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Magnetic Navigation for Thoracic Aortic Stent-graft
Deployment Using Ultrasound Image Guidance
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Abstract—We propose a system for thoracic aortic stent-graft
deployment that employs a magnetic tracking system (MTS) and
intraoperative ultrasound (US). A preoperative plan is first per-
formed using a general public utilities-accelerated cardiac model-
ing method to determine the target position of the stent-graft. Dur-
ing the surgery, an MTS is employed to track sensors embedded in
the catheter, cannula, and the US probe, while a fiducial landmark
based registration is used to map the patient’s coordinate to the
image coordinate. The surgical target is tracked in real time via
a calibrated intraoperative US image. Under the guidance of the
MTS integrated with the real-time US images, the stent-graft can
be deployed to the target position without the use of ionizing radia-
tion. This navigation approach was validated using both phantom
and animal studies. In the phantom study, we demonstrate a US
calibration accuracy of 1.5 ± 0.47 mm, and a deployment error of
1.4 ± 0.16 mm. In the animal study, we performed experiments on
five porcine subjects and recorded fiducial, target, and deployment
errors of 2.5 ± 0.32, 4.2 ± 0.78, and 2.43 ± 0.69 mm, respectively.
These results demonstrate that delivery and deployment of tho-
racic stent-graft under MTS-guided navigation using US imaging
is feasible and appropriate for clinical application.

Index Terms—General public utilities (GPU)-accelerated car-
diac modeling, magnetic navigation, preoperative planning, ultra-
sound probe calibration.

I. INTRODUCTION

IN 1994, Dake et al. [1] first proposed an approach, using
endovascular stent-grafts, for the treatment of thoracic aortic

aneurysms that employed a customized deployment device to
place a stent-graft at the target position of the descending aortic
intima under the guidance of X-ray. There has been continuous
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development of new stent-grafts and implantation techniques
over the last ten years, and in 2005, stent-graft was approved for
use in the U.S. for the treatment of aneurysms in the thoracic
descending aorta [2]. While this approach has subsequently been
used widely in other countries including China, fluoroscopy
and angiography remain the surgical guidance modality but this
has three distinct disadvantages. First, fluoroscopy exposes the
clinicians, staff, and patient to ionizing radiation. Second, during
the surgery, the patient must be injected with boluses of contrast
agent, increasing the risk of iatrogenic renal injury [3]. Third,
both fluoroscopy and angiography only provide 2-D images,
yielding poor visualization in some regions of the aorta, giving
rise to navigational limitations [4].

In recent years, there has been a progressive trend to use
MTS in surgical applications [5], [6] to assist in image-guided
navigation by providing position and orientation information
of instruments and ultrasound transducers. With the ability to
relate these devices to the patient coordinate system, preopera-
tive plans and images can be registered to, and combined with,
real-time imaging modalities [7]. This approach has the poten-
tial to allow the deployment of a stent-graft using ultrasound
rather than X-ray guidance. Several researchers have addressed
the application of MTS navigation in stent-graft deployment.
Wood et al. [7] and Levy et al. [8] used similar approaches
to track wires and catheters in swine during such procedures,
while Manstad-Hulaas et al. [9] employed navigation technol-
ogy to deploy stent-grafts for treatment of side-branched ab-
dominal aortic aneurysms in phantoms. Abi-Jaoudeh et al. [10]
performed a study on three swines using MTS navigation alone
for thoracic stent-graft deployment and presented an analysis of
accuracy and feasibility. The MTS can show the 3-D informa-
tion such as the model of instrument and cardiac structure. The
relative position between the instrument and patient can be dis-
played intuitively by using the MTS. However, the MTS alone
cannot recover movements of soft tissue during the surgery that
could be used to update the preoperative cardiac model.

Intraoperative ultrasound is an attractive complement to pre-
operative computer tomography (CT)-MRI during surgery with
increasing safety, lower cost, ease of use [11]. Real-time US
imaging can provide information relating to the surgical target
region in real time, leading some researchers to use US imaging
in their clinical navigation systems. Huber et al. [12] reported
the use of US in an animal model of simultaneous intracardiac
and intravascular US to navigate an off-pump aortic valve stent
implantation. Linte et al. [13] developed a navigation system and
introduced the US image into the system to construct an aug-
mented reality guidance environment for off-pump, closed, and
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beating intracardiac surgery in a phantom. In addition, Huang
et al. [11] developed the means to register dynamic 2-D and 3-D
US to 3-D CT images of the beating heart in both phantoms and
animal models.

The approach proposed in this paper was to combine MTS
navigation with US images for the deployment of a stent-graft
for treatment of thoracic aortic aneurysms. Here, we replace
traditional X-ray guided deployment with MTS tracked US. We
first, construct a 3-D cardiac volume model from a preopera-
tive 3-D CT image to allow preoperative planning. Under MTS
guidance, the real-time US image can be combined with the
preoperative model to assist the surgeon to confidently place
the stent-graft on target. We believe that this is the first applica-
tion of thoracic aortic stent-graft deployment using US imaging
assisted by MTS.

II. MATERIALS AND METHODS

A. General Public Utilities-Accelerated Cardiac Model

The first component of our system is the cardiac model con-
structed from the patient’s preoperative CT images. The CT
images were then rendered by a General Public Utilities (GPU)-
accelerated raycasting algorithm [14]–[16], implemented with
compute unified device architecture programming.

Segmentation of the heart and aorta from the preoperative
CT image was achieved via an automatic segmentation algo-
rithm [17], [18] used to first isolate the descending aorta, fol-
lowed by multistage 3-D image segmentation [19] to isolate the
heart. This method consists of two steps. First, seeds are selected
manually in the region of the heart to perform a fast matching
to delineate an initial contour, which may not contain the entire
heart but avoids the leaking caused by introducing global infor-
mation regarding the contour into the speed function. A mor-
phological reconstruction algorithm was then applied to recover
any lost structure from the last stage to achieve whole heart re-
gion. Finally, an interactive procedure was employed to separate
the resulting segmentation from possibly included surrounding
regions. This entire procedure takes seconds for the automatic
portion, and less than 4 min for the manual component, making
it considerably more efficient than a traditional manual-based
segmentation. The segmentation result is displayed using the
GPU-accelerated volume rendering procedure, to reconstruct
the model shown in Fig. 1.

B. Preoperative Planning

Since the unfolded stent-graft is similar to a cylinder, the
deployment target can be considered as a plane where the top
of the stent-graft should be positioned. Since the intersection
of the target plane and the aorta is approximately a circle, the
task of preoperative planning is to find the plane (circle) at the
disruption of the descending aortic intima.

The target plane is defined on the 3-D heart model by se-
lecting a set of points p1 , p2 , . . . , pn evenly distributed on the
circumference [see Fig. 2(a)] of the edge of vessel at the location
of the aneurysm, and closest to the arteries emanating from the

Fig. 1. GPU-accelerated cardiac modeling. (a) GPU-accelerated raycasting
volume rendering. (b) Result of GPU-accelerated cardiac modeling.

Fig. 2. Preoperative planning. (a) Points on the target. (b) Created target
plane. The surgeon analyses the segmented preoperative CT volume to locate
the aneurysm (target position) and place some points on the circumference of
the vessel at the location of the aneurysm and close to the arteries on the aorta
arch. These points define a target plane.

aorta arch. Finally, a least-square fitting algorithm is employed
to create a plane of intersection with the aortic arch.

After the target plane is defined, we project these points on
the plane to obtain another group of points p′1 , p

′
2 , . . . , p

′
n as

control points to create a cardinal spline to represent the target
position circle (the cross section between the target plane and
the aorta) as shown in Fig. 2(b).

C. US Probe Calibration

Prior to the use of US in a navigation system, the US probe
must be calibrated to determine the transformation from the US
image coordinate system to that of the MTS tracking sensor at-
tached to the probe. Fig. 3 shows the various coordinate systems
involved in the probe calibration. TMtd←ui is the transform ma-
trix from the US image coordinate system to that of the tracking
device, and the TMw←td is the transform relating the tracking
device to the world coordinates defined by the MTS. A point in
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Fig. 3. Coordinates involved in ultrasound probe calibration.

the US image transformed to the world coordinate system can
be represented by
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where (uk , uv ) represents a point in the US image, sx, sy are the
scale factors of the x and y axes, respectively, and (xw , yw , zw )
is the corresponding location in world coordinates.

Because of the speed necessary to perform the US calibration
in the operating room, we chose a 2-D alignment method [20],
[21] to calibrate the probe.

D. Calibration Phantom

The basic idea of 2-D alignment is to manually align the US
plane with a set of points [22]. We designed and built a cus-
tomized calibration phantom comprising a box with in which
a calibration panel containing 25 polyvinylchloride cylinders
of 1.5-mm radius and 1-mm height is placed for this purpose
(Fig. 4). Each cylinder contains a 0.5-mm divot within its ex-
posed surface, and is inserted into the panel in 1-mm deep holes.

E. Automatic Detection and Identification of Image Points

We developed an automatic algorithm to detect the centers of
cylinders in the US image, when the US image plane is aligned
with the plane defined by the centers of the cylinders.

Since the intensity of the cylinders in US image is much
higher than that of most of the speckle in the images, they may
be isolated by using a threshold (in our application, the thresh-
old value is set at 190 on 256 step scale). After thresholding,
a morphological opening operation [23] is then performed to
remove any spurious points. Because the cross section of the
cylinder in the US image plane is approximately disk-shaped, a
shape detection technique can be used to detect the cylinders in

Fig. 4. Box with calibration panel containing 25 cylinders (height:1 mm,
radius: 1.5 mm) in a triangular formation.

Fig. 5. Tracked devices in probe calibration. (a) Probe to be calibrated with
a tracked 6-D sensor. (b) Tracked pointer to catch the real world positions of
cylinders.

the US image. Finally, a Hough Transform [24] is used to define
the centers.

F. Implementation of Probe Calibration

The probe calibration matrix TMtd←ui is calculated in the
following manner:

1) attach a 6-D OFMT sensor to the probe [see Fig. 5(a)];
2) align the calibration phantom with the center of the MTS

field generator;
3) fill the calibration phantom with a mixture of water and

10% glycerol at about 20◦ C;
4) place the US probe into the mixture and adjust its direction

and position to align the US plane with the target plane
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Fig. 6. All the components in a probe calibration scenario.

defined by the centers of the cylinders in the calibration
panel;

5) fix the probe in a rigid mount (see Fig. 6);
6) the centers of cylinders are automatically detected with

positions pj
ui, j = 1, 2 . . . N in US image coordinate

system;
7) the positions pj

w , j = 1, 2 . . . N of each calibration post
are recorded by placing an MTS-tracked pointer tip within
the divot on each post [see Fig. 5(b)];

8) a rigid body transformation that minimizes the mean Eu-
clidian distance between the two homologous point sets
pj

ui and pj
w is used to calculate the probe calibration matrix

TMtd←ui in (2):

TMtd←ui = arg min
TM

N∑
j=1

||TMw←td · TM · pj
ui − pj

w ||

(2)
which is calculated using a direct least-squares error min-
imization technique [25].

G. Registration

Before implementing real-time tracking, the patient is reg-
istered to the images represented within the visualization
computer using a rigid, landmark-based transformation that
minimizes the mean-squared distance between homologous
landmarks in the image and patient. The landmarks we used
are the ECG electrodes that are uniformly distributed on the
patient’s chest.

H. Navigation

Following preoperative planning, US probe calibration and
registration, the stent-graft and target plane are displayed in the
augmented reality environment of our navigation system (see
Fig 7), where the target plane is depicted in pink and the red line
segment perpendicular to the target plane represents the distance
from the top point of the stent-graft to the target plane. The
navigation system monitors this distance and displays it within
the virtual image. During the surgery, the sensors provide an

Fig. 7. Distance tracked by electromagnetic navigation system.

Fig. 8. Stent-graft used in this study.

Fig. 9. Catheter used in this study. Two red arrows indicate the location of the
sensors.

intuitive depiction of the orientation and position of the stent-
graft within the aorta.

I. Components

1) Stent-Graft: The nitinol stent-graft expands to its final
shape at normal temperature, but can be compressed in ice water
to fit inside a catheter (see Fig. 8).

2) Catheter: As shown in the Fig. 9, two sensors are placed
in the forward section of the catheter. The stent-graft is com-
pressed and embedded between the two sensors so that the MTS
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Fig. 10. Guided wire. (a) Three yellow arrows indicate the location of sensors
in the cannula. (b) Cannula in the electromagnetic navigation system. (c) Guide
wire inserted in the cannula.

can track the stent-graft when the catheter is inserted into the
aorta.

3) Guide Wire and Cannula: Prior to the insertion of the
stent, a guide wire is advanced from the common femoral artery
access into the aortic arch. The guide wire is enclosed by a can-
nula in which three MTS sensors are embedded [see Fig. 10(a)
and (c)] to enable tracking [see Fig. 10(b)]. A cardinal spline
fit to the positions of these three sensors creates a model of the
cannula that can be displayed in the virtual reality (VR) environ-
ment. When the cannula arrives at the aortic arch, it is extracted,
while the guide wire remains to guide the catheter into the aorta.

4) Tracking Device: An Aurora MTS sensor (Northern Dig-
ital, Waterloo, ON, Canada) was used to track the pose of both
the catheter and the US probe. For US image tracking, a stan-
dard 6-DOF sensor coil was mounted onto the US probe [see
Fig. 5(a)].

5) Software: Software for this system was developed based
on the cardiac navigation platform that we have implemented
[26] using Python 2.7, and makes extensive use of classes from
the VTK 5.4 (www.vtk.org) and Atamai (www.atamai.com).
The system runs under Windows XP, on an Intel Core i5 com-
puter with NVIDIA GeForce GTX 460 graphics card. US im-
ages were acquired using a GE Vivid 7 US machine, with the
images being integrated into our navigation system after probe
calibration.

The system displays the 3-D cardiac model of patient, along
with a semitransparent calibrated US image plane to provide
an updated interior view of the aorta in real time. The model
of the stent-graft is also displayed in the system after insertion
into the descending aorta, along with its distance from the target
position.

J. Experiments

1) Evaluation of Probe Calibration: To evaluate the probe
calibration, we employ a 3-D navigation accuracy measure (3-D
NAC) [22] to determine the quality of the calibration. The 3-D

Fig. 11. Phantom study. (a) Phantom. (b) Preoperative planning result of
phantom study. (c) Fuse the ultrasound image with preoperative CT model of
the phantom. (d) Result of the stent-graft deployment in phantom.

NAC compares the transformed points directly to the physically
measured coordinates, and is defined as

Δ3D NAC = mean
j

{||TMw←td · TMtd←ui · pj
ui − pj

w ||} (3)

where Δ3DNAC is the 3-D NAC, TMw←td is the transform from
the tracked device (sensor) coordinate system to world coordi-
nates, TMtd←ui is the transform between the US image and the
tracked device, while pj

ui and pj
w (j = 1, 2 . . . N) are the coor-

dinates of the points in the US world coordinates, respectively.
2) Phantom Study: We first performed a phantom study to

verify the feasibility of the navigation system. In the validation
experiment, as shown in Fig. 11(a), the heart was represented by
a phantom, constructed from transparent plastic. The small cube
in the phantom simulates the heart, while the bent tube mimics
the descending aorta and the straight tube the esophagus. The
corners of the phantom were used as the landmarks for the
fiducial marker-based registration.

A volume model and the preoperative plan were constructed
from the CT image of the phantom [see Fig. 11(b)]. After the
probe calibration and registration were performed, the US image
was integrated into the system [see Fig. 11(c)]. When the tracked
catheter was inserted into the bent tube (aorta), the system was
able to visualize the model of the stent-graft embedded in the
distal end of the catheter, and report the distance between the
center of stent-graft and the target plane. When the distance
shown in the system was close to zero, the catheter was opened
to release the stent-graft, which unfolded and could be deployed
to the target position.

3) Animal Study: Further validation of the system was
achieved using a porcine study that employed valve deployment
on five animals. Here, three errors were measured.

1) Fiducial registration error (FRE) was assessed in each
case by calculating the root mean square of the difference
between the fiducial marker positions in image space and
their registered positions in world coordinates [25]. FRE



LUO et al.: MAGNETIC NAVIGATION FOR THORACIC AORTIC STENT-GRAFT DEPLOYMENT USING ULTRASOUND IMAGE GUIDANCE 867

TABLE I
RESULT OF 3-D NAC

is defined as

FRE =
1
N

N∑
i=1

|Txi − yi | (4)

where N is the number of source points, and T is the trans-
form between the world coordinates and the preoperative
CT image. The fiducial registration algorithm finds the
transform T that minimizes the FRE. After registration,
the FRE can be reported from our system automatically.

2) Target registration error (TRE) defines the misregistration
error between the tracked device location displayed by the
system, and its actual location. The TRE is measure by
advancing the tracked cannula from the common femoral
artery access to the aortic arch after registering the pig’s
CT image to world coordinates using surface-mounted
fiducials. The locations pi

navi of the three sensors were
reported by the system. We then fixed the cannula inside
the aorta and the postoperative image was acquired. We
made the assumption that the positions of fiducial land-
marks attached to the pig were unchanged between the
preoperative and postoperative images. Since it is fixed by
the mediastinal pleura, the aortic arch and the descending
aorta can be considered relatively static and rigid; a mutual
information registration was employed to refine the regis-
tration from the postoperative to the preoperative image to
achieve the final transformation TM. Because the sensors
can be identified easily in the CT image, their positions
pi

post on the cannula in the postoperative image coordinate
system were measured and considered as ground truth. We
transformed the pi

post by pi
pre = TM · pi

post , where pi
pre

are their positions in the preoperative image coordinate
frame. The TRE is then computed by

TRE =
1
N

N∑
i=1

∣∣pi
pre − pi

navi

∣∣ (5)

where N is the number of sensors in the cannula.
3) Deployment error is defined as the difference between ac-

tual final stent-graft position and preoperative planning
deployment position. After the postoperative and preop-
erative images were registered, the deployment error was
measured as the distance between the leading edge of
stent-graft to the target plane in the postoperative CT co-
ordinate system.

In each case, the three measurements were employed to cal-
culate the final errors.

Fig. 12. Deployment error recorded for the phantom study.

III. RESULTS

A. Evaluation of Probe Calibration

After the probe calibration was performed, the calibration
panel was used to compute the 3-D NAC by placing it in several
positions with different orientations. In each position, the US
plane was aligned to the plane defined by the centers of cylinders
in the panel. Then, the position of each cylinder center in the
US image coordinate was detected by the algorithm described
earlier, and the position pj

w in world space was detected by the
tracked pointer. Afterward, all the pj

ui and pj
w were used as input

to (3) to calculate the 3-D NAC.
Table I shows the results of 3-D NAC, demonstrating an

average accuracy of 1.5 ± 0.47 mm.

B. Phantom Study

To measure the deployment error, a “postoperative” CT im-
age of the phantom with pixel spacing of 0.64 × 0.64 and slice
thickness of 0.75 mm was acquired so that the actual distance
between the stent-graft and the target position could be mea-
sured. We performed the phantom experiment five times and
recorded each deployment error in the Fig. 12, resulting in an
average error of 1.4 ± 0.16 mm.

C. Animal Study

The details of the experiment are as follows.
Pigs weighing between 51 and 60 kg were selected for

the experiments. Six fiducial landmarks used for registration
were attached on the skin in the area of the rib cage (see
Fig. 13). The animals were anesthetized and the heart rate was
reduced to 70–90 beats/min by injected Betaloc (5 mg:5 mL,
Vetter Pharma-Fertigung Gmbh & CoKG, Germany) during
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Fig. 13. Fiducial landmark on a swine chest.

Fig. 14. Real-time ultrasound image fused with preoperative CT model of
swine. (a) Fused with a CT image. (b) Fused with the cardiac model.

Fig. 15. Guidance of magnetic tracking with the ultrasound image. Target
distance is the distance between the stent-graft and the target plane defined
before.

the procedure. Respiration was controlled by a mechanical
ventilator at 15–20 cycles/min.

The preoperative CT image of the animal with pixel spacing of
0.625× 0.625 and slice thickness of 1.25 mm was then imported
into the navigation system, where the volume cardiac model was
reconstructed using the raycasting algorithm described earlier.
Preoperative planning was performed on the model and the
target position of the stent-graft was determined.

Finally, the fiducial landmark registration was performed and
the calibration of the US probe was achieved using the calibra-
tion phantom, the real-time US image fused with the CT image
(see Fig. 14), and the tracked guide wire was advanced from
the common femoral artery access to the aortic arch. When the
cannula arrived at the aortic arch along with the guide wire, the
former was removed, allowing the catheter to enter the aorta
along the guide wire. Under the guidance of the system and the
fused real-time US image (see Fig. 15), the surgeon was able to
confidently reach the target position and release the stent-graft

Fig. 16. One of the animal studies. (a) Target. (b) Stent-graft after deployment.

to the correct target. After the operation, the postoperative CT
image was examined to determine the deployment error, which
was considered to be the actual distance between the position of
the stent-graft and the target position. Fig. 16 shows one of the
animal experiment results. The FRE is 2.5 ± 0.32 mm, the TRE
is 4.2 ± 0.78 mm and the deployment error is 2.43 ± 0.69 mm.

IV. DISCUSSION AND FUTURE WORK

In the US probe calibration, the US image plane should align
with the plane defined by the centers of cylinder in the calibra-
tion panel. However, there is an error in this alignment, which in
turn introduces errors into the final result. The ultrasound beam
profile effect will also have a significant effect here. Similar to
the method employed by Sato et al. [20] to reduce its effect, the
geometric center of the phantom panel is in the ultrasound beam
focal range (the ultrasound probe used in this study is multi fo-
cal, with a focal range of 10 –15 cm) so that the points on the
phantom panel easily can be localized in the acquired US image
during the US probe calibration procedure. Similar to the fidu-
cial landmark registration, the probe calibration used a pointer
whose tip was tracked to obtain its position and orientation in
real world space. The orientation and position are calculated ac-
cording to the tip position relative to the coordinate of the sensor
attached in its axis. The error of automatic detection of the center
of the cylinder in the US plane is yet another source error.

Although the thoracic aorta deforms due to cardiac and respi-
ratory motion, the rigid registration with fused US image used
for endovascular stent-graft procedures is reasonable and feasi-
ble, since the deformation of descending aorta is small (the max-
imum average diameter change of descending aorta between an
RR interval is less than 2 mm [26].). The deformation that does
need to be compensated for is the slight motion of the aorta arch.
Although the MTS may not be sufficiently accurate for this pur-
pose, the real-time US image at this position can compensate for
this error. Furthermore, the ventilator controls the respiration to
reduce the influence of breathing during the procedure.

Three errors were measured in this research: FRE, TRE, and
deployment error. The TRE represents the actual registration
error, which is influenced by the selection of fiducials in image
and real space, the coregistration between pre- and postopera-
tive images, and respiration, the latter being the main source of
error. Respiration error can however be minimized through the
use of a ventilator. The deployment error measures the overall
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Fig. 17. Junction of the left subclavian, left common carotid artery, and in-
nominate artery.

accuracy of the system, to which the FRE and TRE contribute.
However, on the one hand, the 3-D model of heart and aorta in
the system are static, while the heart is beating and the aorta
is pulsating with the heart. When the stent-graft is guided by
system, its reported position will differ slightly from reality be-
cause of this effect, increasing the deployment error. On the other
hand, when the stent-graft is released, it may slide along the ves-
sel wall, which also can introduce additional deployment error.
Although the aorta is pulsating, the effect of pulsation decreases
with distance from the heart, and for the most part the descending
aorta can be considered as static. When the stent-graft was close
to the target position near the aortic arch, the real-time US im-
age was employed to compensate for the error, and to visualize
the anatomy of the target region. Thus, following the paradigm
introduced by Linte et al. [13], the VR system is employed to op-
timally navigate toward the target, while the real-time imaging
modality (US) is employed to guide the final placement.

In addition to the traditional deployment via fluoroscopic
guidance, there are three possible methods to deploy the stent-
graft, MTS guidance only, US guidance only, and MTS plus US
guidance.

For the MTS guidance only, the structure of the descending
aorta far from the aortic arch is straight and simple without
crucial subvessels, and we believe the virtual model augmented
by the MTS-tracked catheter will satisfy clinical needs. Our
study mainly focuses on the stent-graft deployment for the aortic
arch, in the region of the descending aortic dissection close to the
junction of the left subclavian artery. Because the aorta arch is
adjacent to the heart, it will move with the beating heart. Because
the preoperative image is static, there is no real-time dynamic
information relating to the motion of the arch, under MTS-only
guidance the placement of the stent-graft could increase the risk
of blocking the junction to this branch. MTS guidance alone at
the region of the innominate artery, left common carotid artery
and the junction of the left subclavian artery (see Fig. 17) on the
aorta cannot guarantee accurate placement.

For US guidance only, the intraoperative US image can pro-
vide information relating to the surgical target region in real
time, allowing the surgeon to determine from the US images
whether the position of the stent-graft is likely to block these
junctions. However, because of the complexity of the target re-
gion and the low quality of US image, US-only navigation may
also be difficult for the surgeon to even locate the target region.
For patients with a good intercostal acoustic window, the aortic
arch and the region close to it can be clearly seen. However, the
quality of the US image in regions further from the aortic arch is
compromised by the effects of air in the lung. We also attempted
five animal cases using only US guidance and all of them failed.
In each case, when the stent-graft was in the aorta, affected by
the intestine and the lung, the surgeon could hardly trace the
stent-graft only by US, especially in the descending aorta area
behind the lung, and finally had to give up the procedure.

Our navigation system uses MTS combined with US, and
provides a flexible platform for fusing intraoperative US images
with preoperative CT image to compensate for the lack of direct
vision during deployment of the stent-graft. If the target position
is far from the aortic arch, the error of the MTS-guided naviga-
tion is probably acceptable. However, when the stent-graft target
is close to the aortic arch, it could potentially block the junction
of the left subclavian artery, the left common carotid artery and
the innominate artery. Here, real-time US guidance plays a sig-
nificant role in ensuring that the final positioning is appropriate.
In our combined navigation system, the orientation of the US
image is tracked and fused with the preoperative cardiac model
to track the location of the stent-graft in real time. This method
comprises two parts, navigation and positioning. “Navigation”
guides the stent-graft to the small region that is well visualized
in the US image and contains the target position. “Positioning”
employs the intraoperative US image to accurately localize the
target. The MTS (VR) navigates the stent-graft to target region
and then enhances the US. The US enhanced by VR finally posi-
tions the target position and guides the placement of stent-graft.
With the complementary information captured in two different
modalities, the results of our approach are safer, more stable,
and clinically applicable.

In a similar study without the use of US, Abi-Jaoudeh et al.
[10], reported a TRE and deployment error 4.3 ± 0.97 mm
and 2.6 ± 3.0 mm, respectively, compared to our average result
(TRE: 4.2 ± 0.78 mm, deployment error: 2.43 ± 0.69 mm).
While our precision is somewhat improved, given a sample size
of three for Abi-Jaoudeh’s study and five for our own, we cannot
claim that the improvement is significant. However, the use of
US offers the opportunity to reregister the target during the
procedure.

The phantom and porcine studies reveal that MTS tracking
coupled with real-time US image allowed more accurate deploy-
ment of the stent-graft near the target position. We acknowledge
the potential problems of employing transthoracic imaging in
the case of air in the lungs in the ultrasound beam path. An alter-
native approach (not explicitly addressed in our current work) is
the use of transesophageal echo to visualize the aortic arch [28].

While the cardiac model in this paper is static, it is planned
in future work to upgrade the model to a dynamic version. To



870 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 60, NO. 3, MARCH 2013

make better use of the real-time US image, object region contour
tracking technique will be introduced to track the contour of the
aorta in the low-contrast US images. At that point we plan to
validate the procedure in human clinical trials. While this work
represents a proof of principle, our final goal is to use an MTS
in conjunction with intraoperative US to guide the deployment
of stent-graft deployment for aortic valve deployment, where
deformation tracking is a challenging issue.

V. CONCLUSION

This paper proposed an MTS enabled navigation system for
thoracic aortic stent-graft deployment using intraoperative US
imaging. The phantom and animal study results revealed that this
method is feasible and accurate for delivery and deployment of
an aortic stent-graft.
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