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Abstract
Purpose—The goal of this study was to determine the feasibility of electromagnetic tracking as a
method to augment conventional imaging guidance for the safe delivery, precise positioning, and
accurate deployment of thoracic aortic endografts.

Materials & Methods—Custom guidewires were fabricated and the delivery catheters for thoracic
aortic endoprostheses (Gore TAG endoprostheses, W.L. Gore & Assoc. Inc., Flagstaff AZ) were
retrofitted with integrated electromagnetic coil sensors enabling realtime endovascular tracking. Pre-
procedure thoracic CTA were obtained after placement of fiducial skin patches on the chest wall of
three anesthetized swine, enabling automatic registration. The stent graft deployment location target
near the subclavian artery was selected on the pre-procedure CTA. Two steps were analyzed:
advancing a tracked glidewire to the aortic arch, and positioning the tracked stent graft assembly
using electromagnetic guidance alone. Multiple CT scans were performed to evaluate the accuracy
of the electromagnetic tracking system by measuring the target registration error which compared
the actual position of the tracked devices to the displayed “virtual” electromagnetic-tracked position.
Post-deployment CTA and necropsy confirmed stent graft position and subclavian artery patency.

Results—A stent graft was successfully delivered and deployed in each of the three animals using
real-time electromagnetic tracking alone. The mean of the fiducial registration error of the auto-
registration was 1.5 mm. Sixteen comparative scans were obtained to determine the target registration
error, which was 4.3mm ± 0.97 mm (Range: 3.0 to 6.0mm) for the glidewire sensor coil. The target
registration error for the stent graft delivery catheter sensor coil was 2.6 mm ± 0.7 mm (Range: 1.9
to 3.8 mm). The deployment error for the stent graft defined as deployment deviation from target
was 2.6mm ± 3.0 mm.
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Conclusion—Delivery and deployment of customized thoracic stent grafts is feasible and accurate
in swine using electromagnetic tracking alone. Combining endovascular electromagnetic tracking
with conventional fluoroscopy may further improve accuracy and be a more realistic multi-modality
approach.

Introduction
Thoracic aortic stent grafts have been approved for use in the US for the treatment of aneurysms
in the thoracic descending aorta since 2005 (1). Their worldwide use for the treatment of
transections, pseudoaneurysms, traumatic and non-traumatic dissections (2-4) has significantly
grown over the past decade (2,3). This endovascular procedure is increasingly performed in
the operating room with portable mobile C-arm fluoroscopy (3) which may not provide optimal
imaging, especially in larger patients, and may lead to sub-optimal delivery and deployment.

Imaging feedback is essential for successful treatment since unintended coverage of the left
subclavian artery may induce neurological symptoms requiring brachiocephalic
revascularization (5,6). Improved methods to enhance visualization or navigation may be
desirable to avoid these complications (2,4,7, and 8). Adequate delineation and localization of
any dissection flap, differentiation between the true and false lumens or catheterization of the
contralateral gate in cases of abdominal aortic aneurysm repair are essential steps (9). Therefore
several angiograms in different views are often obtained to adequately position the device just
prior to deployment. Although contrast induced nephropathy rarely occurs in individuals with
normal renal function, the risk increases as much as 25% in unstable patients with renal disease
(10), underlining the importance of contrast minimization during the procedure.

Electromagnetic navigation systems have been increasingly implemented in surgical
applications (9,11). These navigation systems enable precise positioning and orientation of
surgical, endoscopic, and interventional devices in patients, by referencing advanced imaging
modalities usually not available in the procedure room. They can also be used to fuse pre- and
intra-procedure imaging modalities such as ultrasound, MR, CT, and PET. Tracked needle
placement is also increasingly used in percutaneous interventional oncology (12). Few
publications are available however on the emerging technology of endovascular
electromagnetic navigation. Early experiences with similar electromagnetic magnetically
tracked wires and catheters in swine have been reported (12,13). Manstad-Hulaas (14) reported
side-branched AAA stent graft insertion using navigation technology in phantoms. We
performed an in vivo pilot study in 3 swine using electromagnetic navigation alone for thoracic
stent graft deployment, with analysis of accuracy and feasibility.

Study Endpoints and Analysis
The purpose of the study was to determine whether electromagnetic tracking allows delivery
and deployment of a modified thoracic aortic stent graft. Success was defined as accurate
navigation and deployment of the stent graft as close as possible to a predetermined target
vessel origin, without occluding or covering the vessel origin using electromagnetic navigation
as sole source of guidance. Verification CTs and CTAs were performed to evaluate system
accuracy for real time navigation of the customized devices i.e. tracked thoracic stent grafts.
In each case, positioning of the stent graft was evaluated by pre and post deployment CTA as
well as gross inspection at necropsy. A 2-3mm deviation from target was deemed acceptable.
In a clinical setting with angiography, a 2mm deviation from the posterior wall of the subclavian
artery would be difficult to assess. The fiducial registration error, target registration error and
deployment error were assessed as explained below.
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Definition of Measurements
The registration accuracy or “fiducial registration error” was assessed in each case by
calculating the root mean square of the difference between the imaged position of the fiducial
registration patches and their registered position in the electromagnetic field (15). The software
automatically calculates this value, which is one measure of the quality of the registration.

Target registration error defines the error of mis-representation of the tracked device location
reported by the system and its real location (and is due to the registration process). Target
registration error is measured by determining the system-reported location of the tracked device
(on the pre-procedural reference CT), and comparing it to the actual location of the same
tracked device on a post manipulation CT image. To accurately determine target registration
error, additional co-registrations, post-processing and calculations are required. The following
calculations occurred as part of this study, and are not routinely acquired. Since it cannot be
assumed that the pre-manipulation CT (initial) and post-manipulation CT scans are taken with
the subject in the same location, it is necessary to co-register the pre-manipulation image (on
which the navigation occurred) with the post-manipulation image that shows the device in a
test location. Co-registration is performed by using the same fiducials registration patches
(Figure 1) used for the initial registration (between subject space and image space) to register
the pre and post-manipulation images, and determine the transformation between the pre- and
post-image spaces. A co-registration matrix is calculated and used to transform the pre-
manipulation data to the post-manipulation image, making it possible to depict the instrument
location on the post manipulation scan, which also includes the actual location of the
instrument; the target registration error is then calculated. Simplified, the error distance (target
registration error) is calculated between the electromagnetic sensor-displayed point and the
actual point (as determined on the post-manipulation CT). The target registration error for all
sensor coils was assessed, including the one at the tip of the guidewire and the sensor coil
integrated in the delivery catheter at the level of the distal end of the stent graft. Note that
determining the proximal tip location of the stent graft based on the sensor coil at the distal
end of the latter is not ideal since the system assumes that the tip of the device lies in the same
direction as the sensor and does not take into account bending between the sensor and the tip
of the stent graft (See table 1 for more explanation).

Deployment error is defined as the difference between actual final stent graft position and the
intended target deployment location. This is a systemic composite of registration, tracking, and
operator errors, in addition to graft properties.

Methods and Materials
Swine Experimental Protocol

The non-survival procedures were performed under an approved Animal Use Protocol in
compliance with federal regulations and NIH animal care standards. The normal swine weighed
104-124 lb. All procedures were performed under general anesthesia (Isoflurane), without
paralytic drugs. The left jugular vein was accessed surgically and a 5Fr Avanti (Cordis Johnson
& Johnson, Piscataway, NJ) sheath was placed. The right femoral artery was accessed
surgically and a 6Fr Avanti (Cordis JnJ Piscataway, NJ) sheath was initially placed.

Hardware
Tracked guidewires and stent grafts were custom fabricated and retrofitted with integrated
embedded sensor coils (Traxtal Inc, Toronto, Ontario). Custom hydrophilic-coated angled
glidewires were fabricated (Traxtal Inc, a Philips Healthcare Company, Toronto, Ontario) with
an internal sensor coil at the tip. Thoracic aortic Endoprostheses, (Gore TAG endoprostheses,
W.L. Gore & Associates Inc., Flagstaff, AZ) were retrofitted with a micro-sensor coil at the
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distal end of the stent extending along the delivery catheter shaft (Figure 2). All stent grafts
were 26mm in diameter × 10cm in length.

Navigation Technology and Software
The navigation system is an experimental, custom modified, endovascular software derived of
a commercially marketed image guided intervention system (Traxtal Inc.) The system uses a
small electromagnetic field generator (Aurora; Northern Digital, Waterloo, Ontario) placed on
a modified passive support and positioning arm. The generator produces an ultra-low
electromagnetic field (<70μT) enabling simultaneous tracking of the several sensor coils within
a work volume of 500mm × 500mm × 500mm. A weak current is induced within the sensor
coil that is converted to the coil's location and orientation relative to the electromagnetic field
generator. Once registered, the position of any tracked device within the work volume will be
projected in real time onto the CT images as a graphic icon superimposed on the images.

Experiment Description
Three attached automatic registration patches (Traxtal Inc.) were positioned on the least mobile
part of the chest; the sternum and ribs (Figure 1). These fiducial registration patches are radio-
opaque and are actively tracked so they can partly correct for respiratory motion alterations
and gross motion of the subject. A CT angiogram of the thoracic aorta (that included the
patches) was obtained in arterial phase following an intravenous injection of iodinated non-
ionic contrast (Isovue 300, Bracco, Princeton, NJ, USA) at 1mL/Kg at a rate of 2ml/sec on a
16 detector row CT (MX8000/IDT, Philips Medical Systems, Cleveland, OH) with 2 mm slice
thickness and 1 mm spacing. Breath-hold was achieved by mechanically fully inflating the
lungs of the pigs (2kPa), without use of paralytic agents. All CT scans were performed with
breath-hold. The pre-CTA with the fiducial patches in place allowed for automatic registration
once transferred to the navigation software and partly corrected for respiratory motion. The
fiducial registration error was recorded for each procedure after that initial CTA. The
deployment target site, the aortic arch immediately posterior to the origin of the left subclavian
artery was also selected on the navigation software display. Therefore the target was marked
on the reformatted images of the CTA in all 3 planes and the 3D view.

A tracked guidewire was advanced from the common femoral artery access to the aortic arch
using electromagnetic tracking. The tracked wire is projected on the reformatted CT images
in all 3 planes as two crossing yellow lines. As the operator advances the wire, the position of
the two crossing yellow lines (representing the wire), changes (See figure 3 and 4).

The target registration error for the wire was determined by navigating the wire and catheter
to the vicinity of a great vessel origin (used as a landmark on imaging) with electromagnetic
tracking. The “virtual” location coordinates of the tracked wire were recorded and a non-
enhanced thoracic CT with 2 mm slice thickness and 1 mm spacing was obtained
simultaneously in order to compare the actual location of the guidewire on imaging with the
“virtual” or tracked location. The operator was blinded to the results of the CT scan to insure
that navigation and deployment were performed with electromagnetic guidance alone. This
process was repeated several times to obtain several target registration error measurements. Of
note some target registration error measurements were obtained with the tracked tool advanced
into a great vessel while others were obtained with the tracked tool in the aorta adjacent to the
origin of a great vessel.

Once the tracked hydrophilic guidewire was exchanged for a stiff Amplatz guidewire, the graft
sheath was inserted from the groin. The stent graft was then advanced into the descending aorta
from the common femoral artery access. Using the electromagnetic tracking system alone, the
stent graft assembly was positioned. The position of the sensor coil used for navigation is
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displayed real time in all 3 planes and 3D view in reformatted images of the initial CTA.
Additional non-enhanced thoracic CTs with 2 mm slice thickness and 1 mm spacing, were
obtained for additional target registration error measurements of the stent graft shaft sensor
coil. The stiff Amplatz guidewire was then exchanged for the tracked hydrophilic guidewire
placed at the tip of the stent graft. Additional target to registration error measurements were
obtained with the tracked hydrophilic guidewire sensor coil. The operator remained blinded to
these CT results. Following the CT for error measurement, the stent graft was deployed at the
predetermined target, just distal to the posterior wall of the subclavian artery. A post-
deployment CTA of the thorax was obtained with the same field of view and conditions used
for the pre-deployment CTA to confirm adequate stent graft placement and subclavian patency.
While under general anesthesia, euthanasia was performed by exsanguination followed by
necropsy. At that time, two separate operators measured the distance from the leading edge of
the stent graft to the origin of subclavian artery. A total of sixteen CTs were obtained for target
registration error measurements throughout the procedures, nine for the glidewire sensor coil
and seven for the stent graft coil. Nine, four and three CT scans were performed in the first,
second and third subject cases, respectively.

Results
General outcome of procedures

Three modified thoracic aortic endoprostheses (Gore TAG endoprostheses, W.L. Gore &
Associates Inc, Flagstaff, AZ, USA) were successfully delivered and deployed in three swine
using electromagnetic tracking, without fluoroscopic guidance. The operator was blinded to
the results of all CT-scans except the initial pre-deployment CTA, which was loaded onto the
navigation system and used to determine the target site and catheter guidance. Electromagnetic
tracking enabled accurate display with real time updating of the wire and stent graft positions
displayed on previously acquired imaging datasets. Both the wire and stent graft were
successfully navigated with electromagnetic tracking into the aortic arch and descending aorta
respectively. The wire was also successfully navigated with electromagnetic tracking into the
branches of the arch vessels such as the left subclavian artery and left carotid artery.

Procedure time and contrast dose
The average procedure time was 240 minutes ± 80 minutes. The average contrast load was 158
mL± 38 mL per case (including pre- and post-deployment CTA as well as a pelvic CTA in the
first case to assure proper sizing of the introducer sheath).

Results of measurements obtained
The error between displayed and the actual positions of electromagnetic tracked stent graft
system components were obtained (table 2). The fiducial registration error was 1.5mm. The
target registration error with the sensor-enabled glidewires was 4.3mm± 0.9mm (range 3.0mm-
6.0mm). The target registration error of the tip of the stent graft using the glidewire sensor coil
was 4.4 mm ±0.4 mm (Range: 4.0 mm - 4.9 mm). The target registration error of the stent graft
shaft coil itself was 2.6 mm ± 0.7 mm (Range: 1.9 mm - 3.8 mm). However estimating and
projecting the distal tip of the stent graft using the sensor coil on the stent graft delivery catheter
had a target registration error of 8.8 mm ± 2.4 mm (Range 6.8 mm - 12.6 mm). Similarly
obtaining the target registration error of the position of the distal end of the stent graft using
the glidewire placed at the proximal tip of the stent graft was 9.2 mm± 2.5mm (Range: 5.7mm
- 11.5 mm).

In the second case, the fiducial registration error and an initial set of target registration error
measurements (two target registration errors for the glidewire sensor coil and one for the stent
graft sensor coil) were excluded due to metal interaction caused by the physical proximity of
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an unused nearby C-arm image intensifier. Moving the image intensifier solved the metal
interaction inaccuracy problem, and repeat fiducial registration error and target registration
error measurements were successfully performed. Moreover during that same case (swine 2),
we were unable to obtain target registration error measurements of the stent graft position using
the glidewire coil, due to a known defect in the stent graft, preventing exchange of a stiff wire
for a tracked glidewire.

The deployment error or difference between actual final stent graft position and the target
location according to the post-deployment CTA (Figure 5) was 2.6 mm ± 3.0mm (Range: 0-5.9
mm). The deployment error on gross examination at necropsy was concordant with the CTA
measurements as determined by two independent observers (Figure 6).

Discussion
Multimodality imaging and navigation in endovascular interventions is now translatable to
clinic, with the emergence of fusion CT and angiography tables, MRI and angiography tables,
rotational fluoroscopy/cone-beam CT, and electromagnetic tracking hardware and software
(16-18). Endovascular devices enabled with medical GPS-like positioning and tracking
technology allow the interventional operator to reference pre-procedural imaging in real time.
Such technology can bring multiple modalities together in different combinations and timing,
when clinically needed (11-13) to procedural areas normally devoid of this information. Stent
graft deployment is one possible clinical application for this paradigm. The three-dimensional
perspective obtained with electromagnetic navigation may provide a substantial contribution
in cases of dissections (19-24) by facilitating differentiation of the true and false lumens. It
may also improve volumetric localization of the contralateral gate in abdominal aortic repair,
and can potentially offer valuable input with fenestrated/ side branched aortic grafts (14).

Electromagnetic tracking for endovascular procedures may include directly integrated
hardware, in order to take advantage of potential improvement in accuracy, decreased contrast,
time or radiation. The contrast usage reported in this study included additional contrast used
for verification CTAs, which would not normally be required during an actual procedure since
only an angiogram would be obtained post deployment. The pre-procedure CTA or MRA may
actually be acquired hours or days prior to the deployment procedure as part of the pre-
procedural evaluation (26), further decreasing peri-procedural risk for acute tubular necrosis.

The system's performance is measured as the target registration error and especially the
deployment error. The distance between the sensor coil and the point to be tracked affected the
target registration error. For example if the tracked wire is positioned at the tip of the delivery
catheter, then the target registration error for the delivery catheter tip using the sensor coil on
the wire may be clinical acceptable. However the target registration error of the wire's sensor
coil will not be clinically acceptable if the wire is leading and free floating in the aorta. It is
conceivable to consider that the tracked wire can move with aortic pulsations during a CT scan.
If the sensor coil moves with a pulsation a few mm lateral and a few mm below its position on
the snap shot taken by the navigation system, then the target registration error will be the square
root of the sum of the distance difference in each plane; however this is not clinically relevant.
In other words, the wire/stent graft did not advance or get pulled back; rather they simply
floated in a large pulsating vessel, the aorta. Thus the target registration error tends to
exaggerate the system's inaccuracy in the pulsing vascular system. Again if the tracked tool is
advanced into a great vessel where motion is reduced then the target registration error will be
diminished hence explaining the variation between the target registration error measurements
obtained with the same sensor coil. Moreover, if the sensor coil at the distal end of the graft is
used to estimate the position of the tip of the stent, the target registration error will be even
larger. Indeed not only is the tip of the stent floating in the aorta but also the calculations based
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upon a remote sensor coil will estimate and project the tip of the stent without accounting for
bending. Therefore placing the sensor on the device, at the exact location to be tracked is most
reliable.

The deployment error, representing the final position of the stent graft compared to its desired
location is the most important element. In the present study the electromagnetic system alone
allowed accurate deployment of the stent graft near the target site (2.6mm deployment error).

Although this study demonstrated the feasibility of stent graft deployment with electromagnetic
guidance alone, electromagnetic navigation will not replace fluoroscopy, but rather may
augment existing paradigms. Similar to electromagnetic ultrasound and CT fusion applications
in interventional oncology, the vascular operator will likely have simultaneous access to the
multimodality imaging feedback as well as the conventional fluoroscopic imaging. Recent
technical developments have enabled integration of tracking technology directly into
fluoroscopy flat detector systems without the interference caused by metallic components of
an image intensifier based system (25).

Future studies will assess accuracy in a clinical trial setting for endovascular devices, as well
as address integration hurdles related to electromagnetic interactions with conventional and
flat detector fluoroscopic systems.
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Figure 1.
Fiducial registration patches allow automatic registration. Three fiducial registration patches
(white patch with arrow) were placed on immobile part of the swine chest; the ribs and sternum.

Abi-Jaoudeh et al. Page 9

J Vasc Interv Radiol. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
TAG device with integrated sensor coil. The arrow highlights the location of the sensor coil
with the wire extending along its delivery catheter shaft.
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Figure 3.
Graphical user interface for electromagnetic-guided navigation. The screen display (Traxtal
Inc., Toronto) shows the tracked tool (left upper corner), in this case an angled glidewire (large
black arrow). The yellow crossing lines on each panel indicate the position of the tracked sensor
coil. The target “T” is displayed as a small green cross on the pre-procedure CTA. Each panel
shows the position of the tracked tool in relation to target in one of the three planes, sagittal,
coronal and axial as well as a 3D view. The dotted yellow line indicates the direction the tracked
tool. The distance to the target in mm is also shown at the bottom of the screen. The position
and orientation of the tracked tool and the distance to target is updated real time.
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Figure 4.
Panel B is enlarged. It displays the position of the tracked tool in the sagittal plane. The small
green cross (black arrow) is the actual position of the target. The “T” (black circle) explains
the significance of the small green cross. The yellow crossing lines indicate the position of the
tracked tool. The yellow dotted line is the direction of the tracked tool.
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Figure 5.
2D MIP Reconstruction of a contrast enhanced CT of the thoracic aorta post-deployment
demonstrates the position of the stent graft in relation to the subclavian artery. The deployment
catheter is still in place when the CTA was taken.
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Figure 6.
Gross dissection of thoracic aorta and subclavian artery post necropsy. The position of the stent
in close proximity to the subclavian artery origin has been marked by a needle (green).
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