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Magnetic Resonance Compatibility of Multichannel
Silicon Microelectrode Systems for Neural Recording
and Stimulation: Design Criteria, Tests, and
Recommendations
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Abstract—Magnetic resonance (MR) compatibility of biomed-
ical implants and devices represents a challenge for designers
and potential risks for users. This paper addresses these prob-
lems and presents the first MR-compatible multichannel silicon
chronic microelectrode system, used for recording and electrical
stimulation of the central nervous system for animal models. A
standard chronic assembly, from the Center for Neural Commu-
nication Technology at the University of Michigan, was tested on
a 2 Tesla magnet to detect forces, heating, and image distortions,
and modified to minimize or eliminate susceptibility artifacts,
tissue damage, and electrode displacement, maintaining good
image quality and safety to the animals. Multiple commercial
connectors were tested for MR compatibility and several options
for the reference electrode were also tested to minimize image
artifacts and provide a stable biocompatible reference for short-
and long-term neural recordings. Different holding screws were
tested to anchor the microelectrode assembly on the top of the
skull. The final selection of this part was based on MR-compati-
bility, biocompatibility, durability, and mechanical and chemical
stability. The required adaptor to interconnect the MR-compatible
microelectrode with standard data acquisition systems was also
designed and fabricated. The final design is fully MR-compatible
and has been successfully tested on guinea pigs.

Index Terms—Biomedical implants, magnetic resonance com-
patibility, magnetic resonance imaging, magnetic susceptibility,
multichannel silicon microelectrodes.

I. INTRODUCTION

ASED on the manipulation of strong magnetic fields and
radio frequency (RF) signals, magnetic resonance imaging
(MRI) is one of the most powerful imaging techniques used for
research and clinical applications. Furthermore, during the last
years functional MRI (fMRI) has shown its importance on the
study of brain responses to different stimuli. Although highly
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safe, there are some minor, infrequent, and well-known biolog-
ical effects related with MRI, such as peripheral nerve stim-
ulation and retinal magnetic phosphene stimulation [1]. Until
now, there is no evidence suggesting any concern with the use
of MRI at magnetic flux densities up to 3 T. In the United States,
the Food and Drug Administration (FDA) considers significant
risk, for MR diagnostic devices, when the main static magnetic
field is greater than 4 T, for infants aged 1 month or less, and
greater than 8 T, for patients above 1 month of age [2], although
at ultra-high magnetic flux densities (>8 T) more studies might
be required [3].

In general, MRI is contraindicated on patients and individuals
with non-MR compatible biomedical implants, unless very
specific procedures are followed [1], [4], [5]. Some of the
potential risks associated with MRI and biomedical implants
include attraction, deflection, and displacement of implants,
malfunction of electronically activated devices, and heating or
burn of devices and tissue, all of them produced by the following
interactions with the static or dynamic magnetic fields:

1) Forces and Torques: As comprehensively presented by
Schenck, using simplified implant models and equations, trans-
lational and rotational forces acting on a biomedical implant
depend on the shape, volume, and magnetic susceptibility of
the object; its position and orientation with respect to the mag-
netic field; and magnetic field strength and type of magnet [6].
Shellock et al. present significant differences on the magnitude
and location of these forces depending on the physical char-
acteristics of the magnet, i.e., short- or long-bore, cylindrical
or open magnets, and shielded or unshielded static magnetic
fields, which defines the maximum spatial gradient of the mag-
netic field [7]-[9]. Furthermore, in the presence of electric and
magnetic fields, ionic charges in fluids inside the body and
electric currents flowing in circuits and leads of biomedical
implants are subject to Lorentzian forces, which normally are
very small [6].

Based on the specifications of the American Society of Testing
and Materials (ASTM), a device is MR safe, for MR induced
displacements, if the magnetically induced force is less than
the weight of the object [10]. Similarly, if the product of the
weight of the device and its longest dimension is less than
the maximal MR induced torque, then the object could be
considered MR safe, for magnetically induced rotational forces
[11].
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2) Gradient  Switching- and RF  Pulses-Induced
Heating: Temporal changing magnetic fields may induce
electric currents, and intrinsically in MRI two changing
magnetic fields are present: the relatively low frequency field
created by the switching electric currents of the gradient coils,
and the high frequency changing field of the RF signal, emitted
by the transmitting coil or set of coils. The biological effects of
changing magnetic fields are extensively discussed by Shellock
and are not the focus of this paper [1]. What is relevant for
this investigation are the induced voltage and possible induced
Eddy currents created in the presence of conductive closed
loops or volumes. For neural implants, the induced voltage
and Eddy currents may produce signal artifacts, spurious
stimulation, malfunction of electronic devices, MR signal loss,
image distortion, and some degree of heating that normally
is not capable of producing thermal injury, unless a resonant
condition is achieved [12].

A specific type of current induction known as “antenna ef-
fect” occurs in open leads, entirely or fractionally inside the
magnet, capable of producing severe burnings. The physical
principles of this RF-induced heating and different strategies to
minimize it have been analyzed and discussed elsewhere and
are not covered on this work [12]-[20]. For our investigation,
this condition may occur if the leads of the data acquisition
system remain unconnected from the recording or stimulating
channels. Normally, heating is confined to the ends of the wire
and is maximized in a range of values around or near the res-
onant length, although extreme-heating conditions may occur
even at significantly shorter lengths [17]. Besides heating, the
antenna effect also creates localized variations on the applied
RF signal, producing hot spots, distortions and ghosts that may
affect the quality of the MR images [13], [21].

For MR induced heating, the FDA accepts a maximal whole
body temperature increase of 1 °C, under medical supervision,
and a maximal temperature of 38 °C, 39 °C, and 40 °C for
localized heating in head, torso, and extremities, respectively
[22], [23].

Given the seriousness of the mentioned potential risks and
some reported accidents associated with MRI, scientists and or-
ganizations have placed significant efforts and resources to test
medical devices and educate people working on MRI facilities
[1], [3], [24]-[31]. Nevertheless, a worldwide regulation and
standardization is still required [32].

3) Image Artifacts: Different studies have been conducted
to evaluate and achieve the MR safety and MR compatibility of
several biomedical implants. Normally, on those devices, fer-
romagnetic materials have been replaced with titanium, stain-
less-steel 300 series, or other nonmagnetic alloys such as El-
giloy, Phynox, or MP35N [4], [9], [33]. In some studies, wire
leads have been replaced with fiber optic cable or carbon fiber
conductors and some have reported the use of electrodes made
of tungsten, tin, or carbon, all of them nonmagnetic [34]-[39].
Unfortunately, some of these devices present significant distor-
tions on images and, although they may be considered MR safe,
some cannot be classified as MR compatible.

The terms “MR Safe” and “MR Compatible” are often
loosely used and improperly exchanged, and some MRI equip-
ment manufacturers have their own classifications for different
zones, depending to the closeness to the imaging region [40].

For the purpose of this paper, the definitions established by the
ASTM will be used [10], [11], [41], [42]. They stipulate that,
when used in MR environments, an “MR Safe” device does not
present additional risk to patients or other individual but may
affect the diagnostic information of the MR images, whereas
and “MR Compatible” device is MR safe and the diagnostic
information of the MR images and the operation of the device
are not affected. For both definitions, it is important to specify
the MR conditions that define the safety or compatibility of
the device, e.g., magnetic field strength and type of magnet,
because the object may not be safe or compatible under more
extreme MR conditions.

As can be seen, image quality is associated with MR compat-
ibility and, as comprehensively explained by Schenk, both are
strongly correlated with the magnetic susceptibility differences
Ax = |x — x| between an object (x) and the surrounding
tissue () [43]. In general, Ay < 10 ppm produces small to
insignificant image artifacts, 10 < Ax < 200 ppm produces
notorious and often detrimental image distortions, and Ay >
200 ppm not only produces intolerable image distortions but
also rotational and translational forces are evident and represent
potential hazards. These observations are valid for conventional
gradient echo (GE) or spin echo (SE) acquisition schemes, and
exclude T5 weighted images obtained with fast pulse sequences,
such as echo planar imaging (EPI). Those fast pulse sequences
are very sensitive to magnetic susceptibility differences such as
the present at the air-tissue interface (Ay & 10 ppm), which
produces significant distortions, or between oxygenated and de-
oxygenated hemoglobin (Ay = 2.26 ppm), which generates
the blood-oxygenation-level-dependant (BOLD) effect used to
detect brain activation [44]. Table I presents some values of
magnetic susceptibility properties of common materials asso-
ciated with human tissue, recording electrodes, and electronic
amplifiers used for neural recordings.

To the best of our knowledge, until now, there is no relevant
information that relates MRI and silicon microelectrodes. Most
of the studies involving microelectrodes in animal models are
oriented to glass micropipettes or wire microelectrodes where
the position of the implanted electrodes is commonly determined
via postmortem techniques. For experiments where MRI is used,
the magnetic susceptibility difference between the surrounding
tissue and the metallic implant causes a significant signal loss
around the electrode so that its position is evident and some
image distortion around it is tolerated [51]. In some studies,
a ferromagnetic material is electrochemically deposited in the
tissue using a stainless-steel microelectrode. After the electrodeis
removed, high-resolution MR images show a small susceptibility
distortion where the implant was located, but not so strong to
significantly distort the images [52]. More recently, Shyu et al.
presented important advantages of single-channel carbon fiber
microelectrodes over wire microelectrodes for fMRI studies
in rats [53]. Currently, for human studies, the electrodes are
relatively large and contain metallic materials. Some can be
used within MRI environments, although X-Ray or computed
tomography (CT) are the preferred imaging technologies to
determine their location since they present similar problems and
potential risks for MRI as the observed with wire microelectrodes
[54]-[56].



MARTINEZ SANTIESTEBAN ef al.: MR COMPATIBILITY OF MULTICHANNEL SILICON MICROELECTRODE SYSTEMS

549

TABLE 1

MAGNETIC SUSCEPTIBILITY OF COMMON MATERIALS ASSOCIATED WITH HUMAN TISSUE, ELECTROPHYSIOLOGICAL SIGNAL RECORDING ELECTRODES, AND
ELECTRONIC DEVICES USED TO AMPLIFY NEURAL RECORDINGS. VALUES WERE OBTAINED FROM [43] UNLESS SPECIFIED. WHEN REQUIRED,
MOLAR SUSCEPTIBILITY VALUES WERE CONVERTED TO THE STANDARD SI VOLUME SUSCEPTIBILITY. FOR INFORMATION ABOUT SILICON

MICROELECTRODES COMPOSITION, SEE [45] AND [46]

MAGNETIC
MATERIAL SUSCEPTIBILITY COMMENT
X (ppm)

Carbon -204 High impedance conductors for simultaneous EEG/MRI.
Gold -34 EEG surface electrodes, bonding pads of silicon microelectrodes.
Silver -24 EEG surface electrodes, wires, electronic devices.

Tin -23 Plating of connectors, wires, and leads of electronic devices.
Boron -18.22 [47] Silicon microelectrode substrate.
Silicon oxide -16.3 Silicon microelectrode dielectric films.
Lead -15.8 Batteries, printed circuit boards, electronic devices, soldering material.
Copper -9.63 Wires, printed circuit boards, lead frame of electronic devices.
Human Tissue -11.0to -7.0
Water (37 °C) -9.05
Silicon Nitride -9.0 Silicon microelectrode dielectric films.
Cortical Bone -8.86
Deoxygenated Blood -7.9
Germanium -7.1 Electronic devices.
Silicon -4.2 Electronic devices, silicon microectrodes.
Air (NTP) 0.36
Aluminum 20.7 Electronic devices, silicon microelectrode bonding wires.
Iridium 37.66 [47] Wire microelectrodes.
Tungsten 77.2 Wire microelectrodes.
Iridium oxide 146.89 [48]-[49] Recording and stimulating sites of silicon microelectrodes.
Tantalum 178 Electronic devices.
Titanium 182 Holding screws, reference electrodes, biomedical implants.
Platinum 279 Wire microelectrodes, biomedical implants.
Stainless Steel 316 9000 [50] Surgical devices, biomedical implants.
Cobalt 250x10° Electronic devices.
Nickel 600x10° Plating in connectors and electronic devices.
Iron 200x10° Lead frame of electronic devices.

In this paper, we present a silicon-based microelectrode that,
given its dimensions (3—10 mm length, 15 pm thick, 33-500
pm width, [57]) and low magnetic susceptibility signature, al-
lows not only multichannel recordings or stimulation of the CN'S
in animal models, but also does not represent a risk in MRI en-
vironments and, more importantly, does not produce noticeable
image distortions for in vivo studies using MRI.

II. METHODS
A. Initial Assessment

The standard chronic silicon microelectrodes (S—SiuE), pre-
sented in Fig. 1, was tested for MR compatibility. GE and SE
multislice pulse sequences were used on an Oxford 2.0-T hori-
zontal magnet, with clear bore diameter of 31 cm, equipped with
Acustar S-180 gradients of 18-cm bore diameter, driven to 70
mT/m, using a Varian Unity Inova imaging platform. A group
of images of the whole assembly and of its individual parts were
obtained to detect image artifacts.

After identifying those materials causing significant dis-
tortion on the acquired images, the electrode was redesigned
using MR-compatible materials, maintaining or improving
the characteristics of the standard chronic assembly such as
size, weight, and cost. In particular, after testing multiple

commercially available connectors, the Omnetics Nano con-
nector, normally used on the standard chronic assembly, was
substituted with a zero insertion force (ZIF) Hirose connector,
and the aluminum ring was eliminated. Although the selected
connector is ideal for MRI applications, it has a very limited
lifespan of only 10 connection/disconnection cycles [58], com-
pared to 500 of the Omnetics Nano connector [59], limiting its
use to acute or short term chronic studies. A flexible circuit was
designed and fabricated to interconnect the new chronic probe
with the acute headstage of data acquisition systems, used for
neurophysiological applications, such as Plexon, Neuralynx,
or Tucker Davis Technology (TDT) equipment. After that,
both types of electrodes, the S—SiuE and the MR compatible
silicon microelectrode (MRC—SipE), were tested to evaluate
displacement, torque, susceptibility artifacts, and possible
heating as described in the following sections. Examples of
the new designed electrode, as well as the flexible circuit, are
shown in Fig. 2.

B. Translational Force

Following the recommendations in [10], each type of micro-
electrode was suspended from a very thin polypropylene su-
ture filament (PROLENE 6-0, ETHICON, INC) attached to the
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Fig. 1. (A) Side and (B) top view of a standard chronic assembly (S—SipE)
designed at the Center for Neural Communication Technology (CNCT) of the
University of Michigan. The presented electrode is a single shank, 16-channel,
recording electrode. The site spacing is 150 pm, the area of each site is

approximately 170 pm?, the silicon ribbon cable has a length of 1 cm, and the
shank is 5 mm long.

center indicator of a protractor. The weight of the filament was
less than 1% the weight of each electrode assembly. The fila-
ment, holding the tested electrode, freely moved in a pendulum
motion without touching the protractor at any place but the piv-
oting center. The zero mark position was obtained when the
apparatus was very far from the 5-Gauss line and all angular
measurements were taken when the apparatus was horizontally
aligned, using a simple air-bubble level, and after the pendulum
motion subsided. The test apparatus was positioned in different
locations around the magnet so that the electrodes were placed
at the point of maximum deflection, which, as expected, was
near the opening of the bore. For each position, the angle «, de-
fined as the maximum deflection of the device from the vertical
direction to the nearest 1 °, was recorded. Finally, the ratio of
the magnetic force F; with respect the gravitational force, or
weight of the device, was estimated, F;/(mm - g) = tan(a),
where m is the mass of the object and g is the acceleration due
to gravity.

C. Rotational Force

Given the fragility and light weight of this type of electrodes
and the observations made during the previous test, a more qual-
itative rotational force test than the recommended in [11] was
performed. Using a small piece of adhesive tape, each micro-
electrode was attached to a light, thin, and rigid plastic dish.
Then, the plastic piece, with the electrode in top of it, was placed
at the surface of a container partially filled with water. The con-
tainer was big enough to avoid restriction of movement of the

~t— Pt-Ir WIRE

icm: &8 |

O

Fig. 2. (A) Flexible circuit to interconnect the MR compatible silicon
microelectrode (MRC—SIpE) with data acquisition systems. The reference
Pt-Ir wire (90%-10%), as the shown in the top assembly, is used for small
animals and can be replaced with a metallic screw for large animals models. The
flexible circuit can be connected inline with- or perpendicular to the electrode,
depending on the application. (B) side and (C) top view of MR-compatible,
16-channel silicon microelectrode. The presented assembly is a four-shank, 4
channels per shank, recording electrode. The shank spacing is of 125 pm, the
site spacing is of 100 pu, the site area is approximately 170 g2, the silicon
ribbon cable has a length of 1 cm, and the shanks are 3 mm long.

floating dish and small enough to fit inside the magnet. Care-
fully, with slow movements, maintaining the piece under test
away from the borders of the container, and keeping the whole
assembly floating all the time, the water container was moved
around the magnet and inside its bore in order to observe any ro-
tation and alignment of the electrodes with respect to the main
magnetic field.

D. MRI-Induced Heating

Given the high characteristic impedance of the silicon mi-
croelectrodes, which typically is around 1 M2 at 1 KHz and
about 10 K2 for frequencies greater than 100 KHz [60], [61],
and the small amount of metallic pieces used in them, signif-
icant MR-induced heating on these type of devices was not
expected. Nevertheless, the heating test recommended in [41]
was performed using a cost-effective temperature measurement
system as suggested in [62]. Three temperature sensors (KT-
210, TO-92 MINI, Infineon Technologies) provided calibrated
resistive values proportional to the temperature, and their minia-
ture plastic encapsulation and negligible power consumption,
did not have a heating effect on the experiment. In addition, to
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minimize electromagnetic inductions, twisted-shielded-pair ca-
bles of appropriate length were used and positioned at the sym-
metry axis of an eight-leg birdcage coil. The resistance mea-
surements, acquired with three FLUKE multimeters placed out-
side the 5-Gauss line, were not affected by the RF signals. Each
type of electrode was placed in a gelled phantom made with
0.8 g/L NaCl and 5.85 g/L Polyacrylic acid partial sodium salt
(Sigma-Aldrich catalog number 436 364) in 0.5 L of distilled
water [63]. This phantom simulates the electrical and thermal
properties of human tissue and has been proven to be reliable
for this type of test [64]. This setup represents an extreme con-
dition where no heat dissipation occurs, other than conduction,
because of the absence of convection or forced circulation of
fluids, such as blood. For the MRC—SiuE the first sensor (S;)
was placed right at the tip of the electrode, the second one (S2)
as close as possible to the metallic contacts of the Hirose con-
nector and the reference wire, and the last one (S3) few centime-
ters away from the electrode, to sense the background temper-
ature. For the S—SipE, S; and S3 were placed in similar loca-
tions and S, in the space between the Omnetics connector and
the aluminum ring.

After introducing the device under test into the bore of the
magnet and waiting 20 min, to reach thermal equilibrium, the
imaging session was performed using a multiecho-multislice,
pulse sequence with the following imaging parameters: Field of
view (FOV) of 12.8 cm x 12.8 cm, matrix size of 256 x 128
points, repetition time (TR) of 83.3 ms, echo time (TE) of 15
ms, number of averages (NAV) of 95, number of slices (NS) of
1, number of echoes (NE) of 4, and slice thickness (THK) of 2
cm. These parameters were selected not for imaging purposes
but for having as many 180 ° RF pulses/s as possible and ob-
taining maximum gradient strength as fast as possible without
causing self-heating of the scanner. The imaging time was al-
most 20 min, with a total of 57,344 180° RF pulses (48/s), and
an estimated SAR of 1.14 W/kg for a 50-kg patient. The temper-
ature readings from the three sensors were recorded every 30 s,
starting and ending 5 min before and after the imaging session,
and then 5 additional minutes after taking the phantom outside
the MR scanner.

E. Image Artifacts

1) Microelectrodes: A plastic frame was built and used to
hold the electrodes and to serve as a reference object in the
MR images, as shown in Fig. 3. The S—SipE was attached to
the plastic frame using a small wooden rod and adhesive tape,
whereas the MRC—SiuE was attached using adhesive tape and
a section of the previously mentioned flexible circuit.

The plastic frame with the attached electrode was immersed
into a container filled with distilled water doped with gadodi-
amide (Omniscan injection 287 mg/mL, 500 mM, Amersham
Health) to reduce the T'; relaxation to an estimated value of 300
ms. The Omniscan contrast agent was used instead of CuSQOy4
recommended in [42] because the later reacted and damaged
the aluminum ring of the S—SiuE. Then, a group of sagittal SE
and GE images were obtained with enough number of slices to
span not only the whole electrode but also the distortion, if any,
produced by it. All the images were acquired with the standard
and swapped readout/phase-encode directions and the process

Fig. 3.

MR-compatible frame used to hold the electrodes and to serve as a
reference object in the MR image artifact test. Each rod of transparent acrylic
had a diameter of 6.35 mm (1/4 in). The frame has a length of 8.5 cm, and
approximately equal width and height of 5 cm.

was repeated with the electrodes in three different orthogonal
positions with respect to the main magnetic field, and with the
acquisition parameters shown in Figs. 6 and 7. The process was
performed separately for the S—SiuFE and the MRC —SipE with
the purpose of selecting the GE and SE images with the largest
artifacts for each type of electrode.

2) Holding Screws: On the surgical procedure followed
at the Neurophysiology Laboratory of the Kresge Hearing
Research Institute (KHRI) at the University of Michigan, the
S — SipE is usually anchored at top of the skull of Guinea
pigs using dental acrylic and stainless-steel screws (SS-316).
In order to obtain the minimum image artifacts from the
holding screw, which is also used as a reference electrode, not
only this type of material was tested, but also titanium (Ti),
polyetheretherketone (PEEK), and nylon (N) screws. Each one
of them, approximately of the same dimensions, was fixed to
a thin plastic sheet and inserted into a water phantom, which
was then used to acquire GE images, with imaging parameters
presented in Fig. 8.

F. Animal Testing

Four 16-channel MRC—SipE were implanted in the au-
ditory cortex of four Guinea pigs. The procedures followed
an approved protocol, in compliance with guidelines set by
the University of Michigan Committee on Use and Care of
Animals, State and Federal regulations, and the standards
of the Guide for the Care and Use of Laboratory Animals.
Nylon screws were used in two animals and PEEK screws in
another two. The probes were sterilized with ethylene oxide
gas, and the screws using a steam autoclave. For the surgical
procedure, which has been explained by Weiland and Vetter
[60], [65], the animals were anesthetized with a 1:1 mixture
of Ketamine:Xylazine whereas for the imaging session the
animals were sedated using inhaled Isoflurane at 3% at a
constant air flow of 1.5 L/min. The reference electrode was a
Platinum-Iridium wire (Pt-Ir/90%-10%, A-M Systems, Inc.,
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Catalog number 778 000) inserted into the neck of the animals.
Pt-Ir was selected because this material presented much less
artifacts on the images than the observed with titanium and
stainless-steel screws, and it is a stable reference for short and
long term neural recordings. After a short recovery period, the
animals were imaged with the 2-T scanner using an eight-leg
birdcage coil, a small surface coil, and a MR-compatible animal
restrainer, all three of them purposely constructed to fit the
Guinea pig head and the implanted microelectrodes.

Before and after imaging sessions, and in an anechoic
chamber, electrophysiological signals driven by acoustic stimu-
lation were recorded applying single tone, frequency sweep and
broadband Gaussian noise stimuli. Furthermore, also before
and after imaging sessions, the impedance of each electrode at
1 KHz was verified, for the 16 recording channels, to observe
significant differences of this important characteristic of silicon
microelectrodes.

III. RESULTS
A. Initial Assessment

As observed in Fig. 4, the S — SiuE produces a large image
artifact that precludes any observation of the electrode and any
possible tissue around it in a radius of about 1.5 cm. The de-
tailed analysis of its parts revealed that the aluminum ring and
mainly the Omnetics connector were the principal components
producing the observed artifacts.

A direct MRI comparison between the Omnetics and the Hi-
rose connectors, presented in Fig. 5, shows that, even though
both connectors have similar dimensions, the shape of the Om-
netics connector cannot be observed with MRI, whereas the Hi-
rose connector produces a volume void that closely agrees with
its dimensions.

B. Translational Force

The maximum displacement angle a of the S—SipgE was of
only 1 © and therefore the magnetic force F);, exerted over this
electrode by the 2-T system, was not greater than 2% of the
weight of the whole assembly. For the proposed MRC—SiuE,
the result was even better, because no displacement angle was
observed at all. Consequently, the magnetically induced transla-
tional force applied to this MR-compatible electrode at 2 T was
negligible.

C. Rotational Force

The simple rotational force test performed, showed a very
weak alignment of the S—SipE with the main magnetic field.
The force was so weak that a small restriction of movement
of the whole assembly was enough to stop the alignment and
even redirect the electrode to any other arbitrary direction. The
designed MRC—SiuE did not show any rotation or alignment.
In addition, no torque was observed holding each type of elec-
trodes by hand while moving them inside the bore of the magnet.

D. MRI-Induced Heating

Neither the S—SiyE, nor the MRC—SiuE presented any
temperature increase under the mentioned conditions. All the
temperature sensors remained within temperature oscillations

A STANDARD
ELECTRODE

Fig.4. MR test of standard chronic assembly. (A) The S—SipE was placed at
the top of a glass of water. (B) GE images of the phantom were acquired with the
following parameters: FOV = 6.4 cm X 6.4 cin, matrix of 128 x 128 points,
TR = 7500 ms, TE = 5ms, NAV = 1,NS = 30, THK = 1 mm. Observe
that the microelectrode produces an image distortion of about three centimeters
in diameter, making impossible the observation of the silicon microelectrode
and the surrounding areas. (C) Test of the individual components. All the parts
were attached to a plastic film and immersed into a water phantom to obtain SE
images with the following settings: FOV = 7.5 cm X 7.5 cm, 128 x 128
points, TR = 500 ms, TE = 15 ms, NAV = 4, NS = 1, and THK =
2 mm. Observe that the Omnetic connector and the aluminum ring produce
significant image intensity variations whereas the epoxy and the printed circuit
board do not affect the images.

N

Fig. 5. GE images for MRI comparison between Omnetics (left) and Hirose
(right) connectors. FOV = 6.4 cm X 6.4 cm, 128 x 128 points, TR =
7500 ms, TE = 5 ms, NAV = 1, NS = 30/16 (Omnetics/Hirose), THK =
1 mm. Both connectors have approximate dimensions of 7 mm X 4 mm X
2 mm. Observe that the Omnetics connector produces a large artifact whereas
the Hirose connector presents a volume void that closely resembles its actual
dimensions.

below 0.4 °C, which is inside the accuracy of the measuring
system. Note that the temperatures obtained from the S—SipE,
specifically from the sensor placed between the connector and
the aluminum ring (S2), were more noisy but still within the
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Fig. 6. Image artifact test for the S—SipE. The top row indicates the imaging
plane and the orientation of the electrode for each test, the middle row presents
the worst images obtained using a SE pulse sequence, and the bottom row
presents the worst images obtained with a GE pulse sequence. Each image
covers an area of 6 cm X 4 cm, extracted from a FOV of 10 cm x 10 cm. The
dark circles at the bottom and top of each image have a diameter of 0.635 cm,
and indicate the position of the plastic frame orthogonal to the imaging plane.
The imaging parameters were: Bandwidth BW = 32 KHz, 256 x 256 points,
THK = 3 mm, NAV = §, TR/TE = 500/20 ms (SE) and 100/15 ms
(GE), and flip angle of 30 ° (GE). Observe that the SE images present notorious
intensity variations whereas the artifacts of the GE images cover larger areas.

mentioned range. Probably these noisy measurements were
produced by current inductions in the metallic ring surrounding
the sensor. Nevertheless, all the temperature measurements
remained basically stable before, during, and after the RF and
gradient switching excitation.

E. Image Artifacts

1) Microelectrodes: Figs. 6 and 7 present the result of the
image artifact test for the S—SipE and the MRC—SiuE respec-
tively. As expected, the GE pulse sequence was more sensitive to
magnetic susceptibility differences than the SE pulse sequence,
because of theuse of gradientrefocusing instead of RFrefocusing.
As can be seen, the artifact produced by the S—SiuF affects the
images such that the actual shape of the electrode and the sur-
rounding regions are significantly distorted. Those areas would
become useless for most or all MR-based imaging studies, unless
the regions of interest (ROIs) were far enough of the implanted
electrode. The artifactis evident, although different, in the SE and
GE images; the first one presents the largest intensity variations,
whereas the last one presents the largest affected regions.

The SE images of the MRC—SipE present a volume void that
closely corresponds to the actual shape of the tested microelec-
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Fig. 7. Image artifact test for the MRC—SipE. Similarly to the previous
figure, the top row indicates the imaging plane and orientation of the electrode
for each test, the middle row presents the worst images obtained using a SE
pulse sequence and the bottom row presents the worst images obtained with a
GE pulse sequence. The imaging parameters and size of the presented images
are the same as the indicated in Fig. 6, and the same plastic frame was used for
all the image artifact tests. Notice the similarity of the volume void produced
by the electrode and the images observed in the SE and GE acquisitions, which
closely resemble the actual shape of the electrode. Some minor distortions are
observed at the soldering point of the reference Pt-Ir wire (a), and at the bonding
wires (b), which normally are far enough from the silicon recording/stimulating
sites.

®

D

A B C

Fig. 8. MR test of holding screws. (A) Stainless-steel 316, (B) titanium, (C)
PEEK, and (D) nylon screws fixed to a thin plastic sheet and inserted into a
water phantom. GE images obtained with the following parameters: FOV =
5.12 cm X 5.12 cm, 256 X 256 points, TR = 50 ms, TE = 15 ms, and
THK = 0.5 mun.

trode. The GE images show some minor signal variations in the
regions of the metallic pins of the connector, in the soldering
point of the Pt-Ir reference wire, and in the bonding contacts of
the silicon microelectrode, although all of them no larger than a
few millimeters. Noticeably, the silicon shanks of the electrode
did not produce any distortion on any of the acquired images
and they cannot be observed with the used imaging parameters.

2) Holding Screws: Fig. 8 presents a MR comparison of the
tested holding screws. The image artifact created by the SS-316
screw [Fig. 8(A)] is so large that it even affects regions outside
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AUDITORY
CORTEX

Fig. 9. Representative images and three-dimensional reconstructions of a
Guinea pig head with an implanted MR compatible silicon microelectrode. The
reconstructions and interpolated imaging planes were obtained using Matlab
V6.5 (MathWorks), based on a GE multislice acquisition with the following
parameters: FOV = 8 cm x 8 cm, 128 x 128 points, TR = 3 s, TE = 3 ms,
NAV = 4,NS = 36, and THK = 1 mm. Observe the area at the top of the
head where the connector is installed and fixed using Nylon screws. The small
depression in the brain, indicated with the arrow, indicates the place where
the silicon microelectrode was implanted. All the imaging planes cross at the
implantation site and no distortion is observed in any plane.

the used phantom. The image distortion from the Ti screw is
smaller but large enough to hide the real shape of the screw
[Fig. 8(B)]. Both images from plastic screws, Nylon and PEEK,
present a volume void that strongly resembles the shape of the
original pieces. The image of the Nylon screw presents a neat
and clear shape [Fig. 8(D)] whereas the one from the PEEK
screw appears slightly bigger than its actual shape [Fig. 8(C)].
We believe that either phantom vibration, metallic remnants of
the machining process, or small air bubbles at the surface of the
screw produced this effect. Previous reports present fully MR
compatibility of both materials and therefore no image artifacts
were expected [40], [43].

F. Animal Testing

In terms of image quality, electrophysiological signal
recording, and impedance characteristic, the four animals per-

g

Amplitude (1)
g o

8

Time (s)

Fig. 10. Representative neural recordings obtained from the auditory cortex of
a guinea pig using a 16-channel MR compatible chronic assembly. The neural
activity was elicited using a 100 ms Gaussian noise burst with 2 stimuli/s.

formed equally well. As shown in Fig. 9, the images presented
no distortion around the electrode and precisely delimited small
indentation in the surface of the brain produced by the holding
screws. The tissue at the top of the Guinea pig head is displaced
because the electrode is mounted and anchored to the skull
in that region. The auditory cortex, where the electrode was
implanted, is also noticeable.

The characteristic impedance of each electrode remained
within normal values for the duration of the implants. In addi-
tion, the acoustically driven recorded brain signals were normal
before and after imaging sessions, as those presented in Fig. 10,
indicating that the intrinsic characteristics of the electrode were
not affected and the electrode placement remained the same.

Unfortunately, the Nylon screws were not strong enough to
hold the electrodes in place and the whole implant, electrode and
dental acrylic, detached from the skull 1 and 2 weeks after im-
plantation, for the two animals using this type of material. The
PEEK screws performed exceedingly well in terms of mechan-
ical stability and we have kept an animal for over nine months
without any indication of implant damage or looseness. How-
ever, we noticed that the Hirose connector is easily affected by
dirt particles that get into the metallic contacts. Therefore, for
our more recent experiments, we are using a plastic cover, in-
stead of the aluminum ring, to cover the electrode after implan-
tation. The cover is a piece of a plastic vial specifically cut to
protect the electrode and adjusted to the shape of the skull. It
has a plastic lid that can be removed to connect a data acquisi-
tion system or closed to protect the connector during the daily
life of the animal inside its cage.

IV. DISCUSSION

Materials such as stainless-steel (nonmagnetic, austenitic,
300 Series), titanium, and other nonmagnetic metallic alloys,
widely used for biomedical implants, do not represent signifi-
cant risk of tissue damage in MR environments. Unfortunately,
the amount of image artifact produced by the large suscepti-
bility differences with respect to soft tissue makes the use of
these materials particularly difficult in MRI applications. Other
metals, such as platinum and tungsten, produce image artifacts
that, in general, can be tolerated. On the other hand, nickel,
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cobalt and iron, all of them ferromagnetic materials, are for-
bidden for MRI applications, mainly for safety reasons. In terms
of image artifacts, they cannot be used unless the amount of
material present in the imaging region is negligible with respect
to the imaging volume. Nickel, in particular, is widely used
in the electronic industry given its characteristics of hardness,
corrosion resistance, and improved bonding of electroplated
gold on metallic contacts. The minute amount of this material,
used in most commercial connectors to increase their life span,
causes significant image distortions in MR images. Used on
connectors of neural implants, it makes the MR observation of
these devices and the surrounding tissue virtually impossible.
Although it produces small translational and rotational forces
inside a MR scanner, with an appropriate fastening or holding
procedure the risk of tissue damage can be easily minimized. In
terms of image quality, if the ROI is sufficiently far away from
the electrode, nickel plated connectors can be used in large
animal models. For the case of iron, widely used in the lead
frame of electronic integrated circuits in standard packages
such as SOIC, DIP, TSSOP, etc., produces significant distortion
on MR images and noticeable MR induced forces. Preliminary
tests performed by the authors show that one way to avoid
this problem on electronic devices is using integrated circuits
without packaging, i.e., the die option, although it complicates
the design of prototypes and significantly changes the design
and fabrication of electronic systems.

The presented Hirose connector overcomes all the mentioned
MR compatibility problems. Its tiny bronze and phosphor-bronze
fitting and contacts respectively are very well suited for MR ap-
plications where not significant or small distortions are accepted.
The lack of nickel and the construction of this type of connector
highly improve the quality of the MR images but its life span is
only 10 connection/disconnection cycles. Even though this life
span is limited, this connector could be used without any problem
in chronic experiments of relatively short duration, and for small
or large animal models. In general, the mechanical characteris-
tics of ZIF connectors limit their life span to 10 to 20 cycles even
if they contain nickel [58]. Different methods to overcome this
problem include the fabrication of a custom made Omnetics con-
nector using tin electroplating instead of gold over nickel electro-
plating. Based on communications we had with the engineering
group at Omnetics, this modification may increases the life span
of the connector, perhaps to 100 or 200 cycles, but substantially
increase the cost and the reliability is not warranted. Another
solution is the use of the regular Omnetics Nano connector, or
other small pitch connector, far enough from the imaging region
by increasing the length of the flexible silicon ribbon cable or
the Printed Circuit Board (PCB). While possible, this approach
is limited to large animal models, makes more difficult the surg-
eries, and puts more stress in the yield factor of the fabrication
process. We believe that the best solution is the removal of all
connectors by designing an active probe with the required elec-
tronics to transmit the neuronal signals outside the magnet, by
light or RF modulation, but certainly, more research and tech-
nological developments are still required to achieve this goal.

As mentioned earlier, in our studies, PEEK screws have
shown excellent mechanical stability. In addition, several in
vivo and in vitro studies present its biomedical compatibility

characteristics [66]-[69]. In those studies, no tissue reaction,
mutagenesis, or cell damage are observed, and even support of
the growth and function of bone cells are reported. Absorption
of only small quantities of protein structures from biological
media, resistance to water, high temperature durability, good
wear properties, chemical stability, and magnetic resonance
compatibility, make PEEK a very good choice for biomedical
implants and devices.

The presented research shows the magnetic resonance
compatibility of a passive neural implant based on silicon
technology. Extending that compatibility to an active biomed-
ical implant, i.e., including all the devices required for neural
recording or stimulation in the silicon probe, such as filters
and amplifiers, is certainly required as well as challenging.
Preliminary studies performed by the authors on commercially
available systems, showed a noticeable rotation and displace-
ment of the headstage and strong attraction of the preamplifier
system. We believe that the use of active proves will improve the
success of simultaneous electrophysiological recordings and
MR imaging studies and minimize the problems observed with
currently available commercial systems. For neural recordings,
knowing that the sum of the bias current of the amplifiers typi-
cally used for this type of probe, and the ionic currents detected
by the electrode are in the order of picoamperes and even fem-
toamperes, the expected forces due to circulating currents are
negligible. For neural stimulation, given the characteristic high
impedance of this type of electrodes, the stimulating current
is limited by the compliance voltage of the current source.
Normally, for the silicon microelectrodes, the current level for
neural stimulation is well below 100 mA and therefore the
expected displacement forces are also negligible [70]. The high
impedance at both ends of the conductive ribbon cables, i.e., the
silicon microelectrode in one end and the preamplifiers in the
other, certainly would reduce the risk of MR-induced heating.
In addition, the length of the cables could be easily adjusted
to eliminate any resonant condition or changed to fiber optic.
Special filters at the input of the amplifiers, to reduce RF signal
rectification and therefore neuronal signal contamination, are
certainly required.

Some advances have been reported using wire microelec-
trodes for simultaneous electrophysiological and fMRI BOLD
signal recordings [51]. In general, some type of signal pro-
cessing, magnet pulsing synchronization, and special electronic
devices are necessary. In addition, some level of image dis-
tortion around the wire microelectrode is tolerated. Certainly,
the advantages of silicon-based microelectrodes over wire or
carbon fiber microelectrodes are so important, that additional
efforts are required to make simultaneous multichannel neural
recordings and fMRI BOLD signal acquisition a reality. Be-
sides some obvious advantages, such as batch fabrication,
channel density, high reproducibility, and precise dimensions,
silicon based microelectrodes produce unnoticeable MR image
distortions, compared to similar size wire or carbon fiber
microelectrodes. This important difference makes the silicon
technology the best choice for simultaneous electrophysiolog-
ical and fMRI studies where the electrical activity of neurons
can be better associated to brain activation detected with BOLD
or other fMRI techniques, without causing significant MR
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signal lose around the electrode, as those observed with other
electrodes [51], [53]. Furthermore, the small MRI signature of
silicon microelectrodes improves the quality of high-resolution
anatomical images, and opens the possibilities for in vitro and
in vivo studies of electrode localization, migration, and tissue
reaction.

For chronic probes, tissue damage and reaction are subjects of
current investigation. In general, all neural implants produce a
response of the immune system that, over time, tends to mechan-
ically and electrically isolate the electrode from the surrounding
neuronal tissue. It is known that the electrode, the surgical pro-
cedure, the insertion and anchoring techniques, and the used an-
imal species, among other factors, play an important role in the
observed tissue reaction and electrode function after implanta-
tion [65], [71]. At a macroscopic level, we did not observe pos-
sible effects of MRI over the mentioned tissue damage and re-
action, because we did not observe changes in the impedance
of the electrodes and the characteristics of the recorded signals
before and after imaging session. In addition, no image changes
or artifacts were observed around the implanted electrodes over
time. Certainly, in order to assess possible microscopic effects
of MRI over the implanted microelectrodes that may affect the
tissue, a more extensive study that includes histological analysis
of control and MRI-tested sets of animals might be required.

V. CONCLUSION

We have presented a set of experiments and results demon-
strating that the S—SiyFE and the MRC—SipE can be con-
sidered MR-safe and MR-compatible, respectively, for a
cylindrical 2 T magnet and under the ASTM standards. Al-
though an extensive study at higher magnetic fields was not
performed for both electrodes, the authors have successfully
tested the MRC—SiyE at 3, 7 and 9.4 T research magnets
without noticeable image distortions for conventional MRI
protocols.

As can be seen, it is very important to design MR-compatible
devices not only to avoid any risk to patients or animal subjects
under study, but also to allow the use of MRI and fMRI to study
the neurological responses induced by sensory stimuli or neural
prostheses. Having MR compatible microelectrodes opens a
new area of research where multichannel neuronal recordings
can be complemented with simultaneous MRI/fMRI studies
helping the scientific community to improve our understanding
of the nervous system function. It is expected to increase
research possibilities in many areas of the nervous system and
even though the presented project is intended to be used on
animals, it will create a solid base for future designs that will
be used on humans.
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