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Abstract
Purpose In this paper, we propose a pilot study for tran-
scatheter aortic valve implantation guided by an augmented
magnetic tracking system (MTS) with a dynamic aortic
model and intra-operative ultrasound (US) images.
Methods The dynamic 3D aortic model is constructed from
the preoperative 4D computed tomography, which is ani-
mated according to the real-time electrocardiograph (ECG)
input of patient. Before the procedure, the US probe cal-
ibration is performed to map the US image coordinate to
the tracked device coordinate. A temporal alignment is per-
formed to synchronize the ECG signals, the intra-operative
US image and the tracking information. Thereafter, with the
assistance of synchronized ECG signals, the spatial registra-
tion is performed by using a feature-based registration. Then
the augmented MTS guides the surgeon to confidently posi-
tion and deploy the transcatheter aortic valve prosthesis to
the target.
Results The approach was validated by US probe calibra-
tion evaluation and animal study. The US calibration accu-
racy achieved 1.37±0.43 mm, whereas in the animal study on
three porcine subjects, fiducial, target, deployment distance
and tilting errors reached 3.16± 0.55 mm, 3.80± 1.83 mm,
3.13± 1.12 mm and 5.87± 2.35◦, respectively.
Conclusion Our pilot study has revealed that the proposed
approach is feasible and accurate for delivery and deploy-
ment of transcatheter aortic valve prosthesis.
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Introduction

Aortic stenosis (AS) is the common disorder affecting nearly
5 % of the population aged 75 and above [1]. Its pathology
includes processes similar to those in atherosclerosis, includ-
ing lipid accumulation, inflammation and calcification [2].
AS could result in a high rate of death: Among the untreated
patients, approximately 50 % die in the first 2 years after
symptoms appear [3]. Surgical replacement of the aortic
valve is required to treat symptoms and improve survival
in AS patients [4]. Nevertheless, many patients with symp-
tomatic severe AS do not undergo surgery valve replace-
ment due to advanced age or significant comorbidities [5].
Transcatheter aortic valve implantation (TAVI) is a new pro-
cedure and less invasive alternative to open heart surgery
in which a bioprosthetic valve is inserted into a catheter
and delivered through the femoral artery (transfemoral) or
the left ventricular apex (transapical) to the diseased native
aortic valve to displace and replace the native valve function-
ally. TAVI offers patients a less invasive alternative enabling
valve replacement to be performed without the need for ster-
notomy or cardiopulmonary bypass [6].

Since 2002, when Cribier et al. [7] first performed the
procedure, there has been a progressive trend to use TAVI
throughout the world for the treatment of severe AS in
patients with high surgical risk. In early 2010, more than
15,000 procedures had been performed globally, mostly con-
fined to these high surgical risk patients [8]. Position of valve
during the deployment is paramount to the procedural suc-
cess, as the optimal positioning of the transcatheter aortic
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prosthesis is defined as the displacement and deployment of
the native valve leaflets within the native valve annulus [8].
However, the major complications of TAVI are related to
poor positioning of the valve during the deployment, includ-
ing stent malpositioning and migration, coronary obstruc-
tion, paravalvular leak, atrioventricular block and aortic root
rupture [9]. Optimal positioning of transcatheter valve relies
primarily on the anatomical structures of aorta and valve stent
intra-operative visualized intuitively. Fluoroscopy (contrast-
enhanced fluoroscopy) is commonly used to visualize the
aortic anatomy and valve stent to guide the procedure [10].
Fluoroscopy only provides 2D gross images of the aortic
valve without 3D context, giving rise to navigational lim-
itations [11], and exposes the clinicians, staff and patient
to ionizing radiation. Moreover, contrast agent increases the
risk of iatrogenic renal injury [12].

In recent years, several researchers have focused on pro-
viding alternative better image guidance for TAVI using intra-
operative CT or MRI. Kempfert et al. [13] used C-arm CT
augmented fluoroscopy to improve the deployment precision
and guide TAVI in 50 patients successfully. However, it still
exposed the surgeon and patients to the radiation. Horvath
et al. [14,15] had utilized real-time MRI to obtain excellent
visualization of anatomical features and achieved TAVI on
swine. Although the system provides excellent anatomical
visualization, its high cost limits its use in clinical settings.

This study proposes the registration of intra-operative
US and a dynamic aortic model in MTS as an alternative
approach of guiding TAVI intra-operatively. MTS can pro-
vide spatial information on the pose of instruments and US
transducers in image-guidance application. It relates these
devices to the patient coordinate system so that preopera-
tive plans and images can be registered to, and combined
with, real-time imaging modalities [16] and thus enables
cardiac intervention using MTS rather than X-ray guidance.
Manstad-Hulaas et al. [17] employed navigation technology
to deploy stent grafts for treatment of side-branched abdom-
inal aortic aneurysms in phantoms. Abi-Jaoudeh et al. [18]
performed thoracic stent-graft deployment for three swine
using MTS navigation alone and presented an analysis of
accuracy and feasibility. However, the MTS alone cannot
recover movement of aorta root during the surgery that could
be used to update the preoperative cardiac model.

On the other hand, US imaging is associated with safety,
comparatively low cost, ease of use, minimal disruption of
the procedure, and lack of compatibility problems between
US imaging and standard operating room equipment [19].
Real-time US imaging can provide information relating to the
surgical target region in real time. Huber et al. [20] reported
simultaneous use of intracardiac and intravascular US to nav-
igate an off-pump aortic valve stent implantation. However,
the limitation of resolution and field of view makes the US
images hard to interpret. To improve the interpretability of

US images, Lang et al. [21] constructed an augmented image
guidance for TAVI by registering together TEE US image and
a static cardiac model derived from preoperative CT. Con-
fined to the movement of aortic valve, the final precision of
aortic valve prosthesis placement could be compromised.

Here, we combine the MTS with the dynamic aortic model
and the real-time US image for guidance of position and
deployment of transcatheter aortic valve prosthesis intra-
operatively. Instead of using traditional fluoroscopy guid-
ance, the deployment is guided by a multimodality MTS
that integrates 2D US images with corresponding 3D con-
text by registering them to preoperative dynamic aortic model
derived from the preoperative 4D CT image. After a dynamic
3D aortic model has been constructed, spatial and temporal
registrations are performed to map the patient coordinate to
the model coordinate. The dynamic model is animated cor-
responding to the real-time input of ECG signals. Prior to
the introduction of intra-operative US images, the US probe
calibration is performed to calculate the transformation that
maps the US image coordinate to the tracked device coordi-
nate. The temporal alignment is performed to synchronize the
ECG signals, intra-operative US image and tracking informa-
tion, so that the spatial registration could be performed by a
feature-based registration assisted by the synchronized ECG
signals. Finally, the augmented MTS guides the surgeon to
confidently position and deploy the prosthesis to the target.
We believe that this is the first application on TAVI using US
imaging assisted by the augmented MTS.

Methods

Calibration of US probe

Prior to the introduction of the US images, the US probe
must be calibrated to confirm the transformation from the US
image coordinate to that of MTS tracking sensor attached to
the US probe. The transformation can be defined as:
⎛
⎜⎜⎝

xw

yw

zw

1

⎞
⎟⎟⎠ = TMworld←td·TMtd←ui

⎛
⎜⎜⎝

sx ·uk

sy ·uv

0
1

⎞
⎟⎟⎠ (1)

where TMtd←ui is the transform matrix from the US image
coordinate to that of the tracking device which is a standard
6DOF sensor attached on the US probe as shown in Fig. 1a,
and the TMworld←td is the transform relating the tracking
device to the world coordinates defined by the MTS. (uk, uv)

represents a point in the US image, and sx , sy are the scale
factors of the x and y axes, respectively. This point can be
transformed to its corresponding point (xw, yw, zw) in the
world coordinate by Eq. 1. TMworld←td is updated accord-
ing to the probe pose and acquired from MTS in real time.
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Fig. 1 The tracked instruments used for US calibration. a The 6DOF sensor. b The 6DOF pointer

Fig. 2 The calibration phantom. a The calibration phantom. b and c
The front and back inner walls of the phantom in a grid form. Each grid
is 10 mm × 10 mm. The black disk (so called end point) is the hole to
fix the end of copper wire. Each couple of disks connected by a solid

line constructs a N shape structure. After obtained the positions of O, X,
Y and Z in MTS coordinate using the pointer, the positions of the end
points in MTS coordinate can be calculated according to their position
in the orthogonal coordinate OXYZ

TMtd←ui is a constant once the 6DOF sensor is attached on
the probe. A calibration operation is required to measure the
TMtd←ui.

Our previous work [22] has implemented a calibration sys-
tem using the 2D alignment method [23,24] to calibrate the
probe, the operation of which is tedious and time consuming.
Here, we designed an improved calibration phantom using

a freehand method [25] which is simpler, faster and more
accurate.

As shown in Fig. 2a, the calibration phantom contains
several 0.2-mm-diameter copper wires, which are stretched
between holes of diameter 0.6 mm in the front and back walls
of the phantom with a same layout as shown in Fig. 2b, c.
These wires construct eight N-shaped structures made up of
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Fig. 3 The intersection
between a N shape structure and
US plane

two parallel wires and one intermediate wire. In order to get
the position of each end point inside the phantom wall in
MTS coordinate, four pits O, X, Y and Z with the diame-
ter of 0.3 mm are marked in the inner side of the front and
back walls. During the calibration, a MTS-tracked pointer
(Fig. 1b) is used to get the positions of the pits to deter-

mine an orthogonal coordinate. O is the origin.
→

OX,
→

OY and
→
OZ are the orthogonal axes. Therefore, each position of end
points in MTS coordinate can be calculated in this orthogonal
coordinate.

As shown in Fig. 3, the E, F and G, which are the intersec-
tion points between the wires BC, AB, CD and the US plane,
are unknown. However, E can be determined in the phantom
coordinate system by the following set of Eq. 2:
⎧⎨
⎩

xE = xB + k × (xC − xB)

yE = yB + k × (yC − yB)

zE = zB + k × (zC − zB)

(2)

where k is the length ratio of BE–BC. Because wires AB and
CD are parallel, the triangles BEF and CEG are similar, so
that

k = |BE|
|BC| =

|FE|
|FG| (3)

Points E, F and G can be defined in the US image, and the
lengths of FE and FG can be calculated to get the positions
of E (defined as key point) in both US and MTS coordinate.

The calibration phantom has eight N-shaped structures.
When we fixed the US probe, the US plane intersected with
these structures (Fig. 4). For each key point Pj , we got its

position p j
ui in US image coordinate and p j

w in MTS coor-
dinate, j = 1, . . ., 8. They were used to calculate the probe
calibration matrix TMtd←ui in Eq. 4:

TMtd←ui = arg min
TM

N∑
j=1

|TMworld←td·TM·p j
ui − p j

w|2 (4)

using a direct least squares error minimization technique
[26].

Fig. 4 The scenario of US probe calibration

Dynamic aortic model

The dynamic aortic model was constructed based on the 4D
CT image of the beating heart over a cardiac cycle with ret-
rospective ECG gating. Ten 3D CT images covering a beat-
ing heart cycle, which are high resolution and enhanced by
contrast agent injections, were acquired using a TOSHIBA
Aquiline ONE CT with imaging parameters: slice thick-
ness=0.5 mm, pitch=0.237, kVp of view=22 cm, image
resolution=512×512 and spacing=0.653 mm× 0.653 mm
× 0.25 mm. To minimize the heart motion artifacts, the end-
diastolic (ED) image of the 4D dataset was chosen to create
a static model, where a manual segmentation was performed
slice-by-slice using a “paint pen” technique to outline the
aortic structure. Then a non-rigid registration [27] using tri-
linear interpolation and downhill simplex optimizer was per-
formed to register the ED image to each of the remaining
images along the 4D dataset. Finally, the registration trans-
formations were used to deform the static initial model to
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Fig. 5 A dynamic aortic model of a cardiac cycle

build the dynamic aortic model which consisted of 10 static
models (Fig. 5).

Temporal synchronization

Due to different sampling delay in the US images, ECG sig-
nals and tracking information acquisition, the readings from
different inputs may not be corresponding to the same car-
diac phase even at the same time point. A temporal alignment
[19] was performed to calibrate and compensate the temporal
latency between the US images, ECG signals and tracking
information. In that way, the cardiac phase of each input US
image can be analyzed, and its corresponding aortic model
can be matched using a nearest-neighborhood interpolation.

Preoperative planning

Prior to the surgery, the surgeon performed the preoperative
planning on the preoperative images to determine the opti-
mal position of the prosthesis. The structure of the prosthesis
is shown in Fig. 6, which has three nadir leaflets. A pericar-
dial skirt covering the lower segment of the prosthesis from
the inflow to the nadir of the leaflets is designed to prevent
paravalvular regurgitation.

For each preoperative CT image, the three nadirs of the
leaflets were identified manually (Fig. 7a) and used to deter-
mine the annular plane (Fig. 7b). Then the annular plane
was translated along its normal toward left ventricle (LV).
The translation distance was half of the height of the skirt
(6 mm), and the final plane was defined as the target position
(Fig. 7b) in the dynamic aortic model.

Aortic root contour extraction

The aortic valve contour in the intra-operative US image was
required to be segmented, so that the US image could be
registered to the preoperative dynamic aortic model using
the feature-based registration intra-operatively.

Fig. 6 The transcatheter aortic valve prosthesis. A pericardial skirt,
which is designed to prevent paravalvular regurgitation, covers the lower
segment of the aortic valve prosthesis from the inflow to the nadir of
the leaflets

A graphic processing unit (GPU) accelerated continuous
max-flow algorithm [21,28] was employed to automatically
segment the aortic root from intra-operative US image of the
long view and short view in approximately real time (less
than 40 and 120 ms for 320× 240 and 640× 480 US image,
respectively) as shown in Fig. 8. Comparing to the classic
max-flow algorithm, it avoids grid bias, increases the seg-
mentation accuracy and can be implemented in a parallel
manner by graphic card [29].

Spatial registration

Registration between the 2D intra-operative US image and
the preoperative dynamic aortic model was performed to
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Fig. 7 The preoperative planning. a Find the three nadirs of leaflets
(the yellow points). b Define an annular plane (green circle) by the three
yellow points, and then translate the plane toward LV 6 mm to get the
final target plane (pink disk).

compensate the error derived from the respiration and the
movement of aortic root.

Most intensity-based registration algorithm is always for-
mulated as an optimal problem where a global optimal trans-
formation between two images is calculated using a specific
similarity metric such as the mutual information (MI). How-
ever, major complaints lie in the problem of local minima
and slow convergence rate. The low quality of US image

could further complicate and prolong the registration process.
Hence, we used the feature (contour) extracted from intra-
operative US image to conduct the registration.

The registration consists of two steps, initial and intra-
registration. The initial registration provides the intra-
registration a fine start point to converge quickly without
stuck into the local minima as shown in Fig. 9a, b.

1. Initial registration
A fiducial landmark registration was performed to min-
imize the mean-squared distance between homologous
landmarks in the preoperative image and patient’s (world)
to get an initial transformation TMimage←world. For
the same reason described in section “Dynamic aortic
model,” ED image of the preoperative 4D dataset was
chosen in this operation. Based on the temporal align-
ment between the US images and ECG signal acquisition,
a series of US images of aortic root at short- and long-
axis view with their cardiac phases were acquired. Each
of the US images was associated with a preoperative aor-
tic model according to its cardiac phase. In order to get
a better initial transform, every aortic model was asso-
ciated with at least one US image of long-axis view and
one of short-axis view. Then the contour of aortic root in
each US image was manually selected. The points of all
contours were transformed to preoperative image coor-
dinate using TMimage←world ∗ TMworld←td ∗ TMtd←ui.
Then, these transformed contours were divided into 10
groups with their corresponding cardiac phases related
to their aortic surface model. All the synchronized pairs
of transformed aortic root contours and surface mod-
els were registered using a feature-based registration—
Iterative Closet Points (ICP)—and the transformations
TMi (i = 1, . . ., 10) were obtained. Thus, each 3D model
within the preoperative dynamic aortic model was associ-
ated with a transformation TM′i (=TMi ∗TMimage←world),
which mapped the patient coordinate to the preoperative

Fig. 8 Extract aortic root contour from US image. a Extracted contour from US image of long-axis view. b Extracted contour from US image of
short-axis view
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Fig. 9 Registration using intra-US image. a Register using long-
axis-view US image. b Register using short-axis-view US image

image coordinate as an initial transformation for intra-
registration.

2. Intra-registration
The objective of intra-registration is to register the intra-
operative US image to preoperative dynamic aortic model
rapidly. During the procedure, each real-time US image
of long- or short-axis view, from which the aortic con-
tour was extracted automatically, was acquired and asso-
ciated with its corresponding cardiac phase i . The points
of the contour were transformed by TM′i ∗TMworld←td ∗
TMtd←ui. Then the transformed points were registered to
the surface model at phase i using the ICP algorithm to
get a new transformation TM′′i . The transformation from
patient (world) coordinate to the preoperative 4D CT
image (dynamic aortic model) coordinate was updated
frequently via TM′′i ∗ TM′i during the navigation. This
whole process was implemented in a parallel manner.

Navigation

Following preoperative planning, US probe calibration, tem-
poral and spatial registration, the prosthesis and target plane
were displayed in an augmented reality (AR) environment of
the navigation system as shown in Fig. 10, where the target
plane is depicted in pink, the blue line segment perpendic-
ular to the target plane represents the distance from the top
point of folded aortic valve prosthesis to the target plane,
and the angle a represents the angle between the normal
of target plane and the direction of aortic valve prosthesis.

Fig. 10 The layout of the navigation. The blue line segment perpen-
dicular to the target plane represents the distance d from the top point
of folded aortic valve prosthesis to the target plane, and the angle a rep-
resents the angle between the normal of target plane and the direction
of aortic valve prosthesis

The navigation system monitored and reported the distance
and the angle. During the surgery, the 5DOF sensors pro-
vided an intuitive depiction of the orientation and position of
the prosthesis in the aorta.

Component

1. Transcatheter aortic valve prosthesis
The transcatheter aortic valve prosthesis (MicroPort.,
Shanghai, China) we used is a self-expanding valve stent
frame, which is composed of nitinol with porcine peri-
cardial leaflets as demonstrated in Fig. 6. It expands at
normal temperature, but can be compressed in ice water
to fit inside a catheter.

2. Catheter
The catheter (MicroPort., Shanghai, China) we used is
18F. As shown in Fig. 11, two 5DOF sensors are embed-
ded in the front part of the catheter. The prosthesis is
compressed and embedded into the catheter between the
two 5DOF sensors so that the MTS can track the position
and orientation of prosthesis when the catheter is inserted
into the aorta.

3. Tracking device
An Aurora MTS (North Digital., Waterloo, On, Canada)
is employed to track the position and orientation of both
the catheter and the US probe. A standard 6DOF (Fig. 1a)
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Fig. 11 The catheter used in
this study. The two yellow
arrows indicate the location of
the 5DOF sensors. The red
arrow indicates the knob to
release the aortic valve
prosthesis

Fig. 12 The guided wire and
cannula. The four yellow arrows
indicate the location of sensors
in the cannula

sensor is mounted onto the US probe for US image
tracking.

4. Guide wire and cannula
Prior to the insertion of the catheter in which prosthe-
sis is included, a guide wire is advanced from the com-
mon femoral artery access into the aortic root. The guide
wire is enclosed by a cannula in front of which four MTS
5DOF sensors are embedded to enable tracking (Fig. 12).
The positions of these four 5DOF sensors are used to
fit a cardinal spline to create a model of the front part
of the cannula that can be displayed in the AR envi-
ronment, which makes the surgeon aware whether the
cannula passed through the aortic arch or not. When the
cannula arrives at the aortic root, it is extracted, while
the guide wire remains. Then the catheter is inserted into
the aorta along the guide wire until it arrives at the aortic
root.

5. ECG reading device
A handled ECG reader device (Beijing Choice Electronic
Tech, Beijing, China) (Fig. 13) was used to sample car-
diac phases of subject intra-operatively.

6. Software
The software for this system is based on our previously
developed navigation system [30] using Python 2.7, and

Fig. 13 The ECG reader

third-party libraries from the Visualization Toolkit: VTK
5.6 (http://www.vtk.org), Atamai (http://www.atamai.
com) and Compute Unified Device Architecture (CUDA
4.0). The system runs under Windows XP, on an Intel
Core i5 computer with NVIDIA GeForce GTX 560
graphics card with 1 GB display memory and 256 bit
width. Intra-operative US images were acquired using
a GE Vivid 7 US machine, with the images being inte-
grated into our navigation system after probe calibration.
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The system displays the 4D aortic surface model of
patient, along with a semitransparent calibrated US image
plane to construct an AR environment to provide an updated
interior view of the aorta in real time. The model of the pros-
thesis is also displayed in the system after insertion into the
aorta. Its distance from the target position is also monitored
and shown.

Results

Evaluation of US probe calibration

To evaluate the probe calibration, we measured a 3D naviga-
tion accuracy (3D NAC) [25] to determine the quality of the
proposed calibration. The 3D NAC compares points, which
are transformed from US image coordinate to world coordi-
nate, to the physically measured coordinates directly and is
defined as:

�3D NAC = mean
j
{||TMw←td·TMtd←ui·p j

ui − p j
w||} (5)

where�3D NAC is the 3D NAC, TMw←td is the transformation
from the tracked device (the 6DOF sensor) coordinate to
world coordinate, TMtd←ui is the transformation from the
US image coordinate to the tracked device coordinate, while
p j

ui and p j
w( j = 1, 2, . . ., N) are the positions of the points

in the US and world coordinate, respectively.
A calibration panel was used to compute the 3D NAC.

The panel contains 25 polyvinylchloride (PVC) cylinders of
1.5 mm radius and 1 mm height (Fig. 14a). Each cylinder
contains a 0.5-mm divot within its exposed surface and is
inserted into the panel in 1-mm-deep holes. After the probe
calibration was performed, the 3D NAC was measured 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 as shown in Fig. 14b.
The alignment between the two planes was defined that all
the cylinders can be seen in the US plane. Then the position
p j

ui of each cylinder center was identified manually in the US

image, and the position p j
w in world space was detected by

the tracked pointer. Afterward, all the p j
w and p j

ui were used
as inputs to Eq. 6 to calculate the 3D NAC.

Table 1 shows the results of 3D NAC, demonstrating an
average accuracy of 1.37± 0.43 mm.

Animal study

Further validation was achieved by a porcine study which
performed prosthesis deployment on three swine and mea-
sured four errors. Our animal experiment was authorized by
the committee of ethic in Shanghai municipal and Shanghai

Fig. 14 Evaluation of US probe calibration. a The evaluation panel.
b One position of the panel to evaluate the error

Jiaotong University with certification number of SYXK (HU)
2007-0025.

1. Fiducial registration error (FRE)
FRE was assessed in each case by calculating the root
mean square (RMS) of the difference between the fiducial
marker positions in image space and their registered posi-
tions in world coordinate [26]. FRE is defined in Eq. 6:

FRE = 1

N

N∑
i=1

|T xi − yi | (6)

where N is the number of source points and T is the trans-
form between the world coordinate and the preoperative
CT image coordinate. The fiducial registration algorithm
finds the transform T that minimizes the FRE. The FRE
will be reported from the navigation system automati-
cally after registration.

2. Target registration error (TRE)
TRE defines the misregistration error between the tracked
device location reported by the system and its actual loca-
tion. The TRE was measured by advancing the tracked
cannula from the common femoral artery access to the
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Table 1 The result of 3D NAC

Position Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7 Point 8 Point 9 Point 10

1 1.35 1.52 1.72 2.12 1.28 1.11 0.94 1.87 0.98 0.77

2 0.95 2.01 1.84 0.88 0.56 1.88 1.57 0.87 1.23 0.98

3 1.81 0.82 2.15 1.55 1.84 1.36 0.84 1.57 1.79 1.23

4 1.12 0.91 1.85 1.95 1.39 1.30 0.96 0.79 1.71 1.36

5 1.63 1.13 1.26 1.69 1.22 0.76 1.27 0.93 2.05 1.91

aortic root after registering the pig’s preoperative 4D
CT image to world coordinate using registration method
described above. The locations pi, j

navi (i = 1, 2, 3, 4; j =
1,2,…,N , where N is the number of phases in a cardiac
cycle) of the four 5DOF sensors in each phase of a cardiac
cycle were reported by the system. We then fixed the can-
nula inside the aorta, and the postoperative 4D CT image
was scanned. For each pair of preoperative and postop-
erative 3D CT images, we performed a rigid registration
using the fiducial landmarks in these images to get an
initial transformation. Based on the transformation, a MI
registration using trilinear interpolation and powell opti-
mizer, of which transformation was affine, was employed
to refine the registration from the postoperative image to
the preoperative image to achieve the final transformation
TM j . Because the 5DOF sensors can be easily identified

in the CT image, their positions pi, j
post in the postoperative

image coordinate system were measured and considered
as the ground truth. For each cardiac phase j , we trans-
formed the pi, j

post bypi, j
pre = TM j ·pi, j

post, where pi, j
pre are

their positions in the preoperative image coordinate. The
TRE of each cardiac phase was then computed by:

TRE j = 1

M

M∑
i=1

|pi, j
pre − pi, j

navi| (7)

where M is the number of 5DOF sensors in the cannula.
3. Deployment distance error (DDE)

DDE is defined as the difference between actual final
prosthesis position and preoperative planning deploy-
ment position. DDE was measured as the distance from
the leading edge of transcatheter aortic valve prosthesis
to the target plane in the postoperative CT coordinate
system.

4. Deployment tilting error (DTE)
DTE is defined to evaluate how well the system can help
to position the valve in the aortic root anatomy with a
correct tilting. DTE was measured as the angle between
the normal of target plane and normal of the plane defined
by the leading edge of the prosthesis in the postoperative
CT coordinate system.

Fig. 15 The fiducial landmarks

In each case, the four measurements were employed to
calculate the final errors.

The details of the experiment are as follows.
Pigs weighing between 70 and 80 kg were selected

for the experiments. Eight fiducial landmarks, which are
ECG electrodes, were attached on the skin in the area
of the rib cage (Fig. 15). The animals were anesthetized,
and the heart rate was reduced to 90–100 beats/min by
injected Betaloc (5 mg:5 ml, Vetter Pharma-Fertigung Gmbh
& CoKG, Germany) during the procedure. Respiration was
controlled by a mechanical ventilator at 15–20 cycles/min.

The preoperative dynamic aortic model of the animal
was reconstructed using the method described earlier and
then imported into the navigation system. Preoperative plan-
ning was performed on the model, and the target position of
prosthesis was determined.

Finally, the calibration of the US probe was achieved using
the calibration phantom to fuse the real-time US image with
the CT image, and the registration described above was per-
formed. Then the tracked guide wire was advanced from
the common femoral artery access to the aortic root. When
the cannula arrived at the aortic root along with the guide
wire, the former one was removed. Afterward, the catheter
entered the aorta along the guide wire. Under the guidance
of the system and the fused real-time US image (Fig. 16),
the surgeon was able to confidently reach the target position
and release the transcatheter aortic valve prosthesis to the
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Fig. 16 The guidance of system

Fig. 17 The scenario of the surgery

correct position (Fig. 17). After the operation, the postopera-
tive CT image (Fig. 18) was examined to determine the DDE
and DTE. The FRE is 3.16 ± 0.55 mm (Table 2), the TRE

Fig. 18 Postoperative evaluation

Table 2 The result of FRE

Case 1 Case 2 Case 3

FRE 2.6 3.2 3.7

is 3.80 ± 1.83 mm (Table 3), the DDE is 3.13 ± 1.12 mm
(Table 4), and DTE is 5.87± 2.35◦ (Table 4).

Discussion

Evaluation of US probe calibration

During the US probe calibration, the errors mainly came from
two sources. First, to localize the positions of the end points
of the copper wires in the US probe calibration, the probe
calibration used a pointer, whose tip was tracked by MTS
to obtain these positions in real-world space, similar to the
fiducial landmark registration. And the tip’s position was cal-
culated according to its tip position relative to the coordinate
of the 6DOF sensor attached in its axis. The relative position
of its tip was acquired using a “pivot” operation which was
performed manually using a “NDI Tool Tracker” software
provided by North Digital (Waterloo, On, Canada), which
can report the tip offset and RMS error [31] less than 0.3 mm
in this research. Second, another source error originated from
identification of intersection between the US plane and the
copper wires in US image, which should be less than 0.2 mm
because the diameter of the copper wires is 0.2 mm.

Evaluation of animal study

There are other four errors measured in this research: FRE,
TRE, DDE and DTE.

The TRE represents the real error of the registration.
Specification of selection of points for rigid landmark-based
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Table 3 The result of TRE

Case Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 Phase 7 Phase 8 Phase 9 Phase 10

1 5.31± 1.81 6.33± 2.04 4.83± 1.28 4.68± 1.77 3.43± 1.28 3.45± 1.75 2.63± 1.35 2.80± 0.88 1.85± 0.53 2.33± 1.22

2 5.65± 1.50 5.60± 1.88 5.13± 1.49 4.50± 1.83 4.13± 1.41 4.08± 1.01 2.78± 1.39 3.05± 1.04 2.10± 0.94 2.43± 1.62

3 5.33± 1.66 4.65± 2.19 4.75± 2.31 4.56± 1.85 3.9 ± 51.95 3.3 ± 32.07 2.98± 0.96 2.68± 1.31 2.2± 31.28 2.63± 1.15

Table 4 The result of DDE and DTE

Case 1 Case 2 Case 3

DDE +1.9 +4.1 +3.4

DTE 3.3 6.4 7.9

registration in image and real space, co-registration between
preoperative images and postoperative images, pivot oper-
ation and respiration are the main factors influencing the
TRE. The registration used in this research is mainly based on
ICP registration algorithm whose accuracy and convergence
rate depend on the initial transformation. The respiration is a
major factor that affects the output of the initial registration.
A ventilator was used to reduce its impact in this study.

The overall accuracy of the system was measured by the
DDE and DTE, to which the FRE and TRE also contributed,
where the DDE of our research was 3.13 ± 1.12 mm. The
result in Table 4 shows the prosthesis deviated toward LV in
all cases, which was caused by two reasons. First, the human-
oriented prosthesis we used was unsuitable for porcine. The
diameter of the outflow of aortic valve prosthesis was much
bigger than the diameter of swine’s aorta root (sinotubular
junction and the tubular part of aorta close to it). Conse-
quently, after the release of aortic valve prosthesis, the pres-
sure of the vascular wall made it slide toward LV. Second,
the calcification of aortic valve contributed to the fixation
of the aortic valve prosthesis in the aorta valve. However,
the porcine subjects were healthy without calcification. The
DDE we achieved was less than 4mm, which could be con-
sidered as a good clinical result. For the DTE, a tilting of less
than 5◦ is regarded as very good, 5◦−10◦ as good, 10◦−15◦
as acceptable and larger than 15◦ as inappropriate [32]. The
DTE of our study was 5.87± 2.35◦, with two cases within
5◦ − 10◦ and one less than 5◦.

Guidance

Besides the traditional deployment via fluoroscopic guid-
ance, there are three possible methods to guide the prosthesis
deployment: US guidance only, MTS image guidance only
and MTS plus guidance.

For the US guidance only method, the 2D intra-operative
US image can provide the real-time information of the surgi-
cal target region, allowing the surgeon to judge from the US

image whether the position of the prosthesis is at the target
position or not. However, three factors make this guidance a
failure in most cases. The first one is the air in the lung and
intestines, which makes it very difficult to see the descend-
ing aorta in the US image. Second, prior to the arrival at
the aortic root, the guide wire (catheter) has to pass the aor-
tic arch which is a region uneasily seen in the US image.
Third, because of the complexity of the target region and
the low quality of the US image, it is also hard to iden-
tify the guide wire. Our trials of all three cases using only
US guidance failed. In each case, when the guide wire was
inserted into the descending aorta, we lost the position of its
tip owing to the invisibility of descending aorta in US image.
In addition, because of the low quality of the US image
in the aortic arch, we could not guarantee the guide wire
had passed through the aortic arch, leading to failure in the
surgery.

For the MTS guidance only method, since the deforma-
tion of descending aorta and aortic arch is slight (the maxi-
mum average diameter change of descending aorta between
an RR interval is less than 2 mm [33]), we believe the vir-
tual model augmented by the MTS-tracked guide wire can
pass through the aortic arch and arrive at the aortic root to
guide the catheter. But the aortic root moves intensely within
the cardiac cycle. Without intra-operative imaging, the MTS
guidance only method is based on a sole rigid transformation,
which can hardly compensate the error derived from move-
ment of aortic root intra-operatively. Moreover, the respira-
tion adds the registration error, making it unable to guarantee
the deployment accuracy.

The proposed approach combined MTS with real-time
US, which provides a flexible platform for registering intra-
operative US images with preoperative dynamic aortic model
spatially and temporally to compensate the lack of direct
vision during deployment of the prosthesis. The MTS sys-
tem guides the guide wire with cannula to the aortic root.
With the cannula extracted, the guide wire guides the MTS-
tracked catheter to the aortic root. The quality of US image is
relatively better in aortic root, where the contour of aortic root
can be identified easily. The synchronized intra-operative
US image is introduced and registered to the dynamic aortic
model according to the ECG signals. The intra-registration
compensates the errors caused by aortic root movement and
respiration to guarantee the final deployment accuracy. With
the complementary information captured in two different
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modalities, the results of our approach are safer, more stable
and clinically applicable.

So far, the segmentation is manually performed which
could be improved by using a more sophisticated algorithm
in the future. More animal studies are scheduled to better
investigate the possibility of the clinical application.

Conclusion

This paper proposed an MTS enabled navigation system
for transcatheter aortic prosthesis deployment using intra-
operative US imaging and dynamic aortic model. The pilot
animal study results reveal that this method could be another
possible option for delivery and deployment of an aortic
prosthesis.
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