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Abstract
Study design—Laboratory/animal based proof of principle study

Objective—To validate the accuracy of a magnetic resonance image (MRI)-guided stereotactic
system for intraspinal electrode targeting and demonstrate the feasibility of such system for
controlling implantation of intraspinal electrodes.

Summary of Background Data—Intraspinal microstimulation (ISMS) is an emerging
preclinical therapy, which has shown promise for the restoration of motor function following
spinal cord injury (SCI). However, targeting inaccuracy associated with existing electrode
implantation techniques remains a major barrier preventing clinical translation of ISMS.

Methods—System accuracy was evaluated using a test phantom comprised of nine target
locations. Targeting accuracy was determined by calculating the root mean squared (RMS) error
between MRI-generated coordinates and actual frame coordinates required to reach the target
positions. System performance was further validated in an anesthetized pig model by performing
MRI-guided intraspinal electrode implantation and stimulation followed by computed tomography
of electrode location. Finally, system compatibility with a commercially available microelectrode
array was demonstrated by implanting the array and applying a selection of stimulation amplitudes
that evoked hind limb responses.

Results—The RMS error between actual frame coordinates and software-coordinates, both
acquired using the test phantom, was 1.09 + 0.20 mm. Post-operative CT in the anesthetized pig
confirmed spatially accurate electrode placement relative to preoperative MRI. Additionally, MRI-
guided delivery of a microwire electrode followed by intraspinal microstimulation evoked
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repeatable electromyography responses in the biceps femoris muscle. Finally, delivery of a
microelectrode array produced repeatable and graded hind limb evoked movements.

Conclusions—We present a novel frame-based stereotactic system for targeting and delivery
of intraspinal instrumentation. This system utilizes magnetic resonance imaging (MRI) guidance
to account for variations in anatomy between subjects, thereby improving upon existing ISMS
electrode implantation techniques.

Keywords
functional electrical stimulation; intraspinal microstimulation; magnetic resonance image
guidance; spinal cord injury; spine stereotaxy; spinal canal; lumbar spine; paralysis;
neuromodulation

Introduction

Intraspinal microstimulation (ISMS) is a form of functional electrical stimulation currently
under investigation for restoration of function after spinal cord injury (SCI).” As such, ISMS
has been shown to restore hind limb stepping and standing, as well as fore limb function, in
rodent, feline, and non-human primate' models of SCI. Specifically, a direct comparison of
ISMS to peripheral nerve stimulation, a clinically established technique for restoring motor
function following paralysis, showed ISMS was associated with delayed fatigue onset in
activated muscles.

Despite successful restoration of motor function in animal models, clinical translation of
ISMS remains elusive. Current ISMS techniques for restoring motor function involve
implantation of multiple electrodes followed by empirical stimulation to identify optimally
placed electrodes that evoke target responses.: These electrodes are implanted using hand
delivery or frame-based techniques that rely on dorsal spinal cord surface landmarks (i.e.,
dorsal median fissure, dorsal spinal vasculature, dorsal nerve root entry zone). While these
techniques are effective, they are insufficient for clinical translation due to the disruption of
neural tissue as well as the increased risk of hemorrhage, infection, and electrode
dislodgement associated with each electrode insertion. As such, a novel electrode targeting
and delivery system is needed to reduce the number of electrode penetrations required, while
also improving targeting accuracy. Herein, we describe a stereotactic intraspinal
instrumentation system that takes advantage of magnetic resonance imaging (MRI) guidance
to account for anatomical differences between subjects.

2. Materials and methods

2.1. Stereotactic platform for electrode delivery

A stereotactic platform was developed for image-guided implantation of electrodes into the
spinal cord (Figure 1A). The platform was designed to allow independent adjustment along
the X, Y, and Z-axes with additional modification of implantation trajectory via rotational
adjustment along rostrocaudal and mediolateral axes, defined as arc and collar angle
adjustment (Figure 1B-C). Electrode advancement was performed using a digital microdrive
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(Mitutoyo Digimatic, Mitutoyo America Corp. Illinois) attached to an electrode guide
cannula (Figure 1D).

2.2. Magnetic resonance imaging components and imaging protocol

The MRI coil (Figure 2A) was fabricated, for use with a 3.0 Tesla MRI scanner (16x Signa,
General Electric Healthcare, Waukesha, WI), as a single-element (5 cm wide by 7.5 cm
long) receive-only radio frequency coil. Coil dimensions allow it to be positioned within the
surgical site during intra-operative imaging. The close proximity of the coil to target
electrode locations provides maximal MRI signal to noise ratio, allowing optimal targeting
accuracy. The imaging fiducials are a miniature N-bar localizer designed for placement
within the surgical site to minimize the distance between the fiducials and spinal cord for
improved image resolution (Figure 2B). This design was based on stereotactic localizers
used in humans for cranial stereotactic surgery. The fiducials were made from seven glass
tubes filled with a copper sulfate (CuSQj,) solution.

A 2-dimensional fast spin echo MRI imaging sequence that employed a 9 cm field of view,
and was capable of accounting for movement due to respiratory cycle, was used to capture
images in axial orientation. To determine stereotactic coordinates based on MRI, existing
navigational software for human stereotactic brain surgery (COMPASS International
Innovations, Rochester, MN) was modified for image-guided targeting with this stereotactic
system.

2.3. System accuracy validation: Phantom testing

To determine the mechanical accuracy of the stereotactic platform, we defined nine target
points distributed in stereotactic space via a test phantom, then mounted the stereotactic
platform and adjusted the X, Y, and Z-axes of the stereotactic platform until the tip of the
electrode touched each target point. This was followed by visual confirmation that the target
location was achieved. Three independent users completed this process. Next, the phantom
was placed into the MRI and images were captured and used within the COMPASS
navigational software to target each of the nine points using fixed collar and arc angles. In
this way X, Y, and Z-axis coordinates within stereotactic space were generated.

2.4. System accuracy validation: In vivo testing

Two /n vivo pig experiments described herein were performed in accordance with the
National Institutes of Health Guidelines for Animal Research (Guide for the Care and Use of
Laboratory Animals) and were approved by the Mayo Clinic Institutional Animal Care and
Use Committee.

2.4.1. Surgical approach—In each in vivo experiment, an anesthetized male pig
weighing approximately 30 kg was placed prone on a custom made, open-ended convex
polymethyl-methylacrylate cradle. This cradle was designed to provide stability throughout
the experiment (i.e., during spine exposure, transitioning to and from the MRI, and during
frame and electrode placement). Next, the dorsal elements of the lumbar spine were exposed
in a subperiosteal fashion and a L2-5 laminectomy was performed. The dura was opened in
the midline and tacked to the spinal musculature to expose the lumbosacral enlargement. To
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minimize tissue dehydration, the spinal cord was irrigated with saline while the frame
components were fixed to the spine and assembled as detailed below.

2.4.2. System stabilization—MRI-compatible pedicle screws were machined and
assembled from polyether-ether-ketone (PEEK) materials (SolidSpot, Santa Clara, CA).
Screw dimensions were 3 mm in diameter with a penetrating depth of 12 mm and a blunt tip,
thus requiring the use of a surgical drill and a 5 mm screw tap for sufficient securement into
the vertebral pedicle. A PEEK gimbal connection, comprised of a PEEK ball (1.27 cm
diameter), spherical valve seat, gimbal screw socket, and hex socket set screw, allowed for
polyaxial rotation and securement of the frame base regardless of screw orientation.

The stabilization platform attached to the pedicle screw gimbal via an L-shaped PEEK rod.
The stabilization platform was fabricated from two titanium rods (16.5 cm length) fixed in
parallel (10.15 cm wide) by polyoxymethylene end braces (Figure 2B). This platform served
two primary functions; 1) adequate system stability for the duration of the experiment, while
maintaining MRI compatibility, and 2) the end braces contain attachment points to allow
efficient attaching and detaching of the remaining system components (e.g., MRI coil, image
localizer box, stereotactic electrode delivery platform) as they are needed.

2.4.3. Magnetic resonance image-guided electrode delivery—In the first pig,
the MRI coil, and imaging fiducials were positioned within the surgical site and an MRI of
the lumbar spinal cord was acquired (Figure 3). Next, MRI dicom images were transferred to
COMPASS targeting software. Then, stereotactic coordinates were generated for a target
point within the ventral horn of the lumbar spinal cord. After MRI-guided targeting, the
stereotactic frame was placed onto the stabilization platform and a single tungsten microwire
electrode (203 um diameter), with a perfluoroalkoxy insulation coating removed to expose
the tungsten tip approximately 50 um (A-M Systems, Carlsborg, WA), was advanced into
the spinal cord until frame system positioning matched the software-generated coordinates.

Once the intraspinal electrode was delivered, a reference electrode was inserted into the
paraspinal musculature and both electrodes were connected to a wirelessly controlled,
custom-built neurostimulation system (Mayo Investigational Neuromodulation Control
System — MINCS)." Biphasic, charge-balanced stimulation was delivered to the intraspinal
electrode (50 Hz, 250 us pulse width, 100 pA, 2 s duration). This stimulation was applied
multiple times to ensure stimulation-evoked responses were repeatable. Hind limb muscle
activity was captured via intramuscular electromyographic (EMG) needles placed within the
biceps femoris. Once positioned, the needles were connected to wireless sensors that
transmitted signals to windows-based software (Trigno Wireless EMG, Delsys Inc., Natick,
MA\) and offline analysis was performed using custom-written MATLAB code (The
Mathworks, Natick, MA).

Following euthanasia (sodium pentobarbital 100 mg/kg, 1.V.), a computed tomography (CT)
scan was performed to examine electrode placement. The MRI used to guide electrode
delivery was fused with the post-implantation CT to confirm electrode delivery into the
targeted ventral horn region. Image fusion was performed manually using anatomical
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landmarks within both CT and MR images (VINCI, Max Planck Institute, Cologne,
Germany).

2.4.4. Frame system adaptability to other spinal instrumentation: Intraspinal
stimulation using a microelectrode array—Using the same surgical approach as
described above, without MRI-guidance, we tested the capability of the delivery system to
implant an 18-microelectrode array (Floating Microelectrode Array, Microprobes for Life
Sciences, Gaithersburg, MD) into the lumbar spinal cord in the second pig. The
microelectrode array was mounted to the electrode guide cannula (Figure 4A) via
cyanoacrylate adhesive and lead wires were connected to MINCS for wireless control of
ISMS. The array was designed with varying electrode lengths (3.0 mm, 3.25 mm, 3.5 mm,
3.75 mm, and 4.0 mm), a mediolateral width of 1.95 mm and a rostrocaudal length of 2.5
mm, to allow examination of hind limb responses to stimulation at varied dorsoventral,
mediolateral, and rostrocaudal locations (Figure 4B).

The frame and microarray assembly were mounted over the lumbar spinal cord enlargement
and the array was positioned over the right dorsolateral surface of the spinal cord.
Incremental advancement of the array into the right lumbar spinal hemicord was achieved
via manipulation of the digital microdrive and guide cannula assembly. Stimulation was
independently delivered to contacts 2 through 18 of the array while contact 1 remained the
reference. Stimulation frequency (50 Hz), pulse width (200 ps), and duration (3 s) were held
constant while stimulation amplitude was adjusted (from 30 to 90 pA) to identify stimulus
intensities required to evoke muscle activity. Finally, the electrode configuration that was
observed to be most sensitive (i.e., evoked strongest EMG signal at the lowest stimulus
intensity) was chosen and stimulation intensity was increased in 10 pA increments from 10
to 50 pA.

Hind limb muscle activity was captured via intramuscular EMG needles placed within the
biceps femoris, hamstrings, gluteus medius, and rectus femoris. EMG needles were
connected to wireless EMG sensors that transmitted signals to windows-based software
(Trigno Wireless EMG, Delsys Inc., Natick, MA). Finally, data were post-processed,
filtered, and root mean square (RMS) signal envelopes were generated using MATLAB (The
Mathworks, Natick, MA).

3. Results

3.1. System accuracy validation: phantom testing

The experimental setup using nine phantom targets allowed comparison of actual frame
coordinates to target software coordinates (Figure 5A). Three independent frame users
generated coordinates for each target location and for visualization purposes; these
coordinates were plotted in three orientations against software-generated coordinates (Figure
5B-D). RMS error between actual frame coordinates and target software coordinates for all
coordinates generated was 1.23 mm for the first user, 0.86 mm for the second user, and 1.17
mm for the third.
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3.2 System accuracy validation: In vivo testing

The 2-dimensional fast spin echo MRI scan provided a distinct definition of white and gray
matter within the spinal cord, and allowed anatomical definition of ventral horn regions
associated with motor function (Figure 6A). Electrode delivery to the target location resulted
in electrode positioning capable of activating the biceps femoris muscle (Figure 6B). Fusion
of the MRI and CT images in (Figure 6C-E) showed that frame positioning based on
software-guidance resulted in an electrode position that matched the planned electrode
location via software targeting.

3.3 ISMS-evoked responses via delivery of microelectrode array into lumbar spinal cord

The stereotactic frame system successfully delivered the microelectrode array and
maintained its position within the spinal cord for the duration of stimulation-evoked hind
limb movements. Hind limb muscle activity was detected in the biceps femoris, hamstrings,
rectus femoris, and gluteus medius muscles when spinal cord stimulation was applied
through each contact of the microelectrode array, with the exception of contact 14 (Table 1).
During stimulation with contact 14 an EMG equipment malfunction occurred, resulting in
poor signal to noise ratio. Increasing stimulation amplitude from 10 to 50 pA (50 Hz, 200 ps,
3 s duration) in 10 pA increments, using active contact 1 and 3 (Figure 7A), produced a
graded increase in muscle activity. Additionally, varying the stimulating contact resulted in
activation of different muscles. However, varying the stimulation amplitude or the active
contact did not increase muscle selectivity (Figure 7B, Table 1).

4. Discussion

While conventional FES techniques that rely on direct muscle or peripheral nerve
stimulation have demonstrated the ability to restore muscle activity following paralysis, the
limited number of degrees of freedom and rapid onset of muscle fatigue has limited clinical
use of these techniques by SCI survivors. Intraspinal microstimulation is a form of FES with
potential for clinical restoration of motor function after SCI. Stimulation via ISMS directly
activates specific populations of motor neurons, potentially improving control of limb
movement as well as reducing muscle fatigue. However, targeting specific motor neuron
pools has proven difficult due to targeting errors and anatomical variability.” Here, we
describe a novel stereotactic system for overcoming the spatial inaccuracies associated with
existing ISMS techniques which rely on anatomical landmarks of the dorsal spine and spinal
cord for guiding electrode implantation. The MRI-guidance component of this system
accounts for neuroanatomical differences by using subject-specific images to plan target
locations and implantation trajectories.

Phantom testing revealed that the system presented provides a targeting accuracy of
approximately 1 mm (0.86 to 1.23 mm), which may be sufficient for targeting substructures
of the spinal cord such as the ventral horn. Unlike prior methods for ISMS electrode
insertion that require 10 to 30 electrode insertions to identify optimal targets for evoking the
desired motor responses, the system described herein will require fewer spinal cord
penetrations to achieve a desired response. In turn, this results in reduced risk of tissue
damage (i.e., hemorrhage, glial response, inflammation), and surgical time. Additionally,
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this system facilitates systematic mapping of populations of spinal motor neurons to evoke
controlled, sustained, and reproducible limb movements.

Although the stereotactic system described will likely enhance ISMS techniques, we
acknowledge the following limitations of the present system. The accuracy reported relies on
a fixed target and it is important to recognize the spinal cord is a moving target /n vivo due
to its physiologic pulsations with the cardiorespiratory cycle. This can cause errors in MRI
targeting due to motion artifacts. To this end, our MRI sequence was constructed to sync
with the respiratory cycle, therefore minimizing respiratory motion artifact. Additionally, the
pedicle screws and stabilization system used ensure that the frame moves in unison with the
spine.

The delivery system described allows for accurate targeting within anatomical substructures
of the spinal cord, but successful targeting of functional responses based on anatomical
locations within the spinal cord remains to be seen. In order to successfully target
stimulation-evoked functional responses, a high-resolution functional map of the spinal cord
will be needed in order to deliver site-specific stimulation based on combined anatomical
and functional maps. Preliminary functional maps have already been established in the
rodent, feline:, but none of these maps are capable of merging with a stereotactic coordinate
system for utilization by an image-guided electrode delivery system.

Finally, while the MRI-guided system seeks to minimize the number of electrodes required
for successful ISMS, implantation of rigid microwire electrodes inherently results in
displacement of neural tissue and disruption of the blood brain barrier, thereby leading to
inflammation and gliosis that can reduce stimulation efficacy. To this end, efforts should
focus on developing novel electrode materials that 1) are biocompatible for chronic
implantation, 2) minimize tissue disruption during insertion, and 3) are capable of
stimulation at multiple sites along the electrode shaft.

5. Conclusion

Intraspinal delivery novel SCI therapeutics such as ISMS electrodes, enzymes to breakdown
glial scar formation,” biomaterials, regenerative cells, and growth factors,” continue to
emerge. These treatments require the discrete targeting of specific areas within the spinal
cord. The stereotactic system described above was designed to accommaodate delivery such
therapies with a high degree of accuracy.

Here, we report the application of a novel MRI-guided stereotactic system for delivering
ISMS following SCI. The accuracy of this system was tested both in a phantom and pig
lumbar spine. Additionally, the system was tested for its ability to provide /in vivo ISMS to
evoke hind limb function. This system allows accurate delivery of intraspinal
instrumentation within target neuron populations with a high degree of versatility, which can
be easily adapted to accommodate emerging therapeutic applications.
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Figure 1.
Stereotactic intraspinal instrumentation delivery platform. (A) The stabilization platform

attaches to the lumbar spine and the stereotactic platform mounts to the stabilization
platform for intraspinal delivery. (B and C) The stereotactic platform can be adjusted in the
mediolateral (X-axis), rostrocaudal (Z-axis), and dorsoventral (Y-axis). Implantation
trajectory can be modified via collar and arc angle adjustment. (D) The electrode guide
cannula allows insertion and detachment of electrodes placed within the spinal cord
parenchyma.

Directional abbreviations: R: rostral, C: caudal, D: dorsal, V: ventral, L: lateral, O: origin.
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Figure 2.
Magnetic resonance imaging components. (A) Single coil radio frequency-receive only MRI

antenna designed for placement within the surgical site. (B) The frame is stabilized using
polyether-ether-ketone screws, gimbals, and connection rods that attach the spine to the
stabilization platform. The stabilization platform is comprised of titanium rods and
polyoxymethylene end braces. The end braces contain mounting points to allow attachment
of frame components (i.e., Magnetic resonance imaging fiducial system, stereotactic
platform).
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Figure 3.
System setup in pig lumbar spine. The stabilization platform, imaging coil, and fiducial

system are mounted to the lumbar spine.
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Figure 4.
System setup for delivery of 18-microelectrode array into spinal cord. (A) The

microelectrode array was attached to the guide cannula for delivery into the spinal cord. (B)
Microelectrode array dimensions and electrode configuration (Left) and approximate
implantation of the microelectrode array within the lumbar spinal cord enlargement are
shown (Right).
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Accuracy testing in phantom. (A) Experimental setup for frame and software coordinates
using an imaging phantom containing nine target points. (B-D) Frame coordinates generated
by user one (green squares), two (red triangles), and three (black circles), are plotted against
software-generated coordinates (blue diamonds) in multiple orientations for visualization
purposes along the mediolateral (x), dorsoventral (y), and rostrocaudal (z) axes.

Directional abbreviations: R: rostral, C: caudal, D: dorsal, V: ventral, L: lateral, O: origin.
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Figure 6.
Accuracy testing in an anesthetized pig. (A) An implantation trajectory and final location

were chosen (blue line) and stereotactic coordinates were generated using surgical
navigation software based on fiducial orientation. (B) Biceps femoris activity was recorded
via electromyography during stimulation (2 s stimulus duration, 50 Hz, 250 ps pulse width,
100 pA) at the target intraspinal location. (C) Pre-implantation MRI and (D) post-
implantation CT images were fused (E) to confirm electrode delivery into target location.
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Figure 7.

Muscle activity during intraspinal stimulation. (A) Stimulation (3 s stimulus duration, 50 Hz,
200 ps pulse width, 10 to 50 pA) was applied via microelectrode array contacts 1 (+) and 3
(). (B) Intramuscular electromyography recordings from the biceps femoris, hamstrings,
rectus femoris, and gluteus medius muscles evoked by stimulation (shaded regions) at
increasing intensities ranging from 10 to 50 PA.
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Table 1

Muscle activity during minimum threshold stimulation.

Active Threshold Biceps Hamstrings Gluteus Rectus
electrode  stimulus (WA)  femoris medius femoris

1 Reference electrode for all stimulus combinations
2 60

3 10

4 30

5 60

6 90

7 30

8 30

9 30

10 60

11 60

12 30

13 30

14 N/A N N N

15 60

16 90

17 30

18 60

N = EMG detected
[ = No EMG detected

N

! = Noise obscured EMG
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