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Abstract. Real-time image-guided cardiac procedures (manual or robot-
assisted) are emerging due to potential improvement in patient man-
agement and reduction in the overall cost. These minimally invasive
procedures require both real-time visualization and guidance for ma-
neuvering an interventional tool safely inside the dynamic environment
of a heart. In this work, we propose an approach to generate dynamic
4D access corridors from the apex to the aortic annulus for performing
real-time MRI guided transapical valvuloplasties. Ultrafast MR images
(collected every 49.3 ms) are processed on-the-fly using projections to ex-
tract a conservative dynamic trace in form of a three-dimensional access
corridor. Our experimental results show that the reconstructed corridors
can be refreshed with a delay of less than 0.5ms to reflect the changes
inside the left ventricle caused by breathing motion and the heartbeat.

Keywords: Cardiac Interventions, Real-Time Image-Guided Interven-
tions, 4D Access Corridors, and Magnetic Resonance Imaging.

1 Introduction

The advent of real time image guidance, especially combined with robotic ma-
nipulators, may offer new opportunities in interventional medicine. Among the
procedures that may benefit from image guidance are intracardiac procedures
on the beating heart, such as Transapical Aortic Valve Implantation(TA-AVI)
that entail access to the aortic annulus via an apical entrance. Such procedures
are usually performed under x-ray fluoroscopy or ultrasound guidance. Three-
dimensional ultrasound is commonly used due to its real-time volumetric data
collection and lack of ionizing radiation, and it can be combined with robotic
systems to synchronize the motion of a device and the heart [7]. Existing lit-
erature in the field of image-guided and/or robot-assisted surgeries is vast and
inclusive of highly innovative approaches; herein, we only focus on a few most
related efforts and it is by no means a comprehensive literature review.
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In TA-AVT visualization of the Area of Operation (AoO) (i.e., the left ventricle
(LV)) is crucial for manual or robot-assisted maneuvering of the interventional
tool, that is, constraining interventions inside the dynamic environment of LV
without harming healthy tissue. Recently, real-time magnetic resonance imaging
(MRI) has emerged as a promising modality for guiding TA-AVI [2/4] since it
offers certain advantages [I], such as: (a) a wide range of contrast mechanisms,
(b) on-the-fly adjustment of the imaging parameters, (c) an inherent coordinate
system, (d) tracking of interventional tools, and (e) lack of ionizing radiation.
Robot-assisted, MRI-guided TA-AVI have also been successfully demonstrated
[419]. For MRI guided intracardiac interventions, several studies have introduced
the concept of access corridors, trajectories, and virtual fixtures to reach the
targeted anatomy. In addition to imaging speed, another important factor is the
extraction and visualization of such access corridors. Ren et al. [§] introduced
the concept of dynamic virtual fixtures to assist the operator in minimally in-
vasive procedures in the beating heart. With virtual fixtures, abstract sensory
information extracted from preoperative dynamic MRI is overlaid to images to
avoid unwanted motion of the interventional tool. Recently, researchers have
also reported the generation of dynamic 3D access corridors from preoperative
short axis CINE MRI [9] and an efficient algorithm to track the motion of spe-
cific anatomical landmarks for guidance [10]. However, both the approaches used
CINE MRI that is slow (i.e., requiring several heart beats for one set) and thus
inappropriate for real-time guidance. Notably, real-time MRI can reach a speed
of 30ms per image [6].

As real-time MRI evolves, new methods can be pursued to improve guidance.
In this work, we demonstrates by proper image selection and scheduling, a slow
imagining modality (i.e. the MR scanner) can be used in real-time for guidance
by generating sufficient information of dynamic interventional environment. We
propose a novel algorithm for computing dynamic access corridors from oblique-
to-each-other, real-time MRI slices and demonstrate its usefulness for a TA-AVI.
The introduced three-step method introduces computational tools for:

— Dynamic MRI by collecting a number of oblique-to-each-other slices with
ultrafast MRI prescribed to image particular areas of interest,

— Extraction of the moving LV /endocardium by calculating boundary points
from signal intensity projections on those slices, and

— Generation of dynamic access corridor in form of 3D dynamic meshes from
those boundary points inside the moving LV.

2 Methodology

Generation of dynamic access corridors is based on two criteria. First, it should
ensure that the interventional tool does not harm the moving endocardial wall
and other vital structures including mitral valve leaflets, papillary muscles, and
chordae tendinae. Second, it should bring the tool to the targeted anatomy (aor-
tic root). In the proposed approach, generation of the dynamic access corridors
entails three steps that run in parallel, as shown in Fig. [l and are described in
the following sections.
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Fig. 1. llustration of the data collection and processing pipeline: Non-triggered sets
of three oblique MR slices are continuously collected (49.3 ms/image) and transferred
to the processing core. The core calculates a number of signal intensity projections (4,
2 and 2 for slices 1, 2 and 3 respectively; the numbers 1 to 8 denote the eight signal
intensity projections), extracts the boundary points of endocardium and aortic root,
organizes and refreshes them (shown by different color lines) to generate a dynamic
access corridor. To maintain a uniform frame rate, equivalent to that of MR image col-
lection, data from an individual slice acquisition is retained for the next two acquisition
steps until it is refreshed. Tproc is the time lag between MR collection and refreshing
the access corridor.

2.1 Collection of Dynamic MR Data

In our particular TA-AVI paradigm, imaging of the AoQO is performed by continu-
ously collecting three oblique-to-each-other slices with ultrafast MRI (at Tacq =
49.3 ms/slice). These slices were selected preoperatively by the interventionalist
physician to image particular areas of interest (shown in Fig.[Zh). In particular:
(1) Slice 1 (I1(t)) is a long axis of view that images the apical region of heart
and the aortic and mitral valves, (2) Slice 2 (I(¢)) is also a long axis view that
depicts the apical region of the heart, and (3) Slice 3 (I3(t)) is a short axis view
prescribed to include the aortic annulus and the LV.

2.2 Extraction of Boundary Points

As each individual MR image is collected, it is sent to a computer via the MR
scanner local network, where it is processed to extract the endocardium-LV
boundary points X; ;(¢) (i = slice index, j = marker index). The boundary points
are calculated from signal intensity projections that correspond to bands PrB;,
with a width W; and a length L; (where i = 1 to 8). Those bands are assigned
preoperatively by the operator on scout MR runs, to monitor the motion of spe-
cific areas of the endocardium. In this case, the operator selects four projection
bands on slice I;(¢) and two each on slices I5(t) and I3(t) (shown in Fig. Bh).
The selection of the projection bands is arranged so that PrBy, PrBs, PrBs,
and PrBg depict the motion of the endocardium, whereas PrBs, PrB,, PrBz,
and PrBg capture the motion of aortic root.

To calculate the boundary points in the coordinate system of the MR scanner,
the following algorithm is used. For each projection band, a local 2D coordinate
system is defined on the slice with its origin set at the center of the projection
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Fig. 2. (a) Example of the three slices (I1(¢), I2(t) and I3(t)) and the eight operator
prescribed projection-bands (PrBi to PrBg). The dashed lines on any one of the slices
show the intersection of other two slices, and the blue dots correspond to the boundary
points. (b) Representative Projection Pr;.(z) generated from the projection-band.

band PrB; and the axes parallel and orthogonal to its length (Fig. 2b). A pro-
jection profile Pr;+(x) is generated along the local X-axis of the band. For each
value of z, Pr; (z) represents the averaged signal intensity along its width, i.e.
from (x, W;/2) to (x, —W;/2) at time t.

In the TrueFISP images, the myocardium exhibits lower signal intensity as
compared to the LV, and on the projection signal intensity appears as a deep.
To identify this deep, a threshold is applied and an algorithm traverses the
projection function along the X-axis starting from its center and moving along
both directions. The threshold is also selected manually from the scout MR
scans using a custom GUI gadget. A point is marked on the X-axis if the value
of Pr; ¢(z) falls below the threshold. After this step, two boundary points Xj ;1 (¢)
and X j2(¢) are extracted on the slice ¢ at time ¢ (indexing of the boundary points
with respective projection bands is given in Table [I]). It takes 9 to 12 minutes
for cardiac MR technicians to set up the initial parameters for the pipeline.

2.3 Generation of 4D Dynamic Access Corridor

In this step, the dynamic access corridor at time t is represented with a triangular
mesh M(t) and is generated from the boundary points using a two-stage mesh
reconstruction process (Fig. Bh). In the first stage, a coarse structure is created
using the boundary points. The eight boundary points that correspond to the
motion of the endocardium, extracted from {PrB;} (i = 1, 2, 5 and 6), are
interconnected to define a coarse mesh Mg(¢). Similarly, a coarse mesh Max (t)
is defined for the aortic root from the remaining boundary points, extracted
from {PrB;} (i = 3, 4, 7 and 8). The region between the two meshes is created
by using Kochanek-Bartels curves [3]. As an example (shown in Fig.Bh) , curve
c1,¢(w) is defined by the boundary points X1 1(¢), X1,3(t), X1,5(t), X1,7(t) and
is interpolated between the points X 3(t) and Xy 5(t). Curves cz ¢(u), c3.¢(u),
and cq ¢(u) are defined in a similar manner. It is noteworthy that the tangential
properties of the curve can be altered to adjust the deflection of the access
corridor from the endocardium to the aortic root.
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Fig. 3. (a) Generation of dynamic access corridor M(t) from boundary points (overlaid
on slices I1(t), I2(t) and Is(t)). (b) Generation of deflection mesh Mp(t) from the
curves (overlaid on slice I1(t)).

The second stage refines the above coarse mesh structure. Points at regular
intervals on the curves ci ¢(u), c2¢(u), c3t(v), and cq¢(u) are interconnected
to form intermediate loops, which are further subdivided to get circular rings
[5]. These circular ring are then interconnected to form a deflection mesh Mp (t)
(Fig. Bb). The coarse meshes M4 (t) and Mg(t) are also subdivided to get finer
meshes My (t) and Mg(t), respectively [0]. Since for the three meshes Mp(¢),
Ma (t), and Mg(t) we use the same subdivision scheme (with the same number
(n=2) of iterations), the three meshes can be stitched together to form the final
mesh M(t) without altering the positions of the boundary vertices.

Our refinement process is conservative in nature as the mesh M(t) is confined
within the region defined by the coarse meshes M a (¢) and Mg(¢) and the curves
cit(u) (where i = 1 to 4). The region defined by the coarse meshes and the
curves is confined by the anatomical structures. For every time frame, the final
mesh M(t) will always have the same number of vertices and faces. Thus, the
vertices on the mesh could be indexed based on the nearby anatomical structure.
This allows the corridor to provide an adaptive guidance mechanism for an
interventional region. The total time required for computing the mesh from the
boundary points is given by Thpsw-

3 Experimental Studies and Discussion

The proposed approach was experimentally tested and validated on a Siemens
1.5T Avanto MR scanner. Multislice non-triggered and free-breathing imaging
was performed with a true fast imaging with steady-state precession (TrueFISP),
at a Tacq = 49.3 ms per slice (Pixel Spacing: 1.25x1.25; FOV: 275x400; TR:
49.3ms; TE: 1ms; Matrix: 320x200; and Slice Thickness: 6mm). The computa-
tional core was implemented on a dedicated PC (Intel 3.2GHz processor with
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Fig. 4. Four selected frames from the stream generated by the computational core
showing the dynamic access corridor overlaid to the real time MR images (a) Ii(t),
I3(t) and (b) I2(t) and I3(t). In (b) the dashed line is included for appreciation of
motion caused by breathing.

9GB RAM). Fig. @l shows an example outcome of the access corridor superim-
posed onto two slices (out of three) for the sake of clarity. The deformation of
the access corridor secondary to heart beating, as well as its relative motion due
to free breathing, can be appreciated in those frames. For all the time frames in
our studies, we found the access corridor never collided with the endocardium
and aortic root depicted on the real-time MR images. The corridor acts as a
‘base mesh’ and could be further processed as per the needs of intervention.

With the interleaved multislice MRI, each individual slice is refreshed ev-
ery 3Tacq- Thus, one interesting question is to what degree this reduced (one
third) refreshing rate may result in loss of information. To assess this, we per-
formed experiments that continuously collected only one slice (every 49.3 ms)
and extracted the boundary points. Variations with time in the distance of the
boundary points from the origin || X; ;(¢)|| (measured in the local coordinate sys-
tem of the projection band) were calculated. From those data, two signals were
generated (shown in Fig. Bh): the original (i.e. complete series) signal and one
that sampled the original every 3T4cq. The difference between the two signals
was used to calculate the error due to interleaving (shown in Fig. [Eb). The mean
error Fj; and the correlation coefficient x of the two signals for a period of 9
seconds is shown in Table[Il For all the boundary points, Fj; stays below two
pixel spacing.

Table 1 summarizes our analysis results reporting the time required to com-
pute each projection band (Tp, ;) and the time lag (Tproc) between MR collec-
tion and refreshing the access corridor. Specifically, Tproc is computed as max
(Z?Zl Tpr, Z?:s Tpr, Z§:7 Tpy;) + Trvess- In the experiment ( parameters
described in Table [I]), the measured Tproc was 0.261ms (i.e., 1/184 of Tacq);
and 0.194 ms (T esy) was used for the meshing step. In general, for different
configurations Trproc stayed below 0.5 ms.
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Table 1.

Slice Projections L;(mm) W;(mm) Tp, ;(ms) Points Ep(mm) &

PrB; 55.13 6.13

PrBs 70.40 6.09
I (t)

PrBs 47.05 5.93

PrBy 49.69 6.02

PrBs 62.84 5.07
I>(t)

PrBg 82.53 5.07

PrBr 64.96 18.94
I3(t)

PrBsg 43.45 10.23

Future work can be geared towards
optimizing MR collection in two di-
rections. First, while in this work the
flow of information is one-way (i.e.,
from the MR scanner to the process-
ing core), real-time feedback to the
MR scanner can be added to adjust
the orientation of the imaging planes
on-the-fly based on projections. Sec-
ond, 2D imaging can be substituted
with the collection of actual MR pro-
jections, as is the case with naviga-
tor echoes (with a 90-180 MR pulse
sequence to select a column through
the tissue and sample the actual pro-
jection from the MR signal). This
can further speed up data acquisition
(since a complete image is not col-
lected) and, in addition, improve the
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Fig.5. (a) Comparison of the time-delay
effect. The single slice signal is sampled at
20.28Hz (i.e. 49.3 ms/slice) and the multi-
slice at 6.76Hz (i.e. 147.9 ms/slice). (b) The
error between single and multislice (n=3)
acquisition. The “Error” (Y axis) is the ab-
solute value of the difference between the
two signals.

SNR (since a read out projection is collected instead of an image).

4 Conclusion

This work proposes an approach to generate 4D access corridors for performing
interventions in the beating heart, from a non-triggered continuously acquired
set of oblique-to-each-other MR images. This approach is largely motivated by
the challenge associated with the inherent low sensitivity of MRI modality that
prevents collecting high SNR, and often high CNR, images in real-time. The re-
constructed corridor is virtually refreshed with the same speed as the individual
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MR slices are collected (in this case, 49.3 ms/image) with a delay of less than
0.50 ms. This dynamic corridor can be used, without or with an additional
safety margin (for a more conservative approach), for visual servoing, image-
based robot control, or force-feedback-assisted manual control.
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