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Abstract

Traditional electrodes used for neural recording and stimulation generate large regions of signal
void (no functional MRI signal) when used in ultrahigh field (UHF) MRI scanners. This is

a significant disadvantage when simultaneous neural recording/stimulation and fMRI signal
acquisition is desired, for example in understanding the functional mechanisms of deep brain
stimulation (DBS). In this work, a novel gold-aluminum microwire neural electrode is presented
which overcomes this disadvantage. The gold-aluminum design greatly reduces the magnetic
susceptibility difference between the electrode and brain tissue leading to significantly reduced
regions of signal void. Gold-aluminum microwire samples are imaged at ultrahigh field 16.4 Tesla
and compared with gold-only and aluminum-only microwire samples. First, By field mapping
was used to quantify field distortions at 16.4 T and compared with analytical computations in

an agarose phantom. The gold-aluminum microwire samples generated substantially less field
distortion and signal loss in comparison with gold-only and aluminum-only samples at 16.4

T using gradient echo imaging and echo planar imaging sequences. Next, the proposed gold-
aluminum electrode was used to successfully record local field potential signals from a rat cortex.
The newly proposed gold-aluminum microwire electrode exhibits reduced field distortions and
signal loss at 16.4T, a finding which translates to MRI scanners of lower magnetic field strengths
as well. The design can be easily reproduced for widespread study of DBS using MRI in animal
models. Additionally, the use of non-reactive gold and aluminum materials presents an avenue for
translation to human implant applications in the future.
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Introduction

Deep brain stimulation (DBS) is an invasive neurotherapeutic technique that involves direct
electrical stimulation of neural tissue located in subcortical brain regions. An electrode is
carefully advanced through a craniotomy to the target brain structure for the purpose of
supplying electrical current to the region, which is provided through leads that connect the
electrode to an implantable stimulator unit. Despite knowledge of its efficacy in treating
movement disorders for several decades, and a wider variety of neurological disorders more
recently 826, the mechanisms of DBS are not fully understood 1.4:13.17,

Magnetic resonance imaging (MRI), functional MRI (fMRI), and magnetic resonance
spectroscopy (MRS) could help improve our understanding of DBS mechanisms by
providing structural and functional information about the brain’s response to focal electrical
stimulation. Theoretically, high resolution MRI could provide accurate electrode localization
in the tissue, and fMRI and MRS could be used to study brain hemodynamics 20-22 and
metabolic responses respectively. Unfortunately, typical DBS electrode designs generate
image artifacts resulting in signal loss nearby the implanted electrode 1223,

The signal loss nearby the electrode is primarily caused by the volume magnetic
susceptibility difference, Ay, between the implant and the surrounding brain tissue 24

The volume magnetic susceptibility for nonferrous materials is the ratio of the material
magnetization M to the applied magnetic field H, as in Equation (1) and is a dimensionless
quantity:

x=M/y. &)

For nonferrous materials, this ratio is generally very small and therefore the ‘unit’ of parts
per million (ppm) is commonly used to denote x 1076, The presence of an implanted neural
electrode generates a distortion of the static magnetic field By, which contributes to signal
dephasing and cancellation within an MRI voxel and results in decreased signal strength and
possibly total signal loss within the voxel (dark spots). As such, artifacts generated by this
mechanism can be considered susceptibility-induced artifacts or non-uniform By artifacts

9 The magnetic susceptibility artifact becomes more problematic at higher magnetic field
strengths, because the field distortions become larger and signal dephasing occurs more
rapidly. Therefore, performing neural recording with fMRI using the blood-oxygen-level-
dependent (BOLD) contrast becomes increasingly challenging. Additionally, performing
MRS and high-resolution MRI that rely on uniform By is difficult. This is unfortunate
because the use of high field and ultrahigh field By in MRI is known to provide advantages
including improvement of SNR and contrast-to-noise ratio (CNR) for fMRI mapping, as
well as imaging of additional nuclei with low gyromagnetic ratios 29 The susceptibility-
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induced artifact can be avoided by minimizing Ay between the implant and tissue. The
magnetic susceptibility is a material property, so minimizing Ay amounts to selecting a
suitable material that has a magnetic susceptibility property similar to the tissue, which is
assumed to have a value approximately equal to that of water (-9.05 ppm) 16:24,

The focus of the present work is avoidance of magnetic susceptibility artifacts around multi-
channel microwire neural electrodes in ultrahigh field MRI (16.4T) by a novel material
combination that is suitable for susceptibility artifact avoidance across all relevant field
strengths in MRI.

The most commonly used materials in DBS style electrodes for human and for animal
studies are perhaps platinum or platinum-iridium alloy. Iridium oxide is another popular
choice. The excellent biocompatibility and suitable charge-transfer mechanisms of these
materials make them desirable for use in electrical stimulation of neural tissue %18, However,
the volume magnetic susceptibility of platinum is approximately 270 to 280 ppm 16:24,

the magnetic susceptibility of iridium is 37 ppm 16, and iridium oxide is 146 ppm 16.

None of these values are particularly close to the magnetic susceptibility of neural tissue,
which is approximately =9 ppm 24. Both platinum 2° and platinum-iridium 4 stimulating
electrodes have been reported to prevent reliable imaging of fMRI activation in deep brain
structures in animal models at 11.7 T and 9.4 T respectively, a problem that was attributed to
susceptibility artifacts. Tungsten microelectrodes have also been used for brain stimulation
in animal models, but the magnetic susceptibility of tungsten (approximately 74 ppm)

16.24 while significantly better than platinum, is not particularly suitable for MRI either. In
contrast, copper has a magnetic susceptibility value of —9.6 ppm 3:16:24 \which is very close
to that of brain tissue, but copper can be oxidized in tissue which is toxic to surrounding
cells 18:28_ One solution is to encapsulate the toxic copper wire with a passivation layer such
as graphene, which was shown to overcome the toxicity of copper and provide artifact-free
MRI at 7T 30, However, the vapor deposition technology required to produce high quality
graphene on copper may be beyond the capabilities of the general MRI or DBS research lab,
potentially preventing the widespread use of this solution.

In this work, we present a novel and robust gold-aluminum composite multi-channel
microwire neural electrode, formed by twisting equal volumes of gold and aluminum wires
to generate a structure with an effective magnetic susceptibility value near that of brain
tissue. Gold is a diamagnetic material with magnetic susceptibility of —34 ppm, whereas
aluminum is paramagnetic with magnetic susceptibility around 20.7 ppm 31624 Assuming
linear mixing, a 1:1 composite of gold and aluminum has a magnetic susceptibility

value of approximately —6.7 ppm. Making surgical instruments from a combination of
diamagnetic and paramagnetic material has been previously suggested as a way to reduce
image artifacts 24, for example by coating a paramagnetic guidewire with an adequate
quantity of diamagnetic material 1°. Furthermore, both aluminum and gold have been
classified as non-reactive with cerebral cortical tissue 18:28 which is the same classification
that was given to platinum and tungsten by the authors of the study 28. In this paper,

we demonstrate substantially reduced image artifacts and B field distortion using a gold-
aluminum composite structure at the ultrahigh field of 16.4T, and the ability to record
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field potentials from neural tissue /n vivo. The prototype neural electrode can be easily
constructed using tools readily available to the general MRI or DBS researcher.

Materials and Methods

1. Twisted Wire Sample Preparation

Bare gold and aluminum wire samples (99.99+%) were obtained from Sigma-Aldrich in
100- and 125-um diameters respectively. Wires were cut into short lengths (a few cm)

and 4 wires were clamped together at each end and manually twisted approximately 10
turns per cm. The twisted wires were trimmed to remove the clamped ends. Three types of
samples were prepared: 4 gold wires, 4 aluminum wires, and a composite of 2 gold and 2
aluminum wires. The magnetic susceptibility of the gold-aluminum sample was computed to
be approximately —0.6 ppm by assuming a linear volume mixing rule.

2. Agarose Phantom Sample Preparation and Imaging

Twisted wire samples were suspended in 12-mm diameter plastic tubes in 2% wt. agarose

in de-ionized water and allowed to cool. MRI was performed using a singleloop proton coil
(698 MHz) on a 16.4T 26-cm horizontal bore animal research scanner controlled by a Varian
console. 3D shimming was performed on a 6.5 x 6.5 x 20 mm voxel (X x Y x Z) to improve
the By field uniformity. Subsequently, gradient echo multiple slice (GEMS) imaging was
performed with field of view (FOV) 12 x 12 mm, 32 slices with thickness 0.5 mm, matrix
size 256 x 256, and a TE array of 4, 7, 10, 13, and 16 ms. B field maps were computed
using the dual echo field mapping technique as in Equation (2), where Ag is the signal phase
difference between two images acquired A 7E seconds apart, and y is the gyromagnetic ratio
of 42.58 MHz/T for hydrogen 12. Phase unwrapping of the GEMS images was performed
using PRELUDE 10 in FSL 1127 and the By field maps were computed for each pair of
echoes in the TE array. The results were averaged to reduce noise.

AB, A¢

=277 .ATE" @

3. Analytical Bo Map Computation

The magnetic field of an infinitely long cylinder of volume susceptibility y;and radius

R surrounded by an infinite medium with volume susceptibility y . can be computed
analytically using Equations (3) and (4), where B;, is the field inside of the cylinder and B,
is the field outside of the cylinder 25, In Equations (3) and (4) the cylinder longitudinal axis
is oriented along the y-coordinate direction and the applied field By is along the z-coordinate
direction.

©)]
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Diamagnetic and paramagnetic (nonferrous) materials behave approximately linearly with
applied magnetic field. We previously demonstrated the linearity of magnetic scalar potential
solver given a magnetic susceptibility distribution 7. The magnetic field for a particular
susceptibility distribution could be computed by superposition of the magnetic scalar
potential solution corresponding to a single node of magnetic susceptibility differing

from the surrounding medium; subsequently, the magnetic field was computed from the
superimposed scalar potential. Similarly, the external field generated from multiple infinitely
long cylinders can be approximated by superposition of their individual fields from Equation
(4). We computed the approximate external fields generated by 4 infinitely long cylinders
(not twisted) for comparison with our agarose phantom experimental results. The external
field generated by a 100 4m diameter gold wire and a 125 gm diameter aluminum wire

was computed separately for a 12 by 12 mm field of view with a matrix size of 213py 213
(approximately 1.5 mm resolution). The resultant fields were shifted and superimposed for
the cases of 4 gold cylinders, 2 gold and 2 aluminum cylinders, and 4 aluminum cylinders
arranged as depicted in Figure 1 (b).

4. Invivo Preparation and Imaging

A gold and a gold-aluminum twisted wire sample were implanted into the brain of a
Sprague-Dawley rat for in vivo MRI at 16.4T. The rat was anesthetized using 5% isoflurane
and an induction chamber and was subsequently orally intubated and positioned into a
stereotaxic system and head fixed using bite and ear bars. The isoflurane concentration

was reduced to 2% for the duration of the surgery and experiment. Body temperature

was monitored and maintained at 37°C using a heated water bath and a ventilator was

used to control breathing. Physiological parameters were monitored and adjustments to

the water bath temperature and ventilator were made to maintain them in the normal

range. Craniotomies were made over both hemispheres approximately 3 mm lateral from
the midline and 0 mm posterior from the bregma. The gold and gold-aluminum twisted
wire samples were inserted approximately 5 mm deep in the right and left hemispheres
respectively and fixed in place with dental cement. The rat was then transported from
surgery into an MRI-compatible holder and positioned in the 16.4T animal research scanner.
All animal procedures were approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Minnesota.

Bg shimming was performed using a 3D shim sequence and GEMS imaging was collected
with a matrix size of 256 by 256, field of view of 24 by 24 mm (in-plane resolution 94

4m), and slice thickness 0.5 mm. GEMS was performed in multiple orientations, and for the
transverse orientation we used a TE array as in the phantom imaging. B field maps were
computed from GEMS transverse imaging using the multiple echoes. Additionally, gradient
recalled echo-echo planar imaging (GRE-EPI) was performed with a matrix size of 64 by 96
and FOV 16 by 24 mm (in-plane resolution 250 £m) and slice thickness 0.5 mm, 8 slices
using 4 shots with TE 6 ms and TR 2 seconds per volume.
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5. Neural Electrode Preparation

Insulated gold and aluminum wires 100 /m in diameter and insulated with PTFE and
polyimide respectively were obtained from California Fine Wire Company. Two gold and
two aluminum wires were twisted together, and the insulation was carefully removed from
one end with the aid of a microscope. The wires were soldered directly to a nonferrous
Omnetics connector along with uninsulated silver wires to serve as reference and ground
contacts. Biocompatible dental cement was used to provide mechanical support. A prototype
4-channel electrode is depicted in Figure 1 (c).1

Neural electrode channel impedance was measured to check the connections between the
electrode contact surfaces at the wire tips and the connector pinouts. Impedance was
measured at 1 kHz using the impedance function of a Cereplex M headstage from Blackrock
Microsystems. The impedance was measured multiple times in a saline bath (0.9% NaCl)
and in air for comparison. The multiple measurements were averaged, and the conductance
was computed by taking the reciprocal of impedance values for comparison.

6. Invivo Extracellular Field Potential Recording

Results

Extracellular local field potentials were recorded from the cortex of a Sprague-Dawley rat.
Anesthesia, monitoring, and support were similar to the parameters previously described.
A craniotomy was made over the somatosensory trunk region (3 mm lateral from midline,

3 mm posterior from bregma) and the twisted wire electrode was inserted to a depth

of 1.5 mm. Reference and ground wires were placed between exposed tissue and the

skull. Extracellular recording was performed at 30 kHz using a Cerebus Neural Signal
Processor system from Blackrock Microsystems. The data were lowpass filtered at 300 Hz,
downsampled to 1200 Hz, and highpass filtered at 1 Hz to visualize the local field potential.
Powerline noise was removed by adaptive filtering. The isoflurane anesthesia concentration
was varied between 1.2% and 2% to modulate neuronal signaling.

Agarose phantom B0 mapping results indicated that the composite gold-aluminum twisted
wire sample generated substantially less field distortion in comparison with twisted wire
samples of gold only or aluminum only. The experimental result is shown along with an
analytical-based solution in Figures 2 and 3. Both the size and the intensity of the field
perturbations match closely between the experimental result (top row), and the analytical-
based solutions (bottom row). Further, note the dipole flip between gold and the gold-
aluminum and aluminum samples. The gold sample has magnetic susceptibility around —34
ppm, which is more diamagnetic than water which has susceptibility around -9 ppm. In
contrast, both the gold-aluminum and aluminum samples are more paramagnetic than water.
The gold-aluminum sample susceptibility is estimated to be —0.6 ppm (diamagnetic, but
less so than water), and the aluminum sample susceptibility is 20.7 ppm. The dipole shaped
distortion generated by the samples shows enhancement of the By field along the Bg-axis for
the aluminum and gold-aluminum samples, while the gold sample generates an opposition
to the By field. The dipole orientation for the composite electrode was similar with that of
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aluminum electrode since the susceptibility difference between aluminum and water is larger
than that between gold and water.

The results can be further quantified by examining the plots in Figure 3, which present the
By distortions from Figure 2 for lines passing through the centers of the samples. The top
row shows the distortions along the z-direction (Bg field direction), and the bottom row
shows distortions along the perpendicular axis. The maximum distortion and the width of the
masked regions (which were generated based on inaccuracy of By computation and phase
mapping due to signal loss) can be examined to quantify the distortions, and are presented

in Table 1. The results show that the aluminum sample generated the largest regions of
signal loss and the maximum distortions observable adjacent to the signal loss regions.

The gold-only sample was better than the aluminum-only sample, but the best results were
obtained from the gold-aluminum sample.

Results from /n vivo imaging of a gold-aluminum twisted wire sample and gold twisted
wire sample in the rat brain were consistent with results of the phantom experiment. GEMS
imaging of the rat in the coronal orientation is presented in Figure 4. The gold and gold-
aluminum wire samples are both apparent in multiple contiguous slices (0.5 mm thick) and
are marked by arrows as G and C respectively for clarity. GEMS imaging suffers from the
magnetic susceptibility artifact, caused by shortening of the transverse magnetization decay
time, To*, due to signal dephasing. The magnetic susceptibility artifact can be observed
around both the gold and gold-aluminum wire samples in Figure 4, with the artifact around
the gold sample more severe due to a larger difference in magnetic susceptibility relative to
the brain tissue in comparison to the gold-aluminum composite sample. Imaging around the
gold sample generates a large region of signal void of up to 1.41 mm wide, whereas imaging
around the gold-aluminum sample enables visualization of the wire twists (slices 4 and 5)
and smaller signal voids up to 0.85 mm across.

GEMS was also performed in the transverse plane of the implanted rat. The GEMS
magnitude image is presented in the top panel of Figure 5. Again, both the gold (right
hemisphere) and gold-aluminum composite (left hemisphere) samples show a magnetic
susceptibility artifact, with the artifact caused by the gold sample more severe and producing
a distorted, non-circular shape. In the AP direction (z-direction), the lengths of artifacts
caused by both the gold and the gold-aluminum samples were both 1.0 mm, but in the

RL direction (x-direction), the artifact generated by the gold sample was 1.1 mm wide,
compared to 0.75 mm wide for the gold-aluminum sample. Additionally, multiple echoes
were acquired to enable generation of a Bg map using (2). The By map is presented in the
lower panel of Figure 5, with labels of the twisted wire sample positions. Contours were
included to improve visualization. The /n vivo result also shows larger and more intense By
distortions for the gold twisted wire sample in comparison with the novel gold-aluminum
composite sample.

Finally, GRE-EPI was performed in the coronal plane of the rat implanted with the gold and
gold-aluminum wire samples. GRE-EPI is particularly susceptible to artifacts, in part due to
long echo times that allow for a greater degree of signal dephasing. Using multiple shots to
shorten TE can help combat susceptibility-induced artifacts. Even using 4 shots to shorten

Ann Biomed Eng. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cruttenden et al.

Page 8

TE to 6 ms, substantial regions of signal loss are observed around the gold twisted wire
sample, up to 1.75 mm wide in Figure 6. Signal loss around the gold-aluminum sample is
less severe but still apparent (up to 1.25 mm across).

After testing the twisted wire samples in agarose phantom and /n vivo in the rat brain, a
functional neural electrode comprising 2 gold and 2 aluminum wires twisted together was
fabricated and tested in a saline bath and /n vivo. The 1 kHz impedance was measured with
the electrode both outside of and inside the saline bath, with the expectation of a substantial
decrease in impedance upon inserting the electrode into the saline bath. The results are
plotted in Figure 7 as conductance (inverse of impedance) for each channel in air and in
saline. The conductance substantially increased from less than 0.5 MQ™1 (greater than 2 MQ
impedance) to over 2 MQ™1 (less than 0.5 MQ impedance) for each channel. The gold wire
channels (1 and 4) exhibited higher conductance than the aluminum channels (2 and 3).

In vivolocal field potential recordings were made in the rat brain using the neural electrode
prototype. The signals from the 4 electrode channels are plotted together in the 3 panels

on the right hand side of Figure 7. Within each panel, the 4 electrode traces are highly
correlated as expected when measuring the local field potential at several closely located
points in the brain tissue. Additionally, changes in the brain state caused by varying

the anesthesia level were clearly observed by the electrodes. At 2.0% isoflurane, burst
suppression activity was evident. Lowering the anesthesia concentration to 1.5% isoflurane
and 1.2% isoflurane revealed a transition from burst suppression to sustained oscillations.

Discussion

The novel gold-aluminum twisted wire sample outperformed gold-only and aluminum-only
samples, as seen through several experiments performed in UHF MRI. Bg-field maps were
generated from agarose phantom imaging at 16.4T using a GEMS sequence with multiple
echoes. The maximum distortion to the B field generated by the gold-aluminum sample
was substantially less than the distortions caused by the gold-only and aluminum-only
samples, as seen in Figure 2. The superior performance of the gold-aluminum sample

is attributed to its effective volume magnetic susceptibility, which we estimated to be
approximately —0.6 ppm, in comparison to values of =34 ppm for gold, and 20.7 ppm

for aluminum respectively. In comparison with the magnetic susceptibility of water (-9
ppm), the gold-aluminum sample provides the closest match and therefore the smallest
distortion to the By-field. The demonstrated improvement of the gold-aluminum electrode
in comparison to pure gold and pure aluminum samples also indicates an improvement over
platinum-based electrodes. The magnetic susceptibility of platinum is around 270 to 280
ppm, and therefore is approximately 10-fold worse than pure gold or pure aluminum from a
magnetic compatibility standpoint.

An analytical-based computation involving the superposition of the Bg-field distortion
from individual cylinders was used to estimate the total Bp-field distortion generated by
multi-wire samples. The computational results agreed well with the experimental result,
showing less distortion around the gold-aluminum wire sample in comparison to the others,
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and increasing our confidence in the accuracy and validity of the experimental result and
prompting the /n vivo experimental studies in the rat brain.

The /n vivo imaging study consisted of GEMS and EPI imaging of gold-aluminum
composite and gold-only twisted wire samples acutely implanted in the rat brain. The
GEMS images, which are susceptible to T,* dephasing artifacts caused around By-field
distortions, showed clearly the enlargement of the gold-only sample in comparison to the
gold-aluminum sample. This result is consistent with the By mapping in agarose phantoms.
The larger Bg-field distortion results in a larger region of signal loss in GEMS imaging
around the gold-only sample, which is caused by increased dephasing of the transverse
magnetization signal within the voxels nearby the implant. Furthermore, Bg-maps generated
from the /n vivo transverse GEMS imaging using multiple echoes showed a larger dipole By
field around the gold-only implant than around the gold-aluminum implant. The results from
EPI, which is even more prone to susceptibility-induced artifacts, showed a similar pattern
as the higher spatial resolution GEMS images. Taken together, all these results show the
effectiveness of the gold-aluminum design in reducing field distortions, and the importance
of the magnetic susceptibility property of microwire electrodes for use in high field and
ultrahigh field MRI.

The success of the preliminary studies using twisted wire samples led to further work to
prepare a functional microwire multi-electrode prototype that could be used for recording
or stimulation. For the prototype electrode, we acquired insulated gold and aluminum wire
samples, each 100 microns in diameter. With an equal contribution from the matched
volumes of gold and aluminum, the estimated effective magnetic susceptibility of the
prototype electrode is —6.7 ppm, only 2.3 ppm from the value of water. To provide some
perspective on the variation of susceptibility values /7 vivo, the magnetic susceptibility of
human tissue has been estimated to be with approximately 2 ppm of water 24 A value

of —6.7 ppm is therefore a substantial improvement even from the twisted wire sample

used in initial testing in this work, which had a value around —0.6 ppm. In comparison

with more conventional paramagnetic electrode materials such as platinum (270-280 ppm),
iridium oxide (146 ppm), and even tungsten (74 ppm), our gold-aluminum electrode offers a
dramatic improvement. Even the gold-only and aluminum-only samples, which were shown
to be substantially worse than a gold-aluminum sample, are much better from a magnetic
susceptibility viewpoint for high field and UHF MRI.

The microwire multi-electrode prototype was tested for its ability to record local field
potentials from the rat cortex, as shown in Figure 7. Interestingly, impedance testing
revealed lower conductance of the aluminum wires in comparison to the gold wires. The
lower conductance could be caused by inferior bonding between the aluminum wires and
the connector, or by the formation of native oxides on the aluminum tissue-contact points.
The lower conductance resulted in more 60-Hz AC noise coupling into the aluminum wire
channels, which was addressed with 60-Hz notch filtering. We propose two improvements
to the design that should resolve the decreased conductance of the aluminum channels: 1)
electroplating gold on the outside surface where the microwires contact the tissue prior to
native oxide formation and 2) including a small MR-compatible PCB for improved contact
fidelity between the microwires and the connector. Neither of these changes are expected
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to substantially alter the magnetic properties of the device. Further, gold electroplating
will improve the long-term performance of the device as gold is a noble metal with
improved stability over time. Finally, electroplating will result in a roughened contact
surface which increases the electrochemical surface area between the electrode and tissue,
further improving conductance which will benefit both stimulation and recording.

The anticipated By field distortions around the prototype electrode with equal diameters of
gold and aluminum wires are simulated and depicted in the top row of Figure 8 (c), along
with comparisons to the ideal ratio of gold and aluminum (b), and the samples studied at
16.4T in this work (), (d), and (e). Additionally, the transverse signal decay contribution
due to the presence of the wire samples is shown in the bottom row of Figure 8 assuming 94
4m square voxels with 15 ms echo time, 25 ms T, for the agarose phantom, and neglecting
the contribution of encoding gradients to within-voxel field inhomogeneity. This figure
illustrates the further improvement of using balanced diameters of 100 pm for both the gold
and aluminum wires in the composite electrode, and that this equal ratio performs almost as
well as the ideal gold/aluminum ratio depicted in Figure 8 (b).

Both gold and aluminum have been classified as non-reactive with cerebral tissues, the
same classification given to platinum and tungsten which are frequently used as neural
electrode materials 28, This provides a distinct advantage over the use of copper, which
while having a magnetic susceptibility value very close to tissue, is toxic and requires
special consideration on how to effectively protect surrounding neural tissue from damage.
The authors of 39 have shown that graphene encapsulation is effective, but growth of high
quality graphene on copper is technically difficult in comparison with twisting non-reactive
gold and aluminum microwires. Electroplating gold on the microwires to improve long-term
stability and increase surface roughness is also easy in comparison to growing high quality
graphene encapsulation layers.

The new gold-aluminum composite microwire electrode design presented in this work
provides a substantial advantage over traditional microwire electrode materials such as
tungsten and platinum in UHF MRI. The effective magnetic susceptibility value of the
gold-aluminum sample is within a few ppm of the estimated values for human tissues and
is fabricated from materials that are non-reactive with cerebral cortex tissue. We showed
reduced MRI image artifacts even at the UHF of 16.4T. Because the magnetic susceptibility
properties of paramagnetic and diamagnetic materials should not substantially change in the
range of magnetic field strengths for MRI, our results translate to lower field strengths such
as 1.5T, 3T, 4T, and 7T as well. Additionally, the use of non-reactive materials provides a
path for future translation to human clinical studies. Finally, we successfully demonstrated
the ability to record field potentials from the rat cortex using a prototype electrode. Future
studies will aim to elucidate the utility and fidelity of our novel gold-aluminum microwire
electrode for brain stimulation and simultaneous study at UHF of 16.4T.
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Composite Aluminum

Figure 1.
Twisted wire samples for proof-of-concept testing. (a) Side view of gold, gold-aluminum

composite, and aluminum twisted wires. (b) Cross section schematic of the samples. Gold
wires were 100 um diameter; aluminum wires 125 4m diameter. (c) Neural electrode formed
by twisting insulated 100 pm diameter gold and aluminum wires. Wires were soldered to

a nonferrous Omnetics connector. Uninsulated silver wires served as reference and ground.
Dental cement was used for mechanical support and to protect soldered connections.
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Figure 2.

Comparison of phantom By mapping result at 16.4T (top row) with analytical-based
solution (bottom row) for gold, gold-aluminum composite, aluminum twisted wire samples.
Paramagnetic aluminum produced the largest distortions in phantom By mapping, followed
by diamagnetic gold, and finally gold-aluminum composite samples. The analytical-based
solutions match the phantom experimental results. The lower-right subplot shows the
analytical-based solution for four platinum wires (100 xm diameter), commonly used in
neural electrodes.

Ann Biomed Eng. Author manuscript; available in PMC 2022 September 01.



1duosnuely Joyiny 1duosnuey Joyiny

1duosnuepy Joyiny

1duosnuely Joyiny

Cruttenden et al.

B, Distortion (ppm)

B,, Distortion (ppm)

10

4)]

o

[
(&)

10

w

o

i
(83}

Gold

== == Analytical
Experimental

O

i L i l i i
6 8 10 12 14
z Position (mm)

2 4

L

6 8 10 12 14
x Position (mm)

Figure 3.

10

B, Distortion (ppm)
) o

-10 b

10

B,, Distortion (ppm)
o 4]

i
(6]

-10 b

w

LN

Gold-Aluminum
T T
11
[ |

2 4 6 8 10 12 14
z Position (mm)

2 4 6 8 10 12 14
x Position (mm)

Page 15

Aluminum
10—
I
1

)]

W

B, Distortion (ppm)
& o

2 4 6 8 10 12 14
z Position (mm)

10

(43}

Bo Distortion (ppm)
o

[
(4]

gogli—d 4 ¥ [ |
2 4 6 8 10 12 14
x Position (mm)

Plots comparing the analytical-based solution and experimental result for B field distortion
along the z-direction (top row) and x-direction (bottom row) for a line passing through

the center of each of the three samples. Experimental results were aligned with analytical
computations, and masked where By distortion computation became inaccurate due to signal

loss near the sample.
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Coronal Plane Gradient Echo Imaging

4mm

Figure 4.
Coronal gradient echo multiple slice (GEMS) imaging of a rat implanted with a twisted

gold wire sample (G) in the right hemisphere, and a twisted gold-aluminum composite
wire sample (C) in the left hemisphere. The gold-aluminum wire sample created a smaller
image artifact and was visible in fewer slices in comparison to the gold wire sample. Slices
increase from 1 to 8 from caudal to rostral. Slice thickness 500 gm, in plane resolution 94
4m, matrix size 256 by 256.
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Figure 5.
Transverse gradient echo multiple slice (GEMS) imaging (top row) and By mapping (bottom

row) of a rat implanted with gold (G) and gold-aluminum composite (C) twisted wire
samples. The gold wire sample produced larger artifacts and field distortion than the gold-
aluminum sample. Slice thickness 500 4m, in plane resolution 94 4m, matrix size 256 by
256.
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Coronal Plane Echo Planar Imaging
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Figure 6.
Coronal echo planar imaging (EPI) of a rat implanted with gold (G) and gold-aluminum

composite (C) twisted wire samples. The gold sample produced larger regions of signal
loss in comparison with the gold-aluminum sample. Imaging parameters: 64 by 96 matrix,
8 slices, in-plane resolution 250 xm, slice thickness 500 um, four shots, TE 6 ms, TR 2
seconds per volume.
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Conductance of neural electrode channels in air and in saline bath at 1 kHz (left). The
increase in conductance in saline confirms electrode connection and function prior to /n

vivotesting. Channels 1 and 4 correspond to gold wires, channels 2 and 3
to aluminum wires. Local field potential (LFP) recorded with the gold-alu

correspond
minum twisted

neural electrode in the rat cortex under varying levels of isoflurane anesthesia (2.0%, 1.5%,

and 1.2%, right). The recordings from each of the 4 electrode contacts are

superimposed in

each subplot. As anesthesia level decreased from 2.0% to 1.2%, cortical LFP transitioned

from burst suppression (top panel) to sustained oscillation (bottom panel).
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Figure 8.
Field distortion computations around wire samples (top row) and estimated transverse signal

decay caused by the presence of the wires (bottom row) neglecting encoding gradient
effects. (a) 4 gold wires of 100 xm diameter, (b) 2 gold wires 104 ym diameter and 2
aluminum wires 96 pm diameter, (c) 2 gold and 2 aluminum wires 100 4m diameter, (d) 2
gold wires 100 pm diameter and 2 aluminum wires 125 um diameter, (€) 4 aluminum wires
125 pm diameter.
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Table 1.

Maximum distortions and mask widths along z- and x-directions

Max. Distortion in z (ppm)

Mask width in z (mm)

Max. Distortion in x (ppm)

Mask width in x (mm)

Gold -6.0 17 6.4 1.6
Gold-aluminum | 3.7 1.2 -4.3 12
Aluminum 6.4 19 -7.6 1.8
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