A Novel Virtual Reality Environment for
Preoperative Planning and Simulation of
Image Guided Intracardiac Surgeries with
Robotic Manipulators
Erol Yeniaras a,1, Zhigang Deng b, Mushabbar A. Syed c, Mark G. Davies d
and Nikolaos V. Tsekos a
a
Medical Robotics Lab., Dept. of Computer Science, University of Houston, USA
b
Computer Graphics and Interactive Media Lab., Dept. of Computer Science, U. of H.
c
Division of Cardiovascular Medicine, Loyola University Medical Center
d
Department of Cardiovascular Surgery, The Methodist Hospital System
Abstract. The evolution of image-guided and robot-assisted procedures can be
beneficial to intracardiac interventions. This paper proposes a novel approach and
a virtual reality system for preoperative planning and intraoperative guidance of
cardiac procedures, and for investigating the kinematics and control of a virtual
robotic manipulator, based on MRI CINE images. The system incorporates
dedicated software modules for processing MR images, generating dynamic
trajectories in the continuously changing environment of a beating heart,
controlling a specific generic virtual manipulator along those trajectories, and a
virtual reality interface that fuses all those information. The proposed system is
applied for the simulation of accessing the aortic valve annulus via a small incision
on the apex by maneuvering a robotic manipulator through an access corridor that
safely transverses the left ventricle (LV) of the beating heart.
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Introduction
The advent of real-time image guidance (RTIG), especially combined with controlled
manipulators, offers new opportunities for volumetric manipulation and assessment of
the tissue function before, during and after a procedure [1]. Potential benefits of RTIG
for intracardiac procedures on the beating heart include: reduction of side effects
associated with cardiopulmonary bypass, the option for assessing the results of the
procedure at the natural beating condition of the heart, and the faster patient recovery
[2]. Currently, three-dimensional (3D) ultrasound is the most common modality due to
its real-time volumetric data collection, and lack of ionizing radiation [3, 4].
In recent years, magnetic resonance imaging (MRI) has emerged as a meritorious
modality for RTIG due to the following features: (1) a plethora of contrast mechanisms
for the morphological and functional assessment of heart pathology, as well as imaging
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protocols for visualizinng interventional tools and robotic manipulators, (22) 3D and
multislice imaging, (3)) on-the-fly adjustment of the acquisition parameteers directly
from the robotic controol core, and (4) no ionizing radiation. MRI guided intterventions
have evolved significaantly in recent years [5] and lately MRI guidancee has been
demonstrated to be succcessful in transapical aortic valve interventions [6, 7].
In this paper, we present
p
a novel computational methodology, and its integration
into a system, for perfoorming and simulating preoperative planning and intrraoperative
guidance of MRI-guideed and robot-assisted intracardiac procedures on the beeating heart
via transapical access. In
I particular, the herein described system introduces:
• A dynamic virtual
v
reality environment that provides an inform
mation-rich,
intuitive and comprehensive
c
perception of the area of procedure (A
AoP) to the
operator basedd on pre- and intra-operative MRI.
• On-the-fly genneration of patient-specific dynamic access corridors inside the
left ventricle (L
LV), for the safe maneuvering of a robotic manipulatoor [8].
• A generic roboot control based on dynamic trajectories extracted from
m MRI.
1. Methods
For setting the design direction
d
of the proposed system it is instructive to firstt assess the
specific topography relaated to a procedure that entails a transapical access too the aortic
valve. Figure 1A showss a long axis MR image of the heart with the identifieed entrance
point at the apex and taargeted aortic annulus. As illustrated in Figure 1B annd 1C, in a
generalized transapical approach, the manipulator enters the heart at an appical point
(PA) and deploys insidde the LV toward the targeted center of aortic annnulus (PT).
Analysis of multislicee MR images indicates that the deployment paath of the
manipulator from PA to PT may need to follow a non-straight path, inncluding a
deflection point (PD) near the base of the LV. From the kinematic and pathh planning
points of view, the majoor challenge is to determine the transient positions of PA, PD and
PT points (guiding-poinnts) and the dynamic safe access corridor (SC) relattive to the
inherent, absolute coorddinate system of the MR scanner.
Considering the cuurrent simulation and potential future in vivo applicaations, this
work is based on the following assumptions. First; the base of the mannipulator is
anchored at the apex (P
PA), which is determined from CINE images, but in an in vivo

Figure 1. (A) Topographyy of the area of interest. (B) Representation of the deploymeent task. (C)
A model of the virtual robbot for the simulated paradigm of transapical access to the aoortic valve.

scenario, miniature RF coil beacons can be attached to the base of the robot for
fo tracking
[9]. Second; SC is both extracted and updated using multislice CINE MRI. Inn practice a
complete CINE set willl be used only preoperatively to define SC for a compplete heartcycle, whereas a limitedd number of intra-oblique slices will be used to updatte the SC in
real-time during the proocedure [6, 7]. The coordinates of PT will also be exttracted and
tracked using the same limited number of slices with fast tissue tracking algorrithm[10].
Figure 2 outlines the core system architecture, which will be connected to a
commercial clinical MR
R scanner (e.g., Siemens MAGNETOM) for real-timee access to
the raw MR data and onn-the-fly adjustment of imaging parameters[11].
1.1. MR Image Processsing
The task of image proccessing includes the detailed segmentation of the enndocardium
and the identification of
o the three guiding-points: the apical (PA), the mid-LV
V (PD) and
the targeted center of aortic annulus (PT). Preoperative planning and the sim
mulation are
based on the datasets thhat were collected on healthy volunteers (n=10) with a true fast
imaging, steady-state precession (TrueFISP) pulse sequence with the acquisition
a
m TE = 1.4 ms, Alpha = 80o, slice thickness = 6 mm
m, interslice
parameters: TR = 2.3 ms,
distance = 6 mm, and acquisition matrix = 224x256. Each dataset includeed nineteen
short and five long axess slices depicting 25 frames for a heart cycle.
The CINE datasetss of short axis (SA) and long axis (LA) images were segmented
to extract the LV andd the aortic annulus by tracing the corresponding endocardial
e
boundary using an in-hhouse developed software gadget endowed with Insigght Toolkit
(ITK) routines. To reaalistically model the access corridor in LV, the seggmentation
contours included the papillary
p
muscles as depicted in Figure 3A, i.e., treatinng them as
parts of the endocardiall wall since they are also obstacles to the progress of the
t robotic
manipulator. This is inn contrast to the current simplified practice in the liteerature that
segments the LV ignoriing the details of the papillary muscles.
The access corridor SC was determined from the segmentation conttours as a
t
does not contact the endocardial wall in any timee frame. In
surface inside the LV that
other words, “when insside this time-dependent safe corridor, the robotic manipulator
m
should touch neither thee endocardium nor the papillary muscles”. Using a coonservative

Figure 2. Flowchart of the system: the timing of the robot deployment and movement
m
is
synchronized with that off the acquisition of the CINE MR images.

approach for akinetic and dyskinetic areas, our algorithm performed the following steps
for every single time frame (t: t=1 to 25):
1. Determine all SA slices which have a visible LV blood pool by simply checking
the inside surface areas of the LV endocardial boundary contours from the apex to
the base of the heart (e.g., Figure 3A and 3B). Obviously, if an area is non-zero (or
bigger than a preset threshold value), the slice shows the blood pool.
2. Project LV endocardial boundary contours of these SA slices onto a single virtual
plane along their common orthogonal axis to find their common area (SB (t)) by a
2D polygon intersection algorithm. This projection is based on the fact that SA
slices are parallel to each other and collected with the same field of view. Figure
3A and 3B depict all the endocardial contours and the common areas in two
extreme heart phases, namely, diastole (relaxation) and systole (contraction).
3. Extend this common area, from the apex to the base of the heart, through all short
axis slices to construct a straight access corridor (Figure 3C).
Since a unique 3D access corridor is generated for every single heart phase (time
frame), SC is a 4D dynamic entity for a complete heart cycle, i.e., SC (t), t: t=1 to 25.
Further analysis of SC showed that its average base area for 10 patients takes the
maximum value of 430 mm2 in relaxation and minimum value of 97 mm2 in
contraction which is wide enough for the safe access of a robotic catheter.
The coordinates of the apical point, PA (t), for any time frame (t) were determined
by identifying the extreme point of the apical curvature on the central long axis view,
which was further verified by assessing whether it belongs to a short axis that does not
depict any blood pool (i.e., it is only myocardium) for the time frame. The coordinates
of the targeted point, PT (t), were determined from the segmentation contours of two LA
and one SA slices that included the aortic valve annulus at the level of the aortic valve
leaflets, as the midline aortic annulus. In real life surgery, the operator can define the
exact target point according to personal surgical approach to the aortic valve
intervention. The deflection point for any time frame, PD (t), was then assigned as the
intersection of the aortic annulus midline (from the previous step) with the SB (t) of the
first-to-cross short axis slice. To the end, the three extracted guiding points PA (t), PD (t)
and PT (t) were sent to the control module while the access corridor SC (t) was sent to
the visualization module.

Figure 3. Methodology is depicted step-by-step. A sample short axis slice shows (A) diastole
and (B) systole phases and their ITK segmentation contours. The inside of a contour is bloodpool (i.e., inside of LV). All such contours of a particular time frame are projected to a common
plane and SB (t) is found as their intersection. (C) SB (t) is extended to define the corridor.

1.2. Control and Visualization Modules
Control module performs the inverse kinematics (IK) calculation and determines the
values of six degree-of-freedom (DOF) parameters (refer to Table 1) for deploying the
virtual robot from the apical point (PA) to the targeted point (PT) via deflection point
PD, as well as for holding its position at any intermediate or terminal arrangement
specified by the operator. The inputs to this module are the dynamic coordinates of the
aforementioned guiding-points PA (t), PD (t) and PT (t) and the initial conditions
specified by the operator; i.e., the time frame when the robot initiates its maneuvering,
and whether and for how long it may hold a certain position along its path.
Table 1. IK analysis of the virtual robot (Figure 1C) at the coordinate system of MR scanner.
DOF parameter

IK equation

α: first Euler angle at Apical point PA

α = cos ((zD- zA)/ L1)

β: second Euler angle at Apical point PA
L1: length of the first prismatic link
γ: first Euler angle at Mid-LV point PD
θ: second Euler angle at Mid-LV point PD
L2: length of the second prismatic link

-1

-1

β = cos ((xD- xA)/(L1*sinα))
L1 = sqrt((xD- xA) 2 + (yD- yA) 2 + (zD- zA) 2)
-1

γ = cos ((zT- zD)/ L2)
-1

θ = cos ((xT- xD)/(L2*sin γ))
L2 = sqrt((xT- xD) 2 + (yT- yD) 2 + (zT- zD) 2)

The purpose of the visualization module is to generate and update a virtual reality
environment that simulates the AoP which was implemented with OpenGL. The
visualization module can display any combination of the following objects: MR
images, segmentation contours, guiding-points, 3D access corridor, and virtual robot.
The AoP is built relative to the inherent coordinate system of the MR scanner, which
offers a natural space of visualizing 3D geometric structures. The update rate of the
AoP is the same as that of the collected MR images. In its basic form, the AoP can
display and refresh the positions of the three guiding points as shown in Figure 4A. The
access corridor may also be included with or without the manipulator. Different
scenarios can be simulated to assess the beginning of a procedure, the idling of the
manipulator at any instance, or the whole duration of the heart cycle.
Motion of the virtual robot entails the following three steps: deployment of the first
link from the apex to the top of the LV point PD (Figure 4A (1), (2)), extension of the
second link toward the targeted point PT, and the holding of the position (Figure 4A (3),
(4)). During the maneuvering process, the control module supplies the values of the

Figure 4. Four selected frames: (A) showing the access corridor and the three guiding-points
which are calculated with respect to the MR scanner coordinate system and updated dynamically,
(B) top view of step-by-step robot deployment within the corridor from apex to aortic annulus.

updated DOFs for each time instance. For the purpose of visualization, the intersections
of PA to PD line with all the slices are calculated and depicted.
2. Results and Discussion
The system was successfully tested for several different combinations of: DOF
actuation speeds, diameters of robotic links, numbers of simulated heart cycles, heart
phases when deployment was initialized, and holding of the robot at any particular
configuration. Figure 5 illustrates the actuated DOFs at a representative example of a
simulated procedure. After an initial user-selected short idling period of 250 ms, the
graphs reflect two phases of robot maneuvering. The Phase I is the extension of the first
link (L1) from the apical point PA toward the deflection point PD. In this phase, the
rotational DOFs alpha and beta are actuated to maintain the deployed link L1 inside the
access corridor SC and along the PA-to-PD line. After the distal end of the first link
reaches the base point PD, the Phase II starts immediately and entails the extension of
the second link (L2) to reach the targeted point PT at the entrance of the aortic valve
annulus. Concurrently, the rotational DOFs gamma and theta are also actuated to
maintain the second link along the midline of the annulus. Once the annulus is reached,
the robot maneuvering is performed to hold the position: the base of the robot at the
apical point, the distal end of the first link at PD, and the distal end of the second link at
P T.
In this work, preoperative planning utilized CINE MRI of several slices over a
complete heart cycle to determine the diameter of the aortic annulus, the anatomy of the
coronary ostia, the apical entrance point and a dynamic access corridor. Once combined
with an automated segmentation algorithm[12], which is beyond the scope of this
study, the system can function with a direct connection to an MR scanner and thus be
able to receive MR data and control the image acquisition parameters on-the-fly.
The implemented virtual robotic manipulator was selected to offer the highest
possible flexibility for performing a free-beating heart procedure. In addition to
assessing the operation of the described system, this virtual tool offers a versatile
kinematic structure for further investigating imaging-based path planning within
dynamically changing environments, as well as approaches for automated
compensation and position-holding. While many other different mechanical designs

Figure 5. (A) Linear, (B) rotational DOFs of the robotic device calculated by the control module.
Time (x25): 0-10: Idling period; 10-35: Phase I; 35-65: Phase II; 65- : Holding position.

may be envisioned to be more appropriate, including experimental and commercially
available steerable snake-like devices such as the Hansen catheters, the proposed
approach is not limited to particular technical specifications. The path planning
algorithm can be adapted to any given kinematic structure.
Our preliminary studies underscore the capabilities of imaging for dynamically
changing non-straight access procedures beyond the realm of endoscopy [13]. Image
guidance, combined with a robotic device, may also enhance future directions in the
evolution of procedures such as the Natural Orifice Transluminal Endoscopic (NOTES)
and Single Port Access (SPA) surgeries [14]. Our future work includes the physical
prototyping of the virtual robot presented herein and implementation of real-time MRI
with mutually-oblique slices.
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