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Abstract

This work presents a platform that integrates a customized MRI data acquisition scheme with reconstruction and three-
dimensional (3D) visualization modules along with a module for controlling an MRI-compatible robotic device to facilitate
the performance of robot-assisted, MRI-guided interventional procedures. Using dynamically-acquired MRI data, the computa-
tional framework of the platform generates and updates a 3D model representing the area of the procedure (AoP). To image
structures of interest in the AoP that do not reside inside the same or parallel slices, the MRI acquisition scheme was modified to
collect a multi-slice set of intraoblique to each other slices; which are termed composing slices. Moreover, this approach
interleaves the collection of the composing slices so the same k-space segments of all slices are collected during similar time
instances. This time matching of the k-space segments results in spatial matching of the imaged objects in the individual
composing slices. The composing slices were used to generate and update the 3D model of the AoP. The MRI acquisition
scheme was evaluated with computer simulations and experimental studies. Computer simulations demonstrated that k-space
segmentation and time-matched interleaved acquisition of these segments provide spatial matching of the structures imaged with
composing slices. Experimental studies used the platform to image the maneuvering of an MRI-compatible manipulator that
carried tubing filled with MRI contrast agent. In vivo experimental studies to image the abdomen and contrast enhanced heart on
free-breathing subjects without cardiac triggering demonstrated spatial matching of imaged anatomies in the composing planes.
The described interventional MRI framework could assist in performing real-time MRI-guided interventions.

Keywords MRI-guided interventions - Dynamic three-dimensional reconstruction and visualization - Oblique multi-slice
imaging - Control of MRI-compatible robot

Introduction

The emergence of image-guided interventions with real-time
MRI offers a unique range of benefits. Clinical procedures that
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may benefit from real-time, MRI guidance include interventions
in the brain (electrode placement [1], laser ablation [2], and
biopsy [3]), prostate (biopsy [4] and brachytherapy [5]), and
breast (biopsy [6]). While conventional single-slice imaging
may suffice for these procedures, multi-slice or three-
dimensional (3D) intraoperative imaging in real-time may be
needed for comprehensively imaging a larger dynamic Area of
Procedure (AoP), such as intracardiac procedures on the beating
heart [7, 8].

The collection of 3D real-time MRI data is challenging due
to the low inherent sensitivity of the modality which therefore
imposes a trade-off between speed and spatial coverage that
can be achieved per frame. To address this, a typical approach
is to collect a limited number of slices prescribed for imaging
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specific anatomical landmarks or the interventional tools that
are pertinent to the procedure [7, 9-15]. The collection of a
limited number of appropriately prescribed slices is a fast and
computationally efficient way for monitoring multiple aspects
in the AoP. These slices, which we refer to as “composing
slices,” can be combined in the MR scanner coordinate system
to generate dynamic 3D visualizations of the AoP during the
intervention [11-13]. However, during such interventions, the
position and shape of the anatomical structures within the AoP
dynamically change due to physiological motion, voluntary or
involuntary motion of the patient, as well as tissue dislocation
caused by the procedure itself [13, 16]. Spatial mismatch of
the “composing slices” may degrade 3D reconstruction of
structures, potentially impacting the accuracy of the procedure
and/or increasing the workload for the interventionist (who
may need more time to inspect the 3D reconstruction). This
situation may be exemplified when imaging a moving struc-
ture with sequential acquisition (i.e., one after the other) of
multiple oblique slices in each time frame. When visualized
on an interface for a given time instant, the 3D object will be
depicted at different positions in the multiple slices obtained.
Practically, this intraslice spatial mismatch is not noticeable
when the composing slices are rendered two-dimensionally
(2D) and viewed on individual windows on the graphical user
interface [10, 17—19]. However, if the guidance is based on the
3D dynamic reconstructions, this mismatch becomes apparent
on the 3D rendered view, the degree of which depends upon
the speed of imaging and the motion of the structures [11, 12].
This previous work was motivated from the analysis of prior
studies pertaining to the aforementioned spatial matching
problem [11, 12] and the experience accumulated from
performing robot-assisted phantom studies [13, 14, 20, 21]
that highlighted two aspects: (i) in interventions, especially
on moving organs, it is preferential to have spatial matching
of the edges of critical structures (including anatomies and the
interventional tool), and (ii) when robotic-assistance is used
with real-time imaging, it is desirable to have at least the end-
effector rendered, reconstructed, and visualized as a 3D object
in the AoP along with the 2D images.

As an extension to previous studies, the aim of this work
was to implement an integrated platform that will provide
suitable tools for performing MRI-guided interventions to
the clinician. Specifically, it introduces a computational pipe-
line of data and commands that links the MRI scanner, an
interventional manipulator and the operator. The platform
generates and updates a 3D model of the AoP based on a
stream of MRI data. To address the situation when the AoP
structures of interest do not reside on the same or parallel
slices, we modified the imaging pulse sequence, and the cor-
responding computational framework, for the collection and
visualization of intraoblique (i.e., oblique-to-each-other) com-
posing slices. While interleaved acquisition of multiple slices,
or groups of slices, is a standard commodity in modern clinical
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MRI scanners, in this work, we implemented the acquisition
of slices that are oblique to each other and that each one can be
individually updated on-the-fly. With this scheme, same k-
space lines of the different slices are collected at similar time
windows for spatial matching of the imaged structures in the
presence of motion. In addition, this work introduces further
improvements upon two prior methodologies for performing
robot-assisted and MRI-guided procedures by establishing the
link between (i) on-the-fly multi-planar scanner control and
MRI-based robot control [21] and (ii) preoperative planning
and intraoperative imaging [20]. The interleaved k-space
scanning approach implemented herein is initially studied
with computer simulations to quantify the extent of the spatial
mismatch in comparison to sequential scanning. The platform
proposed and implemented is then evaluated experimentally
for visualizing the motion of an MRI-compatible manipulator
described previously [22] and for in vivo imaging of the heart
and the abdomen. The clinical value of this work rests primar-
ily on its potential to facilitate image-guided interventions,
grounded in MRI-based visual-servoing of a robotic manipu-
lator and its effective combination with an established imag-
ing approach that was appropriately modified to provide 3D
visualization of moving objects.

Materials and Methods
Computational Framework

The computational framework of the proposed platform for
performing MRI-guided interventions is a data and command
pipeline that integrates the MRI scanner, a robotic manipulator,
and the operator. Figure 1 illustrates the architecture of the
platform delineating its five primary modules and the flow of
data and commands among them. This multi-threaded software
was developed using C/C++ and software libraries (OpenGL
for 3D rendering, Boost for network communication and multi-
threading, and FLTK for graphical user interface) tailored to-
wards MRI-guided procedures [14, 15, 23]. The software runs
on a dedicated workstation with task-specific parallel running
threads for each module. If required, the computations of the
reconstruction and visualization modules can be parallelized on
a graphics processing unit (GPU) to speed up the reconstruction
and 3D visualization (similar to [24]). The workstation inter-
faces with (i) the operator for providing visual cues about the
procedure and receiving operator commands via a graphical
user interface (GUI) and, optionally, a force-feedback interface
(FFI) or joystick in the case that a robot is connected; (ii) the
MRI scanner for (a) sending on-the-fly updated imaging pa-
rameter data and (b) receiving raw MRI data (i.e., before re-
construction), via local area network of the scanner, and, if
used, (iii) an MR-compatible robotic device. To control the
robot, the workstation sends control signals via an optical wire
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Fig. 1 Architecture of the implemented platform delineating the imaging, reconstruction, AoP modeling, and visualization modules, as well as the flow
of data. The optional module for controlling an MR-compatible robotic device in MRI-guided interventions is also shown

that enters the MR scanner room via the waveguide. This ar-
chitecture seamlessly integrates the operator, the scanner and, if
used, a robot.

In its current implementation, this platform can support
two modes of operation: (i) Mode A for manual manipula-
tion of the interventional tool; in this mode, a priori pre-
scription of the composing imaging planes and their dynam-
ic on-the-fly update of the position and orientation is set
manually by the operator using the GUI, and (ii) Mode B
for robot-assisted manipulation of the interventional tool
with robot-driven on-the-fly update of the imaging planes
to follow the motion of the manipulator (as described in
[21]). It is noted that, in the latter case, the operator still
assigns the composing planes at the initial position of the
robot (before initiation of its maneuvering) and the robot
control module then adjusts these on-the-fly.

As shown in Fig. 1, two of the platform modules work
together to image the AoP with the interleaved k-space acqui-
sition of intraoblique slices (please refer to the following sec-
tion for this MRI acquisition scheme). In Mode A, the input of
the “MRI Scanner Control Module” is the imaging planes
selected by the operator. In Mode B, the input is the robot
kinematic posture (as calculated by the “Robot Control
Module” secondary to a command of the operator) that is
processed by a dedicated routine within the module that

calculates the set of planes needed to image an operator
preselected part of the robot (i.e., the link(s), end-effector,
interventional tool, etc.). This routine further converts the
plane’s position and orientation in the coordinate system for-
mat of the MRI scanner. In either case, the planes are then sent
to the “Dynamic Update Manager” routine that transforms the
corresponding information (i.e., plane position and orienta-
tion) into the file format of the particular MRI scanner (i.e.,
recognizable by the pulse sequence), supplied to a socket that
then feeds them to another socket in the MRI scanner.

Interleaved Acquisition of the K-Space of Intraoblique
Slices

The implemented data acquisition scheme interleaves the col-
lection of the individual composing slices so that the same k-
space lines (or segments of lines) of the composing slices are
collected during adjunct time windows. It is based on the
hypothesis that such time-matching of the same k-space lines
of all composing slices will minimize the spatial mismatch of
the depicted structures. These intraoblique composing slices
are then reconstructed in 3D space as they are collected. In this
context, the proposed approach is a multi-slice, intraoblique
alternative to 3D MRI for performing dynamic volumetric
imaging of an AoP.
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Figure 2 illustrates the data collection, reconstruction, and
visualization processes of imaging the AoP with the proposed
approach. As depicted in Fig. 2a, the sequence loops first over
the time frames (index k), then the slices (index m), and then
over the same segments or individual k-space lines of the
composing slices (index j). The arrow shows the preferential
positions for placing an optional cardiac triggering signal. As
a result, the same k-space lines or segments of k-space lines
are collected during similar time instances along the timeline
of the object motion and, thus, temporospatial matching of the
imaged structures is provided.

After collecting a frame, i.e., a complete set of k-space
segments or lines of all composing slices, the raw data are
pushed via the Ethernet connection to the workstation and
fed to the “Reconstruction Module.” As illustrated in
Fig. 2c, the segments or individual k-space lines are ordered
per slice, fill in the A-space matrix of the corresponding com-
posing slice, and are fast Fourier transformed (FFT) to gener-
ate the images (i.e., spatial domain). The module reconstructs
the composing planes based on the current header information
and, therefore, if any of the aforementioned parameters is
changed interactively (from the operator in Mode A or the
robot in Mode B), this is reflected in the current refreshing
cycle of the 3D scene (Fig. 2d). The composing slices are then
fed to the “AoP Model Module” that refreshes the correspond-
ing slices in the 3D AoP scene by replacing them in 3D space
relative to the coordinate system of the MRI scanner. The
“Visualization Module” continuously updates the GUI with
newly reconstructed data in the form of 3D composing slices
(Fig. 2e) as well as with the individual slices (Fig. 2f).

The operation of this acquisition scheme can be appreciat-
ed by considering a continuous linear translation in real space,
which results in a phase shift in the k-space [25]. The larger
the difference in the spatial position of the object when each

composing slice is collected, the larger the phase shift induced
by this motion. Specifically, each point (n) of every k-space
line (j) of each plane (m) is modulated by a phase shift (AQDy)
which depends on the speed of motion (ug), and the exact
instance at which it was collected (¢,,(n, ))), i.e.,

AP = 2nkppaseirtm (1, j).

Considering the interleaved acquisition in Fig. 2a, for the
same k-space line of two composing slices, their phase shift
difference is

ADg = 2nkppaseUr [tm (1, /) ~tmi1(n, )]

N
= 27TkaASEuR.M.TR

Nseom
where Nyiatrix 18 the acquisition matrix and Ngggy is the
number of k-space segments. Minimizing the phase shift in
the k-space would result in better spatial matching of the com-
posing slices and, thus, more accurate representation of the
imaged structures. The motion induced phase difference be-
comes smaller when the number of segments (Nsggm) is in-
creased. Its minimum value 27kpyasgur. TR is attained with

Nuvatrix = Nseome

Simulation Studies

Simulations were performed with in-house developed software
in MATLAB (Mathworks, Natick, MA) to assess the effects of
segmentation and motion on a 3D reconstructed virtual object
using two composing planes. The simulated object was a vir-
tual box (128 x 128 x 32 pixels) subjected to linear motion with
constant speed along the axis perpendicular to its largest sur-
face. The virtual box moved inside a 3D volume (128 x 128 x
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Fig. 2 The imaging, reconstruction, and visualization components of the
proposed platform. a The structure of the pulse sequence loops for
dynamic imaging. The black arrow shows the preferential position of
optional triggering signal. b Diagram of the general principal of
interleaving the acquisition of the same segments of different oblique to
each other composing slices, so the same segments of these slices are
collected at similar time instances. ¢ Diagram of the process performed
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at the reconstruction module illustrating a two-composing slice set. After
segment ordering, the complete k-space of the composing slices is fast
Fourier transformed (FFT) generating the corresponding images of the
multi-slice set on their oblique coordinate systems. d The visualization
module places the composing slices on the coordinate system of the
scanner in a 3D volume. The individual slices (e) and their 3D
reconstruction (f) are then refreshed on a user interface
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128 pixels) that represents the imaging field-of-view (FOV).
The views of the object in the composing slices were generated
starting with an initial position at the center of the FOV. The
read-out axes of the two composing slices were placed parallel
to the motion (white arrow in Fig. 2a), since this choice results
in fewer artifacts compared to the motion parallel to the phase
encoding axis, and is often used in practice. Linear constant
speed motion was evaluated as previously described [25]. The
sampled transverse magnetization, MXYSLmU), for the J™ k-
space line of slice m (m =1 and 2) was calculated analytically.
As an example, for slice m = 1:

MXY,SU(J) = |Sin(0¢).MZ<’SL1<J)| = |sin(a).

—TreP

[]MZ,SLIOO + (szsu(Jfl).cos(a)fMZYSLl“’) e 711 :| ‘

where M7 is the longitudinal magnetization, « is the excitation
angle and the repetition time Trgp = 7R (within the segment of
the same slice 1) or Trgp = (MmaTrix/Nsegm)-TR (during the
acquisition of the other slice). Acquisition parameters were as
follows: matrix size Nyarrix = 128 % 128, T'1 = 800 ms, exci-
tation angle av=20°, and 7R =2 ms. The simulations evalu-
ated different speeds, up to 125 mm/s (corresponding to the
fastest average speed of cardiac motion [26]), and segmen-
tation schemes. The output of the simulation were the views
of the object in the two orthogonal composing slices (SL1
and SL2), a 3D reconstruction of the two planes in the co-
ordinate system of the object, the signal intensity (SI) pro-
files along each plane, and the longitudinal magnetization of
each k-space line before and after an excitation pulse (re-
ported relative to time).

Robot Visualization MRI Studies

The implemented platform was evaluated with phantom stud-
ies to observe in 3D the maneuvering of an MRI-compatible
manipulator with tubing (filled with water and 3%
gadolinium-based contrast agent) attached to its end-effector
[21, 22]. Slices were prescribed to image different parts of the
manipulator and were changed on-the-fly to follow the motion
of a particular link of the device via the manipulator-driven
MRI described before [21]. Imaging was conductedona 1.5 T
MR scanner (Siemens Healthcare, Erlangen, Germany) with a
short repetition (TR) and echo (TE) time gradient recalled
echo (GRE) pulse sequence (TR/TE/ac=3.97 ms/1.74 ms/
40°, slice thickness =8 mm, acquisition matrix size =
192X192, FOV =260 x 260 mm?).

In Vivo MRI Studies

Pilot in vivo studies were performed on healthy volunteers
with informed consent obtained from all subjects under a pro-
tocol approved by the review boards. The studies assessed the

described interleaved acquisition to image (i) the abdomen
(n=2) and (ii) for contrast-enhanced cardiac imaging (n =
1). All studies were performed on a 1.5 Tesla scanner
(Siemens Healthcare) using the body coil for transmission
and a 12-channel abdominal phased array coil (six anterior
and six posterior elements) for signal reception. In these stud-
ies, we used linear k-space line ordering (i.e., most negative to
most positive). In the abdominal study, the subjects were
instructed to breathe freely and imaging was performed with-
out any respiratory gating. Three intraoblique slices were pre-
scribed through the abdomen of the volunteer and continuous
acquisition of multiple frames was performed with a spoiled
gradient recalled echo (TR/TE/a=3.97 ms/1.74 ms/40°,
FOV =295 x 295 mm?, and slice thickness= 10 mm) using
Nsggm =96 for a matrix size =192 x 192 (i.e., Nsggm/
Nmatrix = 1/2). In the cardiac study, the interleaved acquisi-
tion was used to image the heart and the great vessels during
the passage of Gd-based contrast agent using a saturation re-
covery (SR) prepared spoiled gradient recalled echo sequence
with parameters 7R/TE/T1/ac=2.45 ms/1.3 ms/S ms/40°, ma-
trix = 96 x 128, FOV =200 x 200 mm?, and slice thickness =
10 mm. Interleaving segmentation was implemented with
Nsggm =48. Two intraoblique slices were then prescribed
and repetitive acquisition was commenced; after five base-
line frames the subject was administered with Gadolinium-
based contrast agent (volume = 10 ml each and 2 ml/s infu-
sion rate). The individual frames were then reordered and
reconstructed in 3D.

Results
Simulation Studies

Figure 3 reviews representative results from the simulations
regarding the moving virtual object imaged with the two
composing slices SL1 and SL2. Figure 3a and b compare
the two extreme cases of no segmentation (Ngpgy = 1) and
maximum segmentation (Nsegm = Nmatrix = 128) of k-
space. With the essentially sequential acquisition of the
composing planes presented in Fig. 3a the slices are collect-
ed at time windows differing by Nyiatrix- IR (i.€., 256 ms),
which results in a spatial mismatch of the two views of the
object. This manifested in both the edges of the 3D recon-
structed slices and the profile graphs. The effect of sequen-
tial acquisition is also reflected in the phase maps of the two
slices which demonstrate that translation in the spatial do-
main results in phase shifts in k-space [25] by:

NMATRIX UR
Nsggm FOV'

ADR = 27KpHASE- TR.
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Fig. 3 Representative results from simulations. a and b reconstructed
slices of the two composing slices (orthogonal planes), the
corresponding profiles of the object, and the phase maps of the two
slices when the virtual object moves with a speed of 50 mm/s (0.10
pixels/TR) with number of segmentations Nsggv =1 (a) and Ngggm =
128 (b). Simulation parameters were Nyiatrix = 128 x 128, excitation
angle =20°, ten steady state frames, pixel size of 1 mm, and a TR
(repetition time) of 2 ms. ¢ The difference (offset) between the center of

In contrast, when the acquisition of the k-space lines of the
two slices is interleaved with Nsggv = Mvatrix, the correspond-
ing data are collected at two-time instances separated by only one
TR. As aresult, the object reconstructed from the two composing
slices shows edge and profile matching, also reflected in the
phase maps of the two slices that are almost identical.
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the object in two composing slices (i.e., slice acquired second vs. slice
acquired first) for Ngggm = 1, 4, 16, 128 (matrix size = 128). This offset
corresponds to the mismatch between the views of the object on the two
composing slices. The speed is in pixels per TR and, for a TR =2 ms and
voxel size 1 mm, corresponds to 100 mm/s. d The dependence of the
collected signal to the number of segments for different 77 (longitudinal
relaxation time) values (the number of segments are equally distributed to
show the dependence at low Nsggm)

The graph in Fig. 3¢ demonstrates the effect of object speed
and acquisition segmentation on the spatial mismatch of the
object center as depicted in the two composing slices. As
expected, the peak-to-peak difference of the two views in-
creases with increased speed and reduced segmentation.
Interleaving and segmenting the acquisition modulates the
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M and thus the acquired signal. As illustrated in Fig. 3d, for
any Nsggm > 1 the Mz and ST are higher than those with
Nsegm =1 for all T'1 values simulated, since interleaved ac-
quisition increases the My recovery time between segments.
Also, increased segmentation reduces the S7 since there is less
time for longitudinal recovery between segments. As expect-
ed, the lower the T1, the higher the signal intensity.

Robot Visualization MRI Studies

Results from using the interleaved acquisition technique
to image and visualize the motion of an MR-compatible
robotic manipulator are presented in Figs. 4 and 5. Details
of the robotic manipulator (Fig. 4a) are described in our
previous work [21, 22]. In these studies, we investigated
the method with the manipulator-driven MRI approach
[21] incorporated into the computational core of the sys-
tem, as shown in Fig. 1. In the case shown in Fig. 4, two
intraoblique imaging planes (Fig. 4b—d) were prescribed
to image two of the distal links of the manipulator. With
the manipulator-driven MRI activated, the planes were
changed on-the-fly to include the marker tubes as the

Slice 1

manipulator was maneuvered. The two slices were then
segmented and the marker tubes were rendered in 3D in
the reconstruction module of the computational core
(Fig. 4e and f). In these figures, the 3D frames were
superimposed to show the actuation of the corresponding
degree-of-freedom. In all cases, the interleaved acquisi-
tion resulted in the accurate rendering of the marker tubes
from the composing planes without any spatial mismatch
due to the motion of the manipulator (at speeds of 0.05 to
0.10 pixels per TR). These figures also show an
artefactual signal generated from the ultrasonic motors
that were not sufficiently shielded in these studies.
Another example of spatial matching between the com-
posing slices of the moving manipulator is illustrated in
Fig. 5. In this case, three planes (Fig. Sa—c) were used to
track the motion of the end-effector with the manipulator-
driven MRI activated to track the gadolinium-filled intro-
ducer sheath (Fig. 5a) and a 2D cross-shaped marker
(Fig. 5c¢). Figure 5d shows the interleaved acquisition to
accurately reconstruct the marker without any mismatch
despite the continuous motion of the manipulator with a
speed of 0.08 pixels per TR.

Fig. 4 Representative results from monitoring the maneuvering of an
MR-compatible robotic manipulator (a) with two high spatial resolution
(1.1x1.1 mm?) composing slices (b) and (c¢). The slices’ orientation is
updated on-the-fly to image the links of the manipulator (d), via the

Reconstructed

~n.,. Marker Tubes
i,

h'.'*_/
- &

manipulator-driven approach. The visualization module generates (e)
and updates (f) a virtual reality scene that shows the accurate
reconstruction of the manipulator during motion
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Fig. 5 Visualization of the
maneuvering of an MR-
compatible manipulator on the
three composing planes (a, b, and
¢), as well as their 3D
reconstruction on-the-fly (as the

manipulator maneuvers) (D) Slice 1

In Vivo MRI Studies

Figure 6 shows representative results of imaging the human
abdomen during free-breathing using three intraoblique

Slice 2 Slice 1
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- =
r i

“Aorta g +

!

Liver *,

Kidney . Zeice 3
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G -y

V Slicej B W

" q/// Yy
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Fig. 6 Representative results from an interleaved k-space acquisition of
three composing slices (a, b, and ¢) while the subject was breathing freely.
The arrows identify the intercept of the slices. Different views (d, e, f, and
g) of the three planes reconstructed in the scanner coordinate system on
the visualization interface. The dashed boxes in f and g delineate the four
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Slice 2

F'SIice 2

Slice !.

Slice 3

composing planes (Fig. 6a—c). The slice intersections are
delineated as hypo-intense bands, compared to the rest of
the image, since they experience excitation pulses during
the acquisition of both intersecting slices. The composing

Slice 3

Slice't =¥ = Slice 2

areas of the 3D reconstruction shown in zoomed view (h, i, j, and k).
These frames were collected with interleaving segmentation of Ngpgy =
96 for a matrix size 192 x 192. Four consecutive time frames (I, m, n, and
0) of the 3D reconstructed composing planes (intersecting along the
dashed white lines in 1)
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slices were reconstructed in the 3D space defined by the
MRI scanner’s coordinate frame after extracting the exact
coordinates from raw data headers. The resulting 3D vol-
ume was then available for on-the-fly manipulations such as
3D rotations (Fig. 6d—g) and zooming (Fig. 6h—k) that can
be integrated into an interventional procedure [17, 18, 22].
Figure 6h—k also show spatial details from the 3D recon-
structed composing slices and demonstrate the matching of
the edges of the different anatomical structures attained with
interleaved acquisition. Additionally, Fig. 6l1-o present a
series of four consecutive time frames generated from the
dynamically updated, 3D reconstructed composing planes.
The hypo-intense bands that correspond to the intersections
of the slices are also evident. Since the intersection bands
receive continuous pulsing in every 7R, their longitudinal
magnetization (Mz nteanp) 1S brought to, and maintained
at a steady state. In the case that the composing planes are
collected with the same 7R, independent of the acquisition
segmentation, Mz iNTeaND 1S given by:

Slice 1 Slice 1

N

1—eTt
M7z NnTBAND = M 70 %
1—cos(a)eT

Figure 7 illustrates results from a two-composing slice im-
aging and reconstruction implementation of the great vessels
and heart during the passage of gadolinium-based contrast
agent acquired with Ngggm =48 and a 96 x 128 matrix size
(during a breath-hold and with cardiac triggering). The images
in Fig. 7a—d show the two composing slices, before the initi-
ation of infusion (Fig. 7a and c) and during the passage
(Fig. 7b and d) of the contrast agent. Notably, and in contrast
to the results presented in Fig. 6, the intersection of the two
slices is not observed: in the absence of contrast agent, the
inversion recovery sequence nulls the myocardial signal,
while during the passage of the agent, the short 7/ of the blood
in the vessels and the cardiac cavities results in sufficient
recovery of the intersection bands. Different views of the 3D
reconstructed composing slices are shown in Fig. 7¢ and g.

Slice 2

h Slice2 Right Atrium

Fig. 7 Representative results from a bi-planar interleaved k-space
imaging and reconstruction scheme of the human heart during
peripheral IV-infusion of gadolinium-based contrast agent (a to d): the
two composing slices, before (a and ¢) and during (b and d) the passage
of the contrast agent. The dashed lines identify the intercept of the slices.
A panel of three different 3D reconstructed views of the two composing

Left Atrium

R

Left Ventricle

slices (e, f, and g) generated on the visualization interface. A series of time
frames (h) depicting the passage of the contrast agent through the heart
and great vessels in the 3D reconstructed composing planes. These frames
were collected with interleaving segmentation of Ngggn = 48 for a matrix
size 96 x 128
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The panel of images in Fig. 7h shows a series of six-time
frames of 3D reconstructions at selected instances before (first
frame) and during—the passage of the agent. The contrast
agent passage can be appreciated from the contrast enhance-
ment of the different blood pools. Since the frames in panel
Fig. 7h were collected during breath-holding and with cardiac
triggering, the heart appears “frozen” in the same diastolic
phase of the cardiac cycle.

Discussion

An important feature for performing complex minimally in-
vasive procedures under MRI guidance is the ability of MRI to
dynamically collect 2D, multi-slice, or 3D data sets in any
prescribed orientation. This property is further enhanced when
the imaging plane orientation is interactively changed on-the-
fly to depict the interventional tool as it is maneuvered through
the body [10, 21, 27]. During a procedure, the spatial position
and shape of the anatomical structures of interest may change
dynamically due to a variety of reasons, including physiolog-
ical respiratory and/or cardiac motion, voluntary or involun-
tary motion of the patient, tissue dislocation secondary to the
advancement of the interventional tools, or swelling or hem-
orrhage. Moreover, a procedure may require visualization of
MRI-compatible actuated manipulators which articulate or
bend in 3D space [28]. With updated volumetric imaging,
such changes can be visually tracked as they occur, allowing
for appropriate interventions. Also, as has been suggested be-
fore [11, 29], visualizing the procedure in a single window,
rather than viewing two or more planes in individual win-
dows, can be more efficient since the clinician performing
intervention would not need to scan through multiple win-
dows. As has been demonstrated before, a general solution
to the rather slow refresh rate of real-time MRI is the contin-
uous collection of a limited number of slices that are pre-
scribed to track objects of interest; often these slices are
intraoblique ([7, 11, 1315, 30, 31] and references therein).
When a moving object of interest is imaged with two or
more intersecting slices which are used as composing planes
for 3D reconstruction, the sequential acquisition of these slices
results in spatial mismatch of the 3D reconstructed structure.
This mismatch is more pronounced in MRI-guided cardiac
procedures [7, 11-13, 32]. For addressing such spatial mis-
matches, Navkar et al. [33] proposed virtual fixture techniques
from three sequentially collected intersecting slices to gener-
ate a mesh along the tissue boundary. The described technique
was implemented for interventional studies that were per-
formed under real-time, MRI-guidance and required visuali-
zation of different moving objects of interest in the AoP with
more than one slice. In the current work, the intraoblique
composing slices are time matched by interleaving the acqui-
sition of the same segments or individual lines of the k-space
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from all slices (Fig. 2). Temporospatial matching is based on
collecting the same k-space lines of all composing slices at
similar time points. This occurs especially when Ngpgm =
NmaTrix 1.€., when the same k-space line for all composing
planes is acquired with a time separation of one 7R. This
acquisition pattern results in almost identical phase modula-
tion of the different slices (Fig. 3). As shown with manipulator
tracking (Figs. 4 and 5) and in vivo (Figs. 6 and 7) MRI
studies, the composing planes consistently depict the different
object’s views at spatially matched positions. Time matching
of the slice acquisition, in each frame, results in spatial
matching of the structures and anatomical features depicted
in the composing slices. Interleaved acquisition of slices is a
well-established data collection strategy in MRI, primarily
used to optimize data acquisition in long TR sequences,
including the traditional Spin Echo (SE) and the T1-
weighted-Fluid-Attenuated Inversion Recovery (T1-
FLAIR) sequences. In this work, the interleaved acquisition
strategy was modified. The main difference in the proposed
implementation lies in the insertion of alternating slice pro-
files for the different slices such that slices are not simply
stacked. As expected, line shift errors are avoided with the
implemented k-space ordering.

The employed multi-slice acquisition scheme which ac-
quires slices oblique to one another could potentially suffer
from specific artifacts. First, eddy currents may dynamically
influence both the local main field and applied magnetic field
gradient, particularly those generated by the ramp-up and
ramp-down portions of the trapezoidal gradients used in the
spoiled gradient echo sequence. In modern clinical scanners,
however, the major components of eddy currents are compen-
sated for several different time constants. Under these condi-
tions, the effect of any residual eddy currents is considered to
be rather small and is expected to have negligible influence on
gradient linearity and spatial accuracy. A second potential
source of errors can be orientation-dependent concomitant
gradients, i.c., small non-linear magnetic field gradient com-
ponents present in the direction transverse to the applied di-
rection [34]. It is well-known that these components can in-
duce phase errors in the reconstructed image. Their effects
include blurring in k-space, producing a parabolic phase var-
iation across the imaging plane, and shifting k-space data in
the frequency domain due to a linear phase component.
Typically, concomitant gradients are only significant when
very strong gradients are used at a very low static field
strength, which is not the situation here. Any small linear
phase ramp would also not be detrimental to our study, since
it uses only magnitude-based images.

As reported before in neurosurgical applications [16, 35,
36], when a limited number of slices is required, the acquisi-
tion planes most often are non-parallel. In such interventions,
dynamic generation of cut-through views from dual oblique
plane acquisitions would suffice for real-time imaging to
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guide the procedure. The interleaved technique implemented
herein can be used to generate dynamically updated cut-
through sections of the AoP (as shown in Figs. 6 and 7).
Coupled with the technical capability of modern commer-
cial MRI scanners for on-the-fly adjustments of the imaged
planes directly from a computer-controlled manipulator
[21], the technique offers the capability to visualize articu-
lated or bendable tools with a small number of slices (such
as shown in Figs. 4 and 5).

The described interleaved acquisition scheme modulates
the ST of the collected composing planes. First, as for any other
sequence that collects interleaved non-parallel slices, it dem-
onstrates low S/ bands at their intersections. The width of
these bands depends on the bandwidth and profile of the ex-
citation pulse, as well as on the relative angle of the
intersecting slices. Unless an intersection corresponds to ana-
tomical aspects of interest, practically these bands will not
affect the visual perception and utility of the 3D reconstruc-
tion. Also, when a gadolinium-based contrast agent is used,
the fast-longitudinal relaxation of the enhanced structures re-
duces or eliminates these bands, as shown in Fig. 7. With the
interleaved acquisition scheme, additional S/ modulation orig-
inates from the competing effects of segmentation and inter-
leaving (Fig. 3d). Specifically, smaller Ngggn values increase
the frequency of RF pulsing for a given slice and thus reduce
its magnetization, whereas interleaving increases longitudinal
relaxation signal recovery between the segments (Fig. 3¢ and
d). As shown in Fig. 3, the case of Ngggm = Nvatrrx provides
the best possible temporospatial matching along with moder-
ate loss of signal. Notably, for any ratio Nyarrix/Nseowms the
ST is higher compared to sequential non-segmented acquisi-
tion, since the sustained excitation pulses of the latter reduce
the M of the same slice (Fig. 3d).

While slice-interleaved acquisition offers spatial matching
of moving objects imaged by multiple slices, its practical mer-
it depends on the particular needs of a procedure, i.e., if high
spatial accuracy in rendering structures is needed. Moreover, a
potential drawback of the method is that the actual 7R (i.e., the
repetition time of an individual k-space line or k-space seg-
ment of a certain slice) increases compared to when individual
slices are collected sequentially. However, simulating for the
linear motion of an object with a velocity of up to 125 mm/s
(Fig. 3), as well as non-triggered cardiac imaging (Fig. 7),
demonstrated that interleaved acquisition with a high
Nmatrix/Nsegw ratio shows excellent spatial matching and
no motion artifacts. Nevertheless, one should be aware of this
potential limitation, which also affects image contrast, and if it
is encountered then the Nyarrix/Nsegm ratio should be ad-
justed. The interleaved scheme proposed lengthens the to-
tal acquisition time and this may lead to image blurring
due to gross motion. Acquired data, however, suggest that
the degree of blurring does not impact considerably edge
matching in 3D rendering.

Several aspects of this work require further investigation.
First, while the simulations demonstrated the impact of mo-
tion and segmentation on the spatial matching and S/, they
were limited to a continuous linear motion. More detailed
assessment of the slice-interleaving, especially for cardiac im-
aging, would require simulating more realistic speed/
displacement waveforms [37]. This is a future direction for
expanding the simulation software for including such wave-
forms, as well as incorporating triggering and selective acqui-
sition of the segments as described previously [38]. The sec-
ond focus area will be the implementation of the technique for
visualizing the entire length of bendable structures (e.g.,
snake-like manipulators) that maneuver in 3D and do not re-
side in a single plane. For high-definition visual effects and
further acceleration, the third area entails the implementation
of image reconstruction and visualization rendering pipeline
on a GPU [24], as well as the incorporation of a holographic
interface for improved visualization and planning [39]. After
implementing such improvements, we plan to pursue user
studies to fully assess this platform with in vivo experiments.

Conclusions

Dynamic imaging of an area of interest with a limited number
of intraoblique composing slices, acquired and reconstructed
in 3D in such a way that reflects anatomical matching of the
structures, can satisfy the needs for real-time guidance of in-
terventional procedures. The described platform, which com-
prises of an interleaved and segmented acquisition scheme of
intraoblique slices, the 3D reconstruction of spatially matched
structures in the composing planes, an appropriate visualiza-
tion tool, as well as a robot control module, provides dynamic
volumetric imaging of moving objects. The technical novelty
of'this work rests primarily on its robotic component, while its
clinical value lies mainly in the potential of the integrated
platform to facilitate image-guided interventional procedures
with MRI-based visual-servoing of a robotic manipulator.
Future directions should include comprehensive simulations
to assess more realistic motion waveforms and the implemen-
tation of this k-space scanning approach using faster pulse
sequences for imaging of snake-like manipulators.
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