an ‘auto-registration process’,
that is, with no additional external landmarks. Electromagnetic
navigation without the need for contrast medium is thus possible.
Nevertheless, during the actual interventional procedure, the need
for fluoroscopy is unlikely to be completely removed, but the
exposure time could be considerably reduced. In addition, this
registration technique provides the surgeon with a 3D environ-
ment, which could assist him in complex endovascular procedures.

Conclusion

We present an original method to register preoperative CT scan
and intra-operative electromagnetic tracking data in an abdominal
aortic phantom. It is based on the electromagnetic tracking of the 3D
positions of the catheter tip within the aorto-iliac lumen. This navi-
gation system provides the surgeon with the accurate position and
orientation of the device. In vivo, this navigation system could be
combined with intra-operative fluoroscopy to reduce the X-ray dose
and the use of contrast medium during endovascular procedures.

Future work will concern in vivo procedures on animal models
and the issue of vascular deformations resulting from the use of stiff
endovascular devices.
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