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Abstract

Rationale and Objectives—~Patient-mounted needle guide devices for percutaneous ablations
are vulnerable to patient motion. The objective of this study is to develop and evaluate a software
system for MRI-compatible patient-mounted needle guide device that can adaptively compensate
for the displacement of the device due to the patient motion using a novel image-based automatic
device-to-image registration.

Materials and Methods—We developed a software system for an MRI-compatible patient-
mounted needle guide device for percutaneous ablations. It features fully-automated image-based
device-to-image registration to track the device position and a device controller to adjust the
needle trajectory to compensate for the displacement of the device. We performed: a) a phantom
study using a clinical MR scanner to evaluate the performance of registration, b) simulations using
intraoperative time-series MR data acquired in 20 clinical cases of MRI-guided renal cryoablations
to assess its impact on motion compensation, and c) pilot clinical study in three patients to test its
feasibility during the clinical procedure.

Results—FRE, TRE, and success rate of device-to-image registration were 2.71 £ 2.29 mm, 1.74
+ 1.13 mm, and 98.3% for the phantom images. The simulation study showed that the motion
compensation reduced the targeting error for needle placement from 8.2 mm to 5.4 mm (p <
0.0005) in patients under general anesthesia (GA), and from 14.4 mm to 10.0 mm (p< 1.0 x 107°)
in patients under monitored anesthesia care (MAC). The pilot study showed that the software
registered the device successfully during clinical cases.

Discussion and Conclusion—Our simulation study demonstrated that the software system
could significantly improve the targeting accuracy both in patients treated under MAC and GA.
Intra-procedural image-based device-to-image registration was feasible.
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1. Introduction

Image-guided percutaneous tumor ablations are widely practiced to treat liver and kidney
cancers. Several ablation modalities are clinically available, including cryoablation [1-3],
radiofrequency ablation (RFA) [4, 5], microwave ablations (MWA) [6-8], laser ablations [9],
and irreversible electroporation (IRE) [10]. While ultrasound and computed tomography
(CT) are common imaging modality of choice for guiding ablation applicator needles into
the target lesion and monitoring the therapeutic effect [1, 11], magnetic resonance imaging
(MRI) is preferable when the tumor does not present distinctive contrast against the
surrounding tissue in other modalities [2, 3]. Intraprocedural MRI can provide high-
resolution 2- or 3-dimensional images with superior soft tissue contrast without exposing the
patient and clinical staff to ionizing radiation. MRI also offers unique capabilities in
monitoring the ablation zone; it can visualize formation of the ice ball as a signal void in
cryoablations [2] or temperature variations in heat-based thermal ablations [12].
Intraprocedural MRI helps physicians ensure sufficient ablation margins while avoiding
damage to critical structures; hence, it potentially leads to the reduction of tumor recurrence
and post-procedural complications.

One technical challenge of MRI-guided ablation is that the narrow MRI gantry hampers the
placement of ablation needles during imaging. Therefore, patient needs to be moved into the
gantry for imaging and out for needle placement [2]. This “in/scan-out/adjust” technique [2]
inhibits the physicians from interactively maneuvering the needles while visually monitoring
the needle location relative to the target on the image. Typically, a repeated in/scan-out/
adjust process is required until the needle reaches the intended location, leading to
prolonged procedure time, unlike other imaging modalities such as ultrasound and CT
fluoroscopy. There have also been attempts to maneuver the needle inside the closed-bore
scanner for interactive real-time MR image guidance [13]. However, this requires the
physician to reach the needle near the isocenter from the bore entry, which is ergonomically
challenging; the distance between the bore entrance and the isocenter is 60—70 cm even in a
state-of-the-art short-bore scanner. While open-configuration scanners have been
investigated to address this challenge [14-17], they have not become a mainstream because
of the limited imaging capability compared to the conventional closed-bore scanners [18].

A needle guide device, which mechanically guides a needle to a pre-defined target, can
potentially make the “in/scan-out/adjust™ process less cumbersome. Such a device physically
assists the physician to direct the needle to the target; hence, it would reduce the number of
“in/scan-out/adjust” steps. Needle guide devices can be categorized as either table-, gantry-,
and floor-mounted systems [19-22] or patient-mounted systems [23-25] based on how the
devices are fixed [26]. A patient-mounted system is directly attached to the patients skin
rather than the floor or the patient table, and thus one can hypothesize that it is relatively
easier to maintain the relationship between the needle guide and the target lesion, and is less
vulnerable to the patient motion.

While previous studies [24, 25] have successfully demonstrated the feasibility of the patient-
mounted systems, two important questions have yet to be answered: how the patient motion
impacts the needle placement accuracy, and how such motion can be managed. In the
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clinical scenario, the patient motion comprises the motion of the body surface and the
internal organ, which can move independently, and causes significant displacements of the
device with respect to the target lesion. Given that imaging and needle placement take place
at different time points in the procedure, it is important to estimate potential targeting
accuracy due to the motions of the body surface and the internal organ. Although our
previous study using a phantom [25] has shown that the patient-mounted needle guide
device provided better probe placement accuracy than manual procedure, even in the
presence of random patient motion, the study only considered a rigid patient motion, where
the body surface and the target in the internal organ move together. In the clinical scenario,
the patient motion is induced by the deformation of the chest and abdominal areas, and thus
the spatial relationship between the device and the target is constantly changing throughout
the procedure.

In this study, we newly developed a software system for an MRI-compatible patient-
mounted needle guide device developed in our previous work [25] with an emphasis on a
novel automatic device-to-image registration algorithm. Our hypothesis is that the algorithm
would enable re-registering the patient-mounted device after each image acquisition
continuously; hence it would correct for the misalignment between the needle guide and the
target that accumulates over the course of the repeated in/scan-out/adjust process due to the
drift of the patient and the internal organ. This new capability of continuous re-registration
would help reducing the targeting error. Therefore, the objective of this study is three-fold:
1) to evaluate the performance of the proposed registration algorithm in phantom, 2) to
estimate the impact of the motion compensation in the clinical scenario using a simulation
with clinical images, and 3) to test feasibility of the proposed registration algorithm in
patients.

2. Materials and Methods

2.1. MRI-compatible Patient-Mounted Needle Guide Device

The MRI-compatible patient-mounted needle guide device used in this study is equipped
with a double-ring mechanism presented previously [25] (Figure 1). This active 2-DoF
mechanism tilts a passive needle guide about the remote center of motion (RCM) to guide a
biopsy or ablation needle to the target localized on an intraprocedural MR image. The device
is placed on the surface of the patients body so the RCM is aligned with the needle entry
point on the skin, and is then fixed with straps. The 2-DoF RCM motion is achieved by a
double-ring mechanism, which consists of two ring-shape rotary stages coupled with a fixed
angle. Those stages are driven by custom-made ultrasonic actuators with embedded encoders
(Figure 1). Advantages of this unique double-ring mechanism include: 1) a wide access to
the skin entry point for the physician; 2) ring-shape rotary stages, which are suitable to
house the ultrasonic actuators and rotary encoders; 3) a rigid structure with small footprint;
4) a simple and safe mechanism with a low risk of catching clinicians fingers, patients skin,
drapes, blankets, or other equipment.

MR-visible spherical fiducial markers are embedded in the device in order to localize the
device on the image and register it to the image coordinate system. A fully-automated
algorithm to detect and register the fiducial markers, which is the new contribution of this
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study, is described in the Fully-Automated Fiducial-Based Device-to-Image Registration
section.

2.2. Overview of Software System

We developed navigation software specifically for the MRI-compatible patient-mounted
needle guide device. Our system consists of navigation software and a needle guide device
controller running as separate processes. They exchange messages such as commands,
device statuses, and target locations during a procedure using the OpenlGTLink network
communication protocol [27]. The navigation software can also import intraprocedural MR
images immediately after the acquisition through the local area network in the operating
room using the Digital Imaging and Communications in Medicine (DICOM) standard [28].

The navigation software works as a primary user interface for the physician and operator. It
is implemented as a plug-in module for 3D Slicer, open-source medical image computing
software, [29,30]. In addition, the plug-in module provides features to support the clinical
workflow described in the next section, including needle insertion planning, device-to-image
registration, device control and monitoring, and needle placement monitoring.

The controller is in charge of controlling the actuators and monitoring the encoders and
sensors. The controller receives control commands and parameters (e.g. registration
transform and target coordinates) and sends hardware status (e.g. current orientation of the
needle guide, and hardware error information) from and to the navigation software. The
received target coordinates are translated to displacements of individual actuators by
computing the inverse kinematics, and passed to the PID control to control individual
actuators. The encoder readings are converted to the orientation of the needle guide and sent
back to the navigation software.

2.3. Clinical Workflow With and Without Motion Compensation

We consider the clinical workflow shown in Figure 2 to introduce ablation needles into the
target lesion under MRI guidance. The workflow is based on the “in/scan-out/adjust”
approach; the patient stays on the patient table throughout the procedure, and is moved into
the scanners gantry only when images are acquired; the other steps are performed outside
the gantry. The workflow consists of Planning, Device-to-Image Registration, Device
Control, and Needle Placement steps (Figure 2).

1. Planning. The physician defines needle insertion trajectories by specifying target
and skin entry points on a 3D MR image of the patient (p/anning image). The
physician can review the trajectories by re-slicing the 3D image at any plane
along the trajectory and ensure that there is no critical structure and/or obstacle
around it.

2. Device-to-l mage Registration. The navigation software registers the needle
guide device to the image coordinate system by detecting a fiducial frame
attached to the device on intraoperative images (registration image). The detail of
the algorithm is described in the following section. Once the device has been
registered, the physician can confirm that all targets are within the targeting
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range of the device on the image. The result of the registration is transferred to
the controller over the network using the OpenlGTLink protocol [27].

3. Device Control. The navigation software sends the coordinates of the current
target to the device controller over the network using the OpenlGTLink protocol.
It also displays information necessary for the physician to place the needles,
including insertion depth.

4. Needle Placement Monitoring. The physician can check the placement of the
needle visually by comparing an image acquired after placing the needles
(confirmation image) and the planned trajectory. The confirmation image can
also be used to re-register the device to the new patient location.

Typically, a registration image is acquired only once as part of the planning unless the
patient position is significantly changed during the procedure. However, if the field of view
of the confirmation image is large enough to cover the fiducial markers embedded in the
device, the device could be re-registered to the most recent confirmation image (indicated as
broken lines in Figure 2). This re-registration process would keep updating the needle
placement to reflect the current position and orientation of the device; hence, it would
compensate for the displacement of the device due to the patient motion. To use this motion
compensation technique in practice, a robust, fast, and automated registration process is
crucial. We developed a new fiducial-based device-to-image registration algorithm to
achieve this goal.

2.4. Fully-Automated Fiducial-Based Device-to-Image Registration

2.4.1. Configuration of fiducial frame—The device-to-image registration was achieved
by detecting an MR-visible fiducial frame attached to the device in an MR image and
registering the fiducial frame model to the detected frame. The challenge in this approach is
that the markers on the MR image must be identified correctly regardless of the presence of
other objects in the field of view, such as part of the patient’s body. We developed a fiducial
frame that consisted of multiple MR-visible spherical markers aligned in a circular
configuration and an algorithm to detect and register the developed fiducial frame. Our
algorithm relies on a spherical shaped marker with a specific diameter dj,, and the circular
configuration of those markers (Figure 3). Spherical markers were used because spherical
objects on an image can be detected by means of image processing regardless of orientation,
and they are easily fabricated. We used 3D-printed spherical liquid container with a radius of
10 mm filled with Gd-DTPA solution. The circular configuration is suited for the double-
ring mechanism [25]. The spherical markers are aligned in the circular configuration and
spaced irregularly so that the configuration is asymmetric, giving a unique solution for the
registration. In this study, eight markers were aligned on a ring with a diameter of 92 mm.
The angles between the markers were 51.43°, 41.14°, 56.57°, 61.71°, 20.57°, 30.86°, 61.71°,
and 36.00°. The radius of the device was constrained by the diameter of the MR loop coil
used for the procedure.

2.4.2. Detection of Spherical Markers—The detection of spherical markers consists of
two steps. The first step in the detection of the spherical markers is enhancing spherical
objects using a filter proposed by Frangi et a/[31]. We configured the parameters to enhance
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bright spherical markers on the image. The enhanced objects were then detected by Hough
transform [32]. We used implementations of those algorithms available for the Insight
Segmentation and Registration Toolkit (ITK) [33, 34]. The endpoint of this step is the
position of the center of mass for each spherical object (Figure 3(b)).

2.4.3. Registration of Fiducial Marker Model to Detected Fiducial Markers—The
last step is matching the model of markers to the detected markers. This step consists of five
sub-steps: 1) fit a 2-dimensional plane to the detected markers (Figure 3(c)); 2) estimate the
circle, which the detected markers are aligned to (Figure 3(d)); 3) detect and remove
outlying markers; 4) match the model circle to the estimated circle (Figure 3(e)); 5) find the
rotation that matches the model and detected markers (Figure 3(f)). The first sub-step is
achieved using a principal component analysis (PCA). Given the coordinates of the detected
markers X = (X1, Xo, ..., Xp), the principal component decomposition can be given using a 3-
by-3 matrix W as:

T=XW, (1)

where T is an A-by-3 matrix representing the coordinates of the markers converted to the
new coordinate system, X is an N-by-3 matrix representing the coordinates of the markers
shifted so that the empirical mean is zero (X = (X3 = X, X2 = X; ..., Xy — X), where

X= ZnN _1x,/N). The all markers are in the plane defined by the first and the second axes, if

marker detection errors are ignorable.
In the second sub-step, the center of the markers is estimated by the intersection of the
perpendicular bisectors of two chords defined by three different points on the circle (see

. . . . N A
Appendix). In our implementation, the bisectors calculated from all (3) combinations of

points are averaged to estimate the center of the markers.

In the third sub-step, objects that have been falsely detected due to image noises or spherical
objects are filtered out recursively based on: 1) the error between the distance from the
estimated center of the circle and the known radius of the circle (radius error), 2) the error
from the estimated plane of the circle (out-of-plane error), and 3) the error between the
distance from a pseudo center estimated from other three detected objects and the known
radius of the circle (cross-validation radius error).

In the forth sub-step, the transformation that fits the circle in the model to the detected
markers is:

Te . (p)=Rqp+e. (2

where R, = (w].w3.w}), and where pis the coordinates of the fiducial marker in the model.

The circle can also be fitted to the model, after flipping (or rotating about x- or )~ axis by
180 degrees). In this case, the transformation is:
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where Ry 1g0° is a counter-clockwise rotation about the x-axis by 180 degrees.

The last sub-step is finding the rotation about the axis of the circle that fits the all model
markers to the detected markers after transformation T or T . Given an angle for the
rotation about the zaxis 6, the final transformation can be described as:

Ty(p)=RR Op+c. (4)

We define a goodness of fit as the mean square distance of closest points between the
transformed model markers and the detected markers as:

N
1 . 2
E= szl min llg; = Ty(ppllI*.  (5)

where pjis the coordinates of the i-th fiducial marker in the model, and g;is the coordinates
of the /th fiducial marker detected on the image. Using this goodness of fit, our problem can
be described as:

N
_ . _ . l . _ 2
0= arg ménE— arg min ngl jer{nn ||qj Typpll~. (6)

Finally, the registration transform can be computed by substituting the solution 8to T g(p).

3. Experiments

3.1. Validation of Device-to-Image Registration using MR images of Fiducial Markers

We performed an imaging experiment in a 3-Tesla wide-bore MRI scanner (MAGNETOM
\erio, Siemens Healthcare, Erlangen, Germany) with a Body Matrix coil. The goal of this
experiment is two-fold: 1) to determine the realistic accuracy of the proposed device-to-
image registration in the presence of field inhomogeneity; 2) to compare the performance
with a conventional fiducial-based registration. We built a platform to place the fiducial
frame at known location with respect to the isocenter of the scanner. The platform consists
of a base table and jigs to fix the fiducial frame to the table at discrete position and
orientation. The base table was manually aligned to the alignment laser of the scanner so
that the fiducial frame was approximately at the isocenter with the circular plane parallel to
the patient table. Coordinates were noted in the same way as the patient coordinate system in
the supine/feet-first position; the axis of the gantry corresponded to the superior-inferior (S-
I) axis, the vertical and horizontal axes in the cross section of the gantry corresponded to the
anterior-posterior (A-P) and right-left (R-L) axes respectively.
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The fiducial frame was discretely translated or rotated by adding or replacing the jigs; it was
translated by 0, 50, 100, and 150 mm from the isocenter along the R-L and S-1 axes, and 0,
10, 20, 30, and 40 mm along the A-P axis; it was rotated from its initial orientation by 0°,
15°, 30°, 45°, 75°, and 90°about the R-L and S-1 axes, and 0°, 90°, 180°, and 270°about the
A-P axis. We had a limited translation range in the A-P direction, because we needed to
cover the entire jigs with the Body Matrix coil to use the same imaging setup as our clinical
application.

At each position and orientation, a multi-slice MR image of the fiducial frame was acquired
in the coronal plane using a T2-weighted Half-Fourier Acquisition Single-shot Turbo spin
Echo (HASTE) sequence (TR/TE: 1000/198 ms; flip angle: 131°; pixel size: 1.09375 x
1.09375mm?; FOV: 300 x 255mm?; bandwidth: 504 Hz/pixel; slice thickness: 2mm; number
of slices: 19-80), which has been used for MRI-guided cryoablation of the kidney and liver
at our institution.

After all images were acquired, the translation and rotation of the fiducial frame from its
initial position were estimated from the images using the proposed automatic device-to-
image registration. The result was compared with reference translation and rotation
calculated based on the configuration of the jigs to calculate the registration error. The
experiment was repeated for twenty times. Registration errors were evaluated as fiducial
registration error (FRE), and target registration error (TRE). We assumed that the target was
on the axis of the base ring (or the circular fiducial frame), and the distance between the
target and the fiducial frame was 150mm, which is approximately the maximum distance for
the needle guide device with a 175-mm needle.

In addition, the translation and rotation of the fiducial frame were also estimated using the
conventional fiducial-based registration. In this approach, the center of each fiducial marker
was localized manually with the mouse cursor and recorded. The model of the fiducial frame
was registered to the image by matching the coordinates of individual markers in the model
to those localized on the image using the Fiducial Registration module in 3D Slicer. Like the
evaluation of the automatic registration, the registration error was calculated based on the
reference translation and rotation. The registration errors for the automatic registration and
those for the manual registration were then compared using a #test.

3.2. Simulation of Targeting Error Due to Patient Motion During MRI-guided Kidney

Ablations

This retrospective image analysis study was approved by the institutional review board at
Brigham and Womens Hospital (BWH) and was HIPAA-compliant. The goal of the study is
to estimate possible targeting errors with the patient-mounted needle guide due to patient
motion during the procedure, and estimate how the motion compensation with the proposed
automatic device-to-image registration could potentially suppress such errors. Our
hypothesis is that the fully automated registration would make it feasible to counteract the
patient motion by re-registering the device to every confirmation images (Figure 2), which
are acquired to check the needle location after every insertion. Repeated re-registration
would allow updating the needle placement plan adaptively even if the device is displaced by
the motions of the body surface.
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3.2.1. Subjects—The inclusion criteria were subjects who had confirmed renal tumor and
underwent MRI-guided kidney cryoablations performed by one radiologist (K.T.) between
May 2013 and August 2014. Using these criteria, 20 subjects (ages 46—87 years; 6 males and
14 females) were included in the study. Tumor ablations were conducted using cryoablation
(Galil Medical Ltd., Yokneam, Israel). The patients were treated under either general
anesthesia (GA) (V= 8) or monitored anesthesia care (MAC) (N = 12).

3.2.2. Imaging Protocol—All intraoperative images were acquired using the same
scanner as the imaging study for the validation of the device-to-image registration.
Multislice T2-weighted MR images were acquired during the needle placement process
using the same Body Matrix coil and the multi-slice T2-weighted HASTE sequence (TR/TE:
1000/200 ms; flip angle: 129 — 147°; acquisition matrix: 320 x 190; FOV: 289x340;
bandwidth: 504 Hz/pixel, slice thickness: 4mm; number of slices: 8-20). MR imaging was
performed during controlled apnea for the cases with GA, or breath-hold for the cases with
MAC.

3.2.3. Simulation of device displacement due to body surface—The schematic
representation of simulation workflow is shown in Figure 4. We virtually mounted the
device on a 3D model of the body surface reconstructed from the time series of the
intraoperative images. The body of the patient was segmented by applying threshold to each
image, and then converted to a surface model using the marching cube method [35] available
on 3D Slicer. The entry point of the needle on the skin was also identified based on the
needle artifact on each image. We assume that the device is placed so that the remote-center-
of-mation is aligned to the entry point on the skin in the clinical scenario. Therefore, the
position of the virtually-mounted device was determined by matching the remote-center-of-
motion with the entry point. Likewise, the orientation of the device was estimated by the
average orientation of the polygons in the area on the body surface that would support the
base of the device. The area is determined as a circular area around the entry point on the
skin surface with the same radius of the base of the device. Based on these position and
orientation of the device, we rendered spherical markers of the fiducial frame on each
intraoperative image. This “simulated image” mimics intraoperative image of the patient
with the patient-mounted needle guide device. We computed the position and orientation of
the device for each intraoperative image, and generated simulated images.

3.2.4. Assessment of target organ displacement—Displacements of the kidney
were estimated by registering the first frame of the series to that in the subsequent frames.
An intensity-based rigid registration with maximization of mutual information implemented
in the BRAINSFit module of 3D Slicer [36] was used. To register only the kidney, it was
roughly contoured on the image manually to mask the area outside the kidney. The
registration was visually confirmed. The translation of the kidney was then applied to the
initial position of the target to obtain the positions of the target at each frame.

3.2.5. Simulation of needle placement with and without re-registration of the
needle guide device—Using the data obtained in sections 3.2.1-3.2.4, we simulated
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target planning, fiducial registration, and needle placement using the simulated images and
evaluated potential needle placement errors. We consider the following two scenarios:

Needle placement without re-registration This is a conventional scenario, where a
plan is made only once at the beginning and never updated throughout the procedure
(Figure 4(a)). First, a target was defined in the kidney tumor on the first frame of the
simulated images. The needle guide device was registered to the simulated image
using the device-to-image registration method. The needle guide angle was
determined based on the target position and the registration of the device. A needle
was then virtually placed on the /th simulated image using the planned needle guide
angle. We assumed that the needle guide maintained its angle, but was displaced due
to the body surface displacement. Therefore, the resulted needle trajectory on the /th
simulated image was determined by transforming the device to the position and
orientation of the device on the /th image. Likewise, we assumed that the target in
the kidney was displaced due to the motion of the kidney, and the target position on
the /th image was estimated by applying the transform of the kidney to the original
target. Finally, the distance between the resultant trajectory and the target was
measured as an expected targeting error (ETE).

Needle placement with re-registration This is a scenario enabled by our automatic
device-to-image registration technique; the needle guide was re-registered to each
simulated image, and therefore the plan was kept up to date (Figure 4(b)). The needle
guide angles were then updated before simulating the next simulated image. The
resultant needle trajectory on the /~th simulated image was determined by
transforming the device with the needle guide angle updated for (/~1)-th simulated
image to the position and orientation of the device on the /~th image. Finally, the
distance between the trajectory and the target was measured as ETE. The ETEs for
both scenarios were then statistically compared using a paired Wilcoxon rank sum
test.

3.3. Pilot Clinical Study During MRI-Guided Kidney Ablations

This clinical study was approved separately by the institutional review board at BWH and
was HIPPA-compliant. We performed a pilot study to demonstrate the feasibility of the
proposed device-to-image registration by acquiring MR image of the fiducial markers
embedded in the needle guide device mounted on the actual patient. The study was
performed at the beginning of a routine MRI-guided kidney cryoablation procedure; the
device was removed before the actual ablation procedure, and thus it was not used for
guiding cryoprobes.

3.3.1. Subjects—Subjects were recruited among patients who were scheduled for an MRI-
guided renal cryoablation procedure between October and November 2016. Three subjects
(ages 58-93; two males and one female) were enrolled.

3.3.2. Imaging, device-to-image registration, targeting, and confirmation—All
images were acquired using the same scanner as the previous experiments. A multislice T2-
weighted MR registration image was acquired after placing the device on the patient using
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the same parameters as the previous experiment. The all patients were under general
anesthesia. Images were then transferred to the navigation software over the network. The
device-to-image registration was performed as soon as the image was loaded on the
navigation software. The image was also assessed by the radiologist to identify the target.
Based on the registration and the identified target, the orientation of the needle guide was
physically aligned using the actuators. Once the needle guide reached the target orientation,
a confirmation image was acquired using the same imaging protocol. To visualize the
trajectory of the needle guide on the MR image, a cylindrical fiducial marker was attached
along the needle guide.

3.3.3. Validation—Success of device-to-image registration was confirmed by the FRE and
by visually comparing the registered fiducial marker model and the registration image. In
addition, the ETE was evaluated by comparing the planned target and the trajectory of the
needle guide. To visualize the trajectory of the needle guide on the MR image for the
evaluation of ETE, a cylindrical fiducial marker with diameter of 8 mm and height of 48 mm
was attached along the needle guide.

4.1. Validation of Device-to-Image Registration using MR images of Fiducial Markers

The automatic device-to-image registration was successfully performed except for scans
where the fiducial frame was displaced by 150 mm from the isocenter in the R direction; in
those scans, part of the fiducial frame was not visible due to the limited imaging volume of
the scanner, although the entire frame was within the field of view. The overall fiducial
detection rate for all scans except for the out-of-range scans was 98.3%, while the
processing time was 4.96 + 1.19 s/image (mean + SD). Relationship between the
translational and rotational parameters and FRE/TRE are shown in Figure 5. The overall
FRE and TRE for 150 mm needle insertion were 2.71£2.29 mm and 1.74+£1.13 mm (mean +
SD) respectively. Both FRE and TRE increased as the fiducial frame was translated to off-
isocenter along the R- and S- axes (Figure 5A and C). FRE and TRE did not increase along
A-axis in the range of 20-40 mm (Figure 5B). FRE and TRE also increased as the fiducial
frame was rotated about the R- and S- axes from the original position (Figure 5A and C), but
not about the A-axis (Figure 5B).

The manual fiducial-based registration was also successfully performed using the same MR
image dataset. The average time for the user to identify the markers on the images was 122
seconds. The overall FRE and TRE for 150 mm needle insertion were 2.20 + 7.98 mm and
2.85 + 2.94 mm respectively. The overall TRE of the automatic registration was significantly
smaller than that of the manual registration (p < 1.0 x 10711), while there was no significant
difference in overall FRE (p = 0.29).

4.2. Simulation of Targeting Error Due to Patient Motion During MRI-guided Kidney

Ablations

One hundred and ninety-eight images were acquired, and used for the analysis. One hundred
and sixty-three images were additionally acquired using a different orientation and/or
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sequence to further check the probe locations; however, they were excluded from the study,
since they did not sufficiently cover the body surface for estimating the virtual device
position. The average interval between two successive image acquisitions for the GA and
MAC cases were 4.8 and 4.5 minutes respectively; however, as noted above, some images
were acquired in addition to the regular guidance images, and hence those intervals do not
necessarily represent the cycle of the in/scan-out/adjust process.

A representative result of automatic re-registration is shown in Figure 6. Among 198 needle
confirmation images, the automatic registration software successfully detected and
registered the fiducial markers in 193 images (97.5%). The FRE was 1.03 £ 0.36 mm (mean
+ SD). The impact of re-registration to ETE is demonstrated in Figure 7. Reregistration of
device at each needle confirmation image significantly improved the ETE from 11.8 mm to
8.1 mm (mean) for the entire patient population (o< 1.0x1078). The re-registration
improved the ETE in the both patient groups; the ETE in the patients treated under GA was
improved from 8.2 mm to 5.4 mm (mean) (p < 0.0005), whereas the ETE in the patients
treated under MAC was improved from 14.4 mm to 10.0 mm (mean) (p< 1.0 x 1079).

4.3. Pilot Study on Patients During MRI-guided Kidney Ablations

Nine registration images and six confirmation images were acquired during the study. When
all the markers were shown clearly on the images (4/9 or 44%), all the fiducial markers were
detected successfully. In the rest of the images (5/9, or 56%), some of the fiducial markers
were not clearly visible or presented in poor quality, resulting in misdetection of those
markers. In the latter case, the missing fiducial markers were manually identified by the
operator as part of the mitigation plan in the protocol. After fiducial detection, the device-to-
image registrations was successfully performed on the all images (100%). The average FRE
for the registration was 2.63 mm while the average ETE estimated from the six confirmation
images was 8.16 mm. Representative results of the device-to-image registration are shown in
Figure 8.

5. Discussion

Patient motion has been a major issue for image-guided percutaneous interventions in
abdominal organs. While patient-mounted needle guide systems may help reduce the impact
of patient motion by moving with the surface of patient body, few studies have either
analyzed such effect quantitatively or suggested how to address them in the workflow
aspect. In this study, we presented a new fully-automated device-to-image registration
algorithm that only relies on spherical markers with circular configuration, and estimated the
potential targeting error by simulating planning and needle insertion using intraprocedural
MR images acquired clinically during cryoablations.

There have been several approaches to estimating the patient motion during thermal
ablations using additional imaging scanners or sensors including ultrasound imaging [37],
surrogate sensors [38], and ultrasound sensors [39]. Those approaches enable compensation
of the patient motion with a temporal resolution higher than the MR scan. The use of
additional sensors, however, imposes its own engineering and clinical challenges. First, the
sensors need to be compatible with the magnetic and RF fields of the MR scanner so that
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both the sensors and the scanners work properly without interference. Second, to take full
advantage of the high-temporal-resolution tracking, the sensory input must be taken into
account in the needle insertion control, which is hard to achieve either manually or
robotically, given the frequency of the motion. Our study is rather focused on the inter-scan
displacement of the patient body and the device. The method provides a practical solution to
minimize the discrepancy between the plan and the actual body configuration.

The study demonstrated that the algorithm detected and registered the fiducial frame
robustly with a success rate of 98.3% in the phantom images, and 97.5% in the simulated
images with patient body. The algorithm outperformed the conventional fiducial-based
registration in terms of TRE, and significantly shortened the time required for the
registration process by eliminating the need for manual identification of the markers on the
MR images.

There are several findings in the phantom study. First, it proved that the algorithm
successfully detected and registered the fiducial frame in the presence of field
inhomogeneity and intensity bias due to the coil sensitivity. The study also showed that
TRE/FRE depended on the location of the fiducial frame in the actual MRI scanner, due to
the inhomogeneity of the magnetic field (Figure 5). In practice, the degradation of FRE/TRE
due to the offset along the S-1 direction is less concerned than the offsets in the other
directions, because the MRI scanner can adjusts the table position to bring the center of
imaging volume to the isocenter. The rotation about the A-P axis did not affect the FRE/TRE
because the axis of the circular Frame was aligned to the A-P axis. We could not use the
same translation range for the translation along the A-P axis, due to the coil configuration.

The simulation study successfully demonstrated the significant improvement of the needle
placement accuracy over the course of the repeated in/scan-out/adjust process. The proposed
method would have a major clinical impact, because the improved accuracy would reduce
the need for re-insertions to adjust the probe positions or additional probes to ensure the
tumor coverage. The reduced number of probe insertions could lead to less damage to the
patient as well as shorter procedure times.

The pilot study demonstrated that the proposed device-to-image registration was feasible in
the clinical setting. The results are still preliminary, and further evaluation is required to
determine the robustness of the algorithm. One challenge we found during the study was to
acquire a registration image with adequate coverage and signal intensity from the markers;
Images with inadequate coverage or signal intensity caused misdetection of the markers. In
the future, this could be addressed by scaling down the fiducial frame, because the smaller
footprint would make it easier to fit the frame into the imaging volume as well as the
sensitive range of the MR coil. The registration algorithm could also be improved by
additional validation of detected markers and discarding of invalid markers; the markers can
still be matched with the image even if there are few missing markers.

The simulation study using the clinical images and the pilot study provide complementary
information. While our pilot study allowed us to evaluate the feasibility of the device and
helped identifying the practical issues, the data acquired during the study still did not fully
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represent the actual motion of the patient during the ablation. The simulation study, on the
other hand, assessed the images obtained during the ablation, and hence it allowed us to
estimate potential needle placement accuracies in the presence of patient motion.

The study has three important contributions. First, it proposed a new image-based automatic
device-to-image registration algorithm. The configuration of the fiducial frame only requires
spherical markers aligned in a circle, and thus can be easily implemented in a wide range of
image-guidance applications. While fiducial markers have been used routinely in the clinical
practice, robust automatic detection of passive spherical markers is not easily achieved in
MR images, because of the inconsistency of signal intensities. Krieger et a/used two
approaches including passive and active fiducial tracking in their MR-compatible needle-
guide manipulator noting that segmentation of markers for passive tracking is very time
consuming [40]. Active tracking provides faster and more robust registration, though it
requires specialized hardware specifically designed for the scanner. Oliveira et a/ proposed
phase-only cross-correlation (POCC) algorithm [41], which combines the automatic
detection of a passive marker and adjustment of the scan plane to track the needle guide
device; the approach still requires a specialized MR pulse sequence. The advantage of our
approach is that it does not depend on any specialized hardware or MR pulse sequence, and
thus can be easily adapted to any MR hardware. Second, it proposed a computational
method to simulate the needle placement workflow, including the device placement, device-
to-image registration, and targeting in the presence of patient motion. The method is unique
because it considers not only the displacement of the target in the organ, but also the
displacement of the body surface. The method would also allow physicians estimating a
possible range of needle placement errors if they can manage to acquire a few series of
images showing the regular motion of the organ and the body surface. Third, the study has
shown that the ability to localize the needle guide device allowed us to keep updating the
plan based on the confirmation image for previous needle placement and significantly
improved the needle placement accuracy. The study demonstrated the improvement in both
the patients under general anesthesia (controlled breathing) and under MAC (free breathing).

There are limitations for our approach. While the coplanar configuration of our fiducial
frame can be easily fitted into a patient-mount device such as ours, the registration accuracy
depends on the orientation of the frame with respect to the imaging plane as demonstrated in
Figure 5. Additional fiducial markers outside the plane would improve the consistency of
registration accuracy. In addition, our approach only estimates the rigid transformation of the
device; while the simulation study demonstrated that it significantly improved the estimated
targeting accuracy, it would not address the targeting error due to the deformation of the
patient body. The proposed simulation method does not account for displacement of the
body surface and the target organ due to the weight of the device or the interaction with the
physician. There are also limitations in our experimental methods. In the simulation study,
the slice thickness was larger than the phantom study, because images with the same slice
thickness were not available in the clinical data. However, the result shows that our
registration method still provided satisfactory registration accuracy.

Phys Med Biol. Author manuscript; available in PMC 2019 April 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tokuda et al.

Page 15

6. Conclusion

We developed a software system for a MRI-compatible patient-mounted needle guide
device, which incorporates a novel automatic device-to-image registration algorithm that
allows keeping the device registered to the patient at every image acquisition automatically.
Our simulation study using intraprocedural MRI data obtained during clinical MRI-guided
cryoablation demonstrated that the automatic registration enabled re-registration of the
device, and significantly improved the targeting accuracy both in patients treated under
MAC and GA. The pilot clinical study demonstrated that intra-procedural image-based
device-to-image registration was feasible.
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on the circle (Figure 9). Given three markers selected from the detected markers, P, 7 and
P3, the bisecting point of PP, and P,P;, represented by M, and My can be obtained by:

(P +py)

m, = 1T2, (7)
(P +p3)

my; = %’ (8)

where p1, P2, P3, M2, and my3 are the 2-dimensional position vectors of P;, 2, P3, My, and
Mh3. The unit normal vectors for the perpendicular bisectors of P2, and P,Ps:

n,=Rygvyy (9)

ny3 = Rygevys,  (10)

where vy = py — p1 and Vo3 = p3 — Pp, and Ryge is a counter-clockwise rotation about the
origin by 90 degrees.

The projection of M, onto the perpendicular bisector of PP, represented by H, is
calculated by:

hyy=mp,+{(my;—mpy)-nping, . (1)
The intersection of the two perpendicular bisectors, C, can be represented using a scalar
parameter &

c=my;+an,y. (12)

Since the projection of Conto M, H must be H:

(hyy —mys)

an 1 —
23 ”h12 - m23”

= ||h12_m23”~ (13)

Using this relationship, the scalar parameter a can be calculated as:
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Iy, — mys|?
a=—2 2 (14)
nys - (hyy —mys)
Therefore,
c=m,,+n ||h12—m23||2
B Bnyy(hyy—myy)
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Double—ring needle
guide device

MRI surfgce coil

Figure 1.
The double-ring needle guide device is set up on a patient body phantom with an MRI-

surface coil. The graphical user interface of the navigation software is shown on the display.
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to navigation software.
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Is motion range sufficient?

Is needle placement OK?

Send the registration result to the device
controller.

Next target?

Figure2.
Clinical workflow of MRI-guided percutaneous cryoablation using the proposed patient-

mounted needle guide system. When the motion compensation technique is used, the device
is re-registered each confirmation image to update the plan (indicated with broken lines).
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Figure 3.
Steps of automatic fiducial registration are shown. (a) The configuration of fiducial frame

with multiple MR-visible markers aligned in a circle. The origin of the fiducial coordinate
system is at the center of the circle, and the x-axis is defined by the line from the origin to
the first marker. The zaxis is perpendicular to the circle. (b) The markers are detected as
spherical objects in an MR image and encoded using the image coordinate system (right-
anterior-superior or RAS). (c) A plane is fitted to the detected markers using an principal
component analysis. (d) A circle that fit the detected markers is determined. (e) The fiducial
frame is rotated about the z-axis to minimize the distances between the closest pairs. (f) The
transform that registers the fiducial frame to the detected markers is determined.
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Figure 4.
A schematic representation of the simulation of needle guidance using intraprocedural MR

images acquired during conventional MR-guided renal cryoablation.
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Figure5.

FRE and TRE resulted in the imaging experiment were evaluated with varying translation of
the fiducial frame from the initial position (isocenter) along the right-left (/-), anterior-
posterior (A-), and superior-inferior (S) axes, as well as rotation about the ~-, A-, and &

axes.
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(A) Before re-registration (B) After re-registration

Figure®6.
A 3D model of the needle guide device is overlaid onto the volume rendering of an

intraprocedural MR image with the simulated fiducial markers before (A) and after (B) re-
registration. The presented image was acquired 32 minutes after the acquisition of the
baseline image. The device was initially registered to the baseline image, and then re-
registered to the presented image. The simulated fiducial markers were rendered at the
locations estimated based on the entry point of the needle, and the orientation of the skin
surface around it. The image with the fiducial markers was then used as an input for the re-
registration. While there is a significant offset between the potential needle trajectory and
the target before the re-registration, re-registration of the model could reduce the offset.
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Figure7.
Expected targeting error (ETE) based on the retrospective analysis of MR images acquired

20 kidney cancer patients treated by MRI-guided cryoablation. ETES were estimated with
and without re-registration of the needle guide on each needle confirmation image for
patient group treated under free-breathing condition using monitored anesthesia care (MAC)
(n=12) and group treated under controlled breathing condition using general anesthesia
(GA) (n=8). The ETEs estimated without and with re-registration were compared using a
paired Wilcoxon rank sum test. In both groups, the ETESs with re-registration were
significantly lower than the ETEs without re-registration (p < 0.005 for GA and p< 1.0 x
1075 for MAC).
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Figure 8.
A result of device-to-image registration confirmed by overlying a model of the registered

fiducial markers (orange line) and the registration image (left), 3D rendering of the patient
and registered 3D model of the needle guide device (middle), and expected trajectory of the
needle after directing the needle guide to the target based on the registration result (right).
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Figure9.
The schematic image shows our approach to estimate the center of the circular fiducial

frame based on three detected markers. In our registration algorithm, the center was
estimated based on all conventions of three markers.

Phys Med Biol. Author manuscript; available in PMC 2019 April 13.



	Abstract
	1. Introduction
	2. Materials and Methods
	2.1. MRI-compatible Patient-Mounted Needle Guide Device
	2.2. Overview of Software System
	2.3. Clinical Workflow With and Without Motion Compensation
	2.4. Fully-Automated Fiducial-Based Device-to-Image Registration
	2.4.1. Configuration of fiducial frame
	2.4.2. Detection of Spherical Markers
	2.4.3. Registration of Fiducial Marker Model to Detected Fiducial Markers


	3. Experiments
	3.1. Validation of Device-to-Image Registration using MR images of Fiducial Markers
	3.2. Simulation of Targeting Error Due to Patient Motion During MRI-guided Kidney Ablations
	3.2.1. Subjects
	3.2.2. Imaging Protocol
	3.2.3. Simulation of device displacement due to body surface
	3.2.4. Assessment of target organ displacement
	3.2.5. Simulation of needle placement with and without re-registration of the needle guide device

	3.3. Pilot Clinical Study During MRI-Guided Kidney Ablations
	3.3.1. Subjects
	3.3.2. Imaging, device-to-image registration, targeting, and confirmation
	3.3.3. Validation


	4. Results
	4.1. Validation of Device-to-Image Registration using MR images of Fiducial Markers
	4.2. Simulation of Targeting Error Due to Patient Motion During MRI-guided Kidney Ablations
	4.3. Pilot Study on Patients During MRI-guided Kidney Ablations

	5. Discussion
	6. Conclusion
	References
	Appendix
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9

