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Reliability of Signals From a Chronically Implanted,
Silicon-Based Electrode Array in Non-Human
Primate Primary Motor Cortex
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Abstract—Multiple-electrode arrays are valuable both as a
research tool and as a sensor for neuromotor prosthetic devices,
which could potentially restore voluntary motion and functional
independence to paralyzed humans. Long-term array reliability
is an important requirement for these applications. Here, we
demonstrate the reliability of a regular array of 100 microelec-
trodes to obtain neural recordings from primary motor cortex
(MI) of monkeys for at least three months and up to 1.5 years. We
implanted Bionic (Cyberkinetics, Inc., Foxboro, MA) silicon probe
arrays in MI of three Macaque monkeys. Neural signals were
recorded during performance of an eight-direction, push-button
task. Recording reliability was evaluated for 18, 35, or 51 sessions
distributed over 83, 179, and 569 days after implantation, respec-
tively, using qualitative and quantitative measures. A four-point
signal quality scale was defined based on the waveform amplitude
relative to noise. A single observer applied this scale to score
signal quality for each electrode. A mean of 120 (+17.6 SD), 146
(£7.3), and 119 (4-16.9) neural-like waveforms were observed
from 65-85 electrodes across subjects for all recording sessions
of which over 80% were of high quality. Quantitative measures
demonstrated that waveforms had signal-to-noise ratio (SNR) up
to 20 with maximum peak-to-peak amplitude of over 1200 pv
with a mean SNR of 4.8 for signals ranked as high quality. Mean
signal quality did not change over the duration of the evaluation
period (slope 0.001, 0.0068 and 0.03; NS). By contrast, neural
waveform shape varied between, but not within days in all ani-
mals, suggesting a shifting population of recorded neurons over
time. Arm-movement related modulation was common and 66 %
of all recorded neurons were tuned to reach direction. The ability
for the array to record neural signals from parietal cortex was
also established. These results demonstrate that neural recordings
that can provide movement related signals for neural prostheses,
as well as for fundamental research applications, can be reliably
obtained for long time periods using a monolithic microelectrode
array in primate MI and potentially from other cortical areas as
well.

Index Terms—Brain—-machine interface, chronically implanted,
long-term reliability, silicon electrode arrays.
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1. INTRODUCTION

ANY neurological disorders disrupt the connection be-
tween a normal brain and the spinal cord or muscles, pre-
venting voluntary movement. Neuromotor prostheses (NMPs),
also termed brain—machine interfaces (BMIs), are promising
new devices for paralyzed humans that may provide a route
from the brain to external assistive technologies or to the par-
alyzed muscles themselves. Any NMP will require a sensor to
detect neural commands and a means to convert neural signals
into a meaningful control output. Recently, proof of concept
of such devices was obtained in nonhuman primates. Monkeys
achieved immediate and rapid control of a computer cursor in
real time by using the neural activity of multiple neurons in
the motor cortex (MI) arm area [1]-[3]. Translation of animal-
based systems to humans will require a reliable, long-lasting
sensor. Although a variety of signal sensors may provide useful
neural signals, accurate replication of intended hand motion in
external devices appears to require a sensor capable of recording
the spiking of neural ensembles. At present, the only means to
record such signals is a sensor that is placed very close to the
neurons. Acutely placed microelectrodes capable of recording
neuron spiking have been available for decades. Such electrodes
are ideally fine diameter, pointed-tip conductors that are insu-
lated along their shaft, except at the tip. The fine diameter min-
imizes tissue damage, while the conical tip shape appears to
provide high-quality recordings for reasons that are not fully
understood. Adapting single electrodes typically used in exper-
imental neurophysiology to a safe and effective, chronically im-
plantable array has been a formidable task: multiple, chronically
implanted electrodes can be damaging to tissue, they can move,
and materials can degrade. Challenges in producing such elec-
trodes include control over the array’s features, ability to im-
plant using human compatible surgical methods, and adequate
insertion methods, as well as their fundamental design.
Normann and collaborators developed a novel 100-electrode
array that successfully addresses many of these design features
[4]. The array is machined from silicon and etched into 100
identical tapered, platinum-tipped electrodes, each of which is
insulated along its length. These electrodes approximate the
“ideal” design of standard acute recording microelectrodes.
Each is isolated from others at its base by a layer of glass and is
fixed within a 10 x 10 array, with each electrode separated by
400 pm [Fig. 1(b)]. The electrodes are continuous with a planar
base which in their aggregate provides a support platform that
rests on surface structures. The array is low-profile and made of
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Fig. 1. Array and percutaneous connector assembly. (A) Array, cable and
connector. Insets show a higher magnification picture of the array (shown in
the black square box magnified by a factor of 25) and a scanning electron
micrograph (at 1500 magnification) of one electrode tip. Cut parylene insulation
and exposed platinum coated conical tip are clearly visualized in this image.
(B) Higher magnification (factor of 200) showing the taper of a single electrode
and the base platform that supports the array of electrodes.

biocompatible materials to enhance its stability. This array has
been used as a chronically implanted electrode for a number of
experimental studies. While recordings have been successfully
made for long durations with this array, the recording properties
over long times have not been systematically evaluated. In the
present study, we report the results of long term recording
reliability of the Bionic array in three consecutive monkeys
prospectively selected and implanted using human-compatible
surgical methods. These three arrays incorporate final designs
from a longitudinal development series that has included 39
array implants in 18 monkeys. We demonstrate the ability to
obtain extracellular neural signals for at least three months after
implantation from arrays in MI and present a set of reliability
measures to evaluate the utility of these electrodes for neural
prosthesis and research applications.

II. METHODS
A. The Array

The Bionic array (as commercially produced by Cyberki-
netics, Inc., Foxboro, MA) consists of a 4.4 x 4.2-mm platform
with 100 electrodes, of which 96 are available for electrical
recording. Electrode spacing is 400 pym and is suitable for
recording from surface structures (e.g., cortex) in the central
and peripheral nervous system [5], [6]. The electrodes are
parylene C coated, boron-doped silicon shanks with Pt-coated
conical tips; ~ 40 um of the tip is exposed (1600 pm? surface
area; 4180 ym?® volume) [Fig. 1(a) and (b)], each electrode is
electrically isolated from its neighbor by a layer of glass. A
wire bundle connects the electrode array to a titanium pedestal
that forms a percutaneous connector. The bundle consists of 96,
25-pm gold alloy, polyester-insulated wires, which are collec-
tively coated with silicone elastomer [Fig. 1(a)]. The electrode
length used in these experiments was 1 mm. Two Teflon-coated,
75-pm platinum—iridium wires, implanted in the subdural space
near the array after stripping approximately 5 mm of the in-
sulation from the tip, serve as reference electrodes. Recording
electrodes typically have preinsertion impedances in the range
of 100-750 kQ (measured in 0.9% normal saline solution,
1-nA, 1-kHz sine wave). The preinsertion impedances for the
electrodes in the three arrays used in these experiments were
252 kQ £ 91 k2, 209 k2 + 67 kQ and 206 k2 + 93 kQ
(mean =+ standard deviation) for monkeys DE, RN, and CL,
respectively. The 128 pin percutaneous connector is mounted
in a cylindrical titanium case with a flange that is used to attach

to the skull via titanium bone screws [Fig. 1(a)]. The connector
is coupled to the recording amplifiers with a pressure-fitted
screwing mechanism, which utilizes spring-loaded pins to
establish electrical contact without insertion forces.

B. Surgical Procedures

Two female (RN and CL) and one male (DE), prospectively
selected, Macaca mulatta monkeys weighing 4.5-6.0 kg were
used for these experiments. Animals were maintained in an
Association for Assessment and Accreditation of Laboratory
Animal Care, National Institutes of Health (AAALAC, NIH)
approved animal care facility. All surgery was performed using
standard sterile procedures in an approved animal surgical
facility. On the day of surgery, the animal was sedated with
ketamine HCl (15 mg/kg), intubated orotracheally, and pre-
pared by shaving the head, and one leg (for an intravenous
catheter). Antibiotic (Claforan 50 mg/kg), steroid (dexametha-
sone 0.5 mg/kg) and analgesic (buprenorphine 0.01 mg/kg)
were administered intravenously. The skin was disinfected
with a surgical scrub. A stable plane of deep anesthesia was
maintained with 1%-2.5% isoflurane through an anesthesia
circuit for the duration of the surgical procedure. During the
surgical procedure, lactated Ringer’s solution was administered
at a rate of 5-10 cc/kg/h. Body temperature was maintained at
37 °C-38 °C with a heating pad controlled by a rectal probe.
Continuous three-lead electrocardiogram, heart rate, respiratory
rate, blood pressure, oxygen saturation (by pulse oximetry),
core temperature, expired end tidal carbon dioxide (ETCO5),
ETCO2 waveform and expired isoflurane concentration were
monitored and recorded on a standardized form in regular
intervals. After surgery, the monkey was maintained in the
recovery area under direct observation until it was observed
to be spontaneously moving and able to hold its head upright.
Buprenorphine (0.01 mg/kg) for analgesia was administered
intramuscularly 8—12 h after the procedure and on subsequent
days if there was evidence of discomfort. Antibiotic therapy
(Claforan 50 mg/kg) was continued for 5 days. The animal was
allowed free access to food and water for one week after the
procedure. Experimental trials utilizing behavioral tasks were
started only after full recovery from the effects of surgery. In
one animal, neural signals were recorded 23 h following array
implantation. At this time, the animal exhibited no signs of
discomfort, was allowed free access to food and water, and was
not required to perform any behavioral tasks during this early
postoperative recording session.

1) Array Implantation: After induction of deep anesthesia
and prior to surgical preparation and draping, the animal’s head
was fixed in a standard stereotaxic frame. The skin was incised
along the midline or along the occipital scalp with a semi-ellip-
tical incision. The skull was exposed by retracting skin, fascia
(the galea aponeurotica), and muscles; the periosteum was then
scraped. The percutaneous connector was attached to the skull
using eight small pan-head titanium screws. A craniotomy was
performed over the motor cortex with approximate coordinates
of the rectangular cranial opening 10-18-mm posterior and
8-23-mm lateral, with reference to bregma. The dura was
incised and reflected. The array was placed above the cortex in
the precentral gyrus at the level of the genu of the arcuate sulcus
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Fig.2. Craniotomy and location of motor cortex arm area. This representative
picture shows the craniotomy site and landmarks used to locate the arm area of
primary motor cortex (M1). Dural flap is reflected to expose the cortical surface.
Arrows indicate the location of the central sulcus and genu of the arcuate sulcus.
Black filled square depicts the location and orientation on the precentral gyrus
where the array is positioned for insertion. Animal depicted in this picture was
not used in the analysis of data presented in this paper.

Fig. 3.

Craniotomy and an array after insertion. This representative
photograph shows an array after insertion into parietal cortex. Anterior
direction, central sulcus, and Bregma are depicted in the photograph. Wires
seen over the inserted array are the reference wires. This array was placed in
parietal cortex and data obtained from this subject is not presented in this paper.

(Fig. 2). An “s” shaped kink was placed in the wire bundle to
minimize tethering forces. When positioned at the desired site,
the electrodes were rapidly inserted into motor cortex using a
pneumatic insertion device (Pneumatic Impulse Inserter, Cy-
berkinetics Inc., Foxboro MA) (Fig. 3) [7]. The cortical surface
and array were then covered with a sheet of sterile Gore-Tex
[8]. The dura was reapproximated above the array and sutured
in place after the reference wires were inserted in the subdural
space. An additional sheet of Gore-Tex was placed over the
dura. The bone flap was replaced over the cranial defect and
fixed in place with titanium plates screwed to the skull. In
monkey CL, the edges of the defect were sealed with sterile
medical grade silicon elastomer. In other cases, the defect was
filled with silicon elastomer and covered with titanium mesh
affixed to the skull with low-profile titanium screws (animals
DE and RN). The fascia and skin were reapproximated around
the connector in two layers. Three head restraint posts were
placed in each animal during a separate earlier surgical proce-
dure, using similar intraoperative methods.

"Good (3)" "Fair (2)" "Poor (1)" "No Signal (0)"

150 -

100+

3]
=]

Amplitude (microvolts)
o

o)
S

-100 -

SNR=1.4

SNR=11.2 SNR=3.2

SNR=0

-150
Time (window of 1.2 milliseconds)

Fig. 4. Signal quality scale. This figure shows examples of waveforms, prior
to sorting process, from four different electrodes corresponding to the scale
described in the text. From left to right, the signals displayed correspond to
“Good (3),” “Fair (2),” “Poor (1),” and “No signal (0),” respectively. y axis is
the signal amplitude in microvolts and the = axis for each waveform represents
a time window of 1.2 ms. SNR for each waveform is shown at the bottom.

C. Recording Sessions

Recording sessions were conducted periodically to evaluate
the signals obtained from each electrode on the array. For
recording, the monkey was placed in a custom designed chair
and the head was stabilized using a halo that coupled the chair
to implanted head posts. Signals from each electrode were
recorded continuously and stored during sessions lasting up to
3 h while the monkey performed a learned task. Signals from all
the 96 electrodes were recorded and processed simultaneously.
Signal quality was initially assessed by a single observer using
a predefined four-point scale, in real-time, at the beginning
of each recording session while the monkey performed the
task in order to provide a qualitative overall impression of the
recordings. Signals with at least a biphasic component within
the 1.2-ms window that occurred more than 100 times with
similar shape were termed as neural “waveforms.” The term
waveform is used to define a repeatable biphasic signal without
judgment as to whether this is a signal from one single neuron.
Overall stability and uniformity of waveform shape compared
to other waveforms or noise across the recording session was
the major criterion that a single unit was being recorded. The
signal quality scale was defined as (Fig. 4).

Good signal (3): Able to set a threshold to detect one or
more waveforms of unique shape from the signal above
the background. The waveforms in these signals are easily
distinguished with the naked eye without any signal pro-
cessing or special sorting. Generally, these signals were
later verified to have signal-to-noise ratio (SNR) above 4.
Fair Signal (2): Able to set a threshold to detect and sort
at least one waveform from the signal. The waveforms
in these signals are less easily distinguished from others
in the recording, but the confidence of being able to sort
unique waveforms is high. These signals typically have
SNR between 2 and 4.
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Poor signal (1): Able to identify mixed waveforms con-
tained in the signal. It is not possible to identify unique
waveforms in these signals with the naked eye and the
confidence of being able to sort units is low. These sig-
nals generally have SNR less than 2.

No signal (0): Unable to distinguish signal from back-
ground noise or a faulty electrode. SNR for these signals
is less than 1 or the signal consists of waveforms identified
as originating from a nonbiological source such as 60-Hz
interference.

D. Data Acquisition

Signal processing was performed using commercial hard-
ware and software (Multichannel Acquisition Processor, Plexon
Inc., Dallas, TX). The signals were processed by a head stage
with unity gain for impedance matching then amplified in two
stages up to 36000 times (user-defined range 1000-36 000).
Final gain was controlled by software. Signals were further
processed with 80-Hz two-pole low-cut and 8-kHz six-pole
high-cut filters. Data were recorded from 96 channels si-
multaneously with 40-kHz analog-to-digital conversion and
12-bit resolution on each channel. Behavioral event codes were
recorded on a digital input as a strobed word with time-stamp
accuracy of ~ 150 us. Data were stored on a personal computer
and archived using a DVD system.

E. Impedance Measurements

In vivo impedance was measured periodically in the alert
monkeys using a commercial impedance meter designed for
microelectrodes (Electrode Impedance Tester, Model IMP-1,
BAK Technologies Inc., Germantown, MD), for each electrode
in two monkeys. The device applies a 1000-Hz, 1-nA sine wave
to measure impedance.

FE. Operant Conditioning

To evaluate movement-related signals from recorded neu-
rons, three monkeys were trained to perform an eight-direction
(0°-315° in the frontal plane; 0° to the right) instructed-delay,
reaching task using a button-box. The button-box, placed
~ 20 cm in front of the monkey’s eyes, consisted of a center
button surrounded by eight identical buttons equally spaced
around the center in a circle with a diameter of 143.7 mm. Each
19.6-mm-diameter button contained a red light-emitting diode
(LED) that illuminated the button. Monkeys were trained to
press and hold the center button using the digits of their right
hand (contralateral to the implanted array). When this was ac-
complished, one of the surrounding buttons was lit for 150 ms.
The monkey learned to hold the center button, remember which
button was lit. When a “go” cue was given (by lighting all
the buttons simultaneously), the monkey was required to press
the target button to receive a juice reinforcer. Timing of the
light signals and button activations were directed to the signal
processing system, which logged the time of these events with
respect to the recorded neural activity. The custom design of the
button-box control software allowed manipulation of reward
variables and task parameters to minimize training time.

G. Data Analysis

Data were recorded, digitized, and stored on personal com-
puters as spike timestamps and waveforms (during 1.2 ms)
along with synchronized behavioral information. Any wave-
form which crossed a predetermined threshold was saved and
used for offline analysis. The threshold was set individually
by the investigator, low enough to maximize the capture of
all likely waveforms. Action potentials from each electrode
were then classified using offline spike-sorting software, which
utilizes template sorting algorithms (Offline Sorter, Plexon
Inc., Dallas, TX). Classified signals were analyzed by con-
struction of average waveforms, calculation of SNR, peri-event
rasters, histograms, and reach-direction tuning. The global
reliability of the array was assessed by calculating the yield
after each recording session (yield = number of electrodes
with identifiable waveform/total number of electrodes on the
array). In addition, various characteristics of the signal, such as
principle component dispersion and inter-spike interval, from
each electrode were evaluated as a function of intervening time
as additional measures of reliability.

1) Offline Sorting: Stored signals were sorted into similar
waveform shapes using commercial software (Offline Sorter,
Plexon Inc., Dallas, TX) by the same single investigator, in
an attempt to identify and isolate those waveforms that repre-
sented single units. The sorting techniques were similar to those
detailed in prior studies [9]. Sorted data were then analyzed
using waveform shape and unit firing characteristics. Rasters,
histograms, preferred directions, SNRs, and inter-spike interval
curves were calculated using a combination of commercial
(NeuroExplorer, NEX Technologies, Littleton, MA) and custom
software (developed utilizing MATLAB, Mathworks, MA).

2) SNR Calculation: As a quantitative measure, SNRs were
calculated using the following formula:

A
SNR = (2 * SDnoiso)
where A, the amplitude, is the peak-to-peak voltage of the mean
waveform, and SD ;s 1S the standard deviation of the noise.
Amplitude A and noise ¢ were calculated as follows.
Each waveform w is a vector of IV voltage samples, each
collected at some time 7 relative to a threshold crossing

wh = [vi(71)7vi(7'2)7 . 7’Ui(TN)] .
The collection of all &£ waveforms for that unit is then

v (1), v (7)), ..., vl (Tw)
W =

Uk(Tl),Uk(TQ'), o vR(TN)

The mean waveform, W, is the average of W taken down the
columns, W = WT Z, where Z is a k x N matrix in which each
element is 1/k.

The amplitude, A, is then, A = max(W) — min(W).
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The noise, ¢, is obtained by subtracting the mean, W, from
each individual waveform

T

w' e =W —

where (—) is element-wise subtraction and T" represents the
transpose operator.

SD,oise, then, is the standard deviation taken over all values
in €, irrespective of their position in the matrix. In other words,
for a given cell, € is just the collection of residuals when the
mean waveform is subtracted from each individual waveform;
and SD,,0;ise 1S the standard deviation over this collection.

3) Waveform Reliability: Changes in the unit composition
for each electrode over time were quantified using two different
relative measures. One involves the distance between centers of
principal component (PC) clusters, the other, distances between
ISI distributions (Fig. 15). For each electrode, a reference unit
was chosen. Both the PC and ISI measures are in terms of dis-
tances to the reference unit. Each “reference” unit was chosen
as the unit with the highest SNR on the day closest, on average,
to all the other recording days for which there was at least one
unit on that electrode.

PC distance. For each electrode, the standardized distance be-
tween the center of the principal component cluster for the refer-
ence unit and the center of the PC cluster for each other unit was
calculated as a function of intervening days for all electrodes
with > 200 waveforms and SNR > 3.0. Standardized distance
is defined in terms of the standard deviation in each of four di-
mensions (the first four PCs were used) of the reference cluster.
Formally, this produces a four-dimensional (4-D) vector of stan-
dardized distances. It is the magnitude of this vector which we
report. Therefore, a cluster one unit of distance from the ref-
erence cluster is one standard deviation away its center. This
simultaneously provides a statistical measure of distance (dis-
tance in terms of dispersion) and allows for comparison across
channels and units through normalization.

ISI distance. Distances between ISI distribution curves for
each unit on given electrodes was calculated as a function of
intervening days between recording sessions. The distance re-
ported is the maximum distance between the cumulative distri-
bution function of the reference ISI distribution and the ISI dis-
tribution of the unit to which it is being compared. This measure
is identical to the Kolmogorov—Smirnov statistic for comparing
two distributions. The ISI was displayed as a cumulative prob-
ability function (Fig. 15).

4) Preferred Direction Calculation: Preferred direction was
calculated to measure the reliability of target directed movement
relationships of recorded waveforms. The preferred direction of
a sorted unit was calculated using a 500-ms window centered
on the initiation of movement to a peripheral target. Only suc-
cessfully rewarded (completed) trials were used. A least squared
error cosine fit was utilized to establish directional tuning. Only
the units which did not have statistically similar firing rates for
all directions (one-way analysis of variance, ANOVA < 0.05)
were used in the analysis.

S P e, e R [ e i e
B [t P S o e
N e e i Bt [, P e, [P

|| g — u—-mf-—-r--f‘i-n-\f--fb—\j\-
N N e s st e s

VA S [ e e
-, {M Y e A e
e e o S i o o
s A e e e

Fig. 5. Waveforms obtained during simultaneous recording from 96
electrodes. Right portion of the image shows waveforms from all 96 electrodes
displayed simultaneously in real-time. Left half shows an enlarged image
of selected channel. Channel selected in this image is outlined with a white
rectangle (Channel 42). At least two separate action potential waveforms can
be seen in this example. Arrangement of the signals from the array electrodes
displayed in this image does not correspond to the spatial location of the
electrodes on the array.
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Fig. 6. Representative example of three separate units recorded from a single
channel. Three mean waveforms (each an average of 500—10000 individual
waveforms) from a single electrode recorded during the third session from one
monkey (RN) are shown in this figure. 2 axis indicates time in microseconds
and y axis waveform amplitude in microvolts). Signal and noise amplitudes
are marked with horizontal lines on the y axis. Outer two lines show signal
amplitude and the inner two lines level of noise. SNR for these waveforms was
5. These separate units were sorted using the techniques described in the text.

III. RESULTS

The results describe the general recording characteristics of
the array, followed by qualitative and then quantitative measures
of reliability. We then describe movement related activity. Fi-
nally, we compare our findings with observations from record-
ings made in earlier arrays, as well as results from recordings
attempted from arrays placed in the parietal cortex.

A. General Recording Characteristics

Fig. 5 shows representative mean waveforms obtained across
during a typical recording session (monkey RN). Across the
animals, a mean of 75-90 channels contained waveforms of
sufficient amplitude to be triggered above background noise
(Fig. 7). The remaining channels had no waveforms which
regularly exceeded background noise, which may reflect a
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Fig. 7. Mean number of channels with signals from three monkeys. The
y axis denotes the number of electrodes on an array with signal (max 96).
Different shades of grey represent different study animals (black: DE, grey: RN
and white: CL). Three separate groupings on the x axis represent all signals
(All), electrodes with fair plus good signal (2 and 3), and electrodes with no
signal plus poor signal (0 and 1) from left to right. Error bars denote standard
deviation.

remote location of the recording tip from a cell. Several chan-
nels often had multiple waveforms of different shapes and
amplitudes; rarely there were up to four separable waveforms
on a single channel. Examples of waveform characteristics
for multiple different waveforms obtained from a single elec-
trode are displayed in Fig. 6. The maximum action potential
peak-to-peak amplitude observed was 1.2 mV and the best SNR
on an electrode was greater than 20. The majority of electrodes
provided “good” signal quality, as defined in the methods
section. From 68%—-89% of channels contained signals which
were categorized as good or fair (Fig. 7). Across the three
monkeys, using spike sorting methods, 119 + 17, 146 £ 7,
120 £ 18 (mean + SD) units were identified from the signals
obtained from 96 electrodes (mean = 1.3 units/electrode).
The total number of units recorded from the three monkeys
over all recording sessions was 719, 1298, and 2683 for DE,
CL, and RN, respectively (total recording sessions multiplied
by the number of discriminated waveforms on all electrodes
per session). This total could include mixtures of the same
or different neurons because we did not specifically evaluate
measures that could determine whether the same neurons were
present each day. However, we found that shape of the action
potential waveform was similar 38% of the time spanning
91 days in one animal (CL), although it must be noted that
wave shape is a poor measure of consistency since the same
neuron could have many action potential shapes over time (with
shifts in electrode position) and similar wave shapes can be
generated by different neurons. Other criteria must be applied
to address this issue. This will be the subject of future studies.
The appearance of wave shapes recorded on the same electrode
over time can be appreciated in Fig. 8, which demonstrates that
similar waveform can be present for many days.
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Fig. 8. Representative example of waveform shapes. Eighteen waveform
shapes (each depicting 50 superimposed classified waveforms) on four separate
electrodes during six different recording sessions from one monkey (RN) are
shown in this figure. Each recording session is designated by a column and is
labeled at the top (day l-day 83). Each separate electrode is displayed in a
row and is labeled on the left (electrode 36-1, electrode 49-1, electrode 87-1,
and electrode 90-1). Scale indicated on the top right waveform (z-axis, time:
0-1200 ps; y-axis, amplitude: —300-300 pv) applies to all waveforms in this
figure.
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Fig. 9. Number of good or fair waveforms over time. Number of electrodes
with good or fair signal is plotted on the ¥ axis against time in days after initial
recording session (41, 28, and 1 day after implantation of electrodes) on the
axis for the three monkeys DE, RN, and CL. x-axis is on a logarithmic scale
with the “1 year” mark shown with an arrow. Note the extended time period for
monkey RN and the early frequent surveillance in CL.

B. Quality of Signals

Waveforms were evident on the majority of electrodes for the
569, 179, and 83 days after implantation for which the signals
were evaluated, although there were day to day fluctuations in
the number of electrodes providing identifiable waveforms. The
reliability of obtaining signals was evaluated qualitatively by
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shows the signal quality corresponding to the grey-scale legend on the right.

plotting either the number or quality of waveforms for each elec-
trode over time. The number of electrodes with signals rated as
good or fair for each of the testing sessions for each monkey is
shown in Fig. 9. Quality of these signals by the rank scale is il-
lustrated in Fig. 10 in which signal quality is shown across mul-
tiple sample periods (separation between data points are 2.9 £+
2.7 (mean + standard deviation), range 1-14 days, median 2
days; 5.5+ 11.1, range 1-63 days, median 3 days; and 4.8 £4.8,
range 1-15 days, median 3 days for DE, RN, and CL, respec-
tively). This graph shows that overall signal quality remained
relatively high and stable throughout the duration of recording
sessions in each of the three monkeys. However, signal quality
can vary on a particular channel between sessions. Note that sig-
nals can appear on channels that have had poor recordings across
many sample sessions, as denoted by a black horizontal line be-
coming white or gray, and that signals can become poor (or lost)
on channels that have been successfully recording as noted by
reverse examples in the grayscale coding. Nevertheless, there is
no overall noticeable trend evident in either the number of chan-
nels or their quality, as seen in Figs. 9 and 10.

To begin to address the early time course of recording relia-
bility, recording sessions were conducted consecutively for five
days, starting 23 h after insertion of the array in one monkey
(CL). The signal quality as well as the number of active chan-
nels improved over the first five days after implantation in this
monkey (Figs. 9 and 10, lower graph). A similar trend may have
occurred in DE which was measured in the second week of
recording. By contrast the one early sample in monkey RN is not

consistent with this view. Other factors may be contributing to
differences in early reliability. Overall, these data indicate that
electrode yield is most variable during the initial 6-10 weeks
after implantation (Fig. 9), but that greater than 50 waveforms
can be reliably detected within two weeks after implantation.
The evaluation of the array implanted in monkey RN was ex-
tended to 569 days after implantation. Even after 1.5 years after
array placement, 76 electrodes still provided good or fair wave-
forms (Fig. 9).

C. SNR Over Recording Sessions

SNR provides a quantitative measure of reliability. SNR was
calculated for waveforms on each electrode for randomly se-
lected sessions for the three monkeys during a period of 143,
61, and 210 days after implantation for DE, CL, and RN (8, 11,
and 18 sessions), respectively. The sampling of sessions for this
analysis were throughout the entire recording period for DE and
CL but only covered the first half of recording time-frame for
RN. As suggested by qualitative scores, there were individual
fluctuations in SNR. However, there was no statistical trend of
diminishing SNR over the time period (Figs. 11 and 12). Fur-
thermore, there was no significant change in mean SNR be-
tween first and last day of recording in the three monkeys (¢ test
with Bonferroni correction p = 0.681, 95% confidence interval
—0.419-0.640) (Fig. 12). In two monkeys (DE and CL), the
SNR improved after the first four recording sessions for some
electrodes (Fig. 11, first and third graphs). In support of a valid
relationship between SNR and subjective signal quality, the two
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electrodes over recording sessions for three monkeys are plotted in this graph. x
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and 1 days after implantation for DE, RN, and CL, respectively) and the y axis
mean SNR. Error bars denote standard deviation. Different lines denote the three
study monkeys (solid: DE, dotted: RN and dashed: CL).

variables were significantly correlated (r = 0.71, p = 0; 95%
confidence interval 0.60-0.80). SNR analysis also confirmed
that useful recordings could be obtained for the duration of the
testing periods.

D. Array SNR Distribution Over Time

The distribution of SNRs also appeared to be stable across
sample intervals. Histograms showing the SNR distribution are
plotted for all of the units from all electrodes in the three mon-
keys (Fig. 13). The most prevalent SNR was between 3 and 4 and
there was no pattern of diminishing trends in the distribution of
this SNR as a function of time, which would suggest a decline
in recording reliability. Thus, the range of observed SNRs was
consistent across recording sessions.

E. Same-Day Variation in Signals

Large variations in signal amplitude within a day would result
in unreliable recording. Amplitude variations during recording
could result from electrode movement with respect to neurons
either from mechanical forces on the array or due to respiratory
and cardiac cycle induced movement of the brain. We evalu-
ated the peak-to-peak amplitude of action potentials of 69 units
recorded from 32 electrodes for two separate recording ses-
sions in two monkeys over 35-53 min of continuous recording
with the animal performing an arm movement task [Fig. 14(a)].
Slopes of a linear fit through the points were calculated for each
unit depicting the rate of change. There was a distribution of
slopes ranging from —0.1 to 0.2 with the majority around zero,
indicating that neuron recordings were stable and showed no
overall trend during the recording session [Fig. 14(b)]. Varia-
tion in noise amplitude was not analyzed.
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F. Waveform and Activity Patterns Over Time

A reliable sensor would ideally provide recordings from the
same set neurons for extended times. Stable waveform shape
and firing patterns would be consistent with this requirement.
We evaluated the reliability of these features across recording
sessions using action potential shape and inter-spike interval.
Due to the high-dimensionality of these features and the ab-
sence of knowledge about their true distributions, we did not
utilize an absolute measure of reliability. Instead we employed
relative measures which quantify the degree to which the wave
shape and ISI distribution change over time for each electrode.
Shape was defined using principal component decomposition
and changes in these shapes were quantified by plotting the stan-
dardized distance between principal component cluster centers.
For a given electrode and across all recording days for a given
animal, the standardized distance between the center of the prin-
cipal component cluster of a reference unit and the center of
each other cluster is plotted as a function of time separation be-
tween recording sessions (see Methods). Unstable recordings
would appear as an increase in the mean and variance of this
measure over time. However, as shown in Fig. 15, this trend did
not emerge. A similar analysis for ISI separation was also not
significantly correlated with time between recording sessions
separated by up to 91 days (Fig. 15). The PC and ISI distances
were significantly correlated (r = 0.16; p = 0).

G. Electrode Impedance

Degradation in recording capabilities over time could be ex-
pected to emerge through reactions at the electrode—tissue in-
terfaces, such as gliosis or electrode degradation, which could
be reflected by a change in electrode impedance over time. To
test this hypothesis, impedances were measured periodically in
two animals, with a range of 1 day to several months between
measurements. In order to identify a relationship between elec-
trode impedance and signal quality, impedance and SNR were
plotted graphically. Signals with high SNR were recorded from
electrodes with a wide range of impedances from 50 k{2 to
over 1 MQ2 (Fig. 16) implying that there is no “ideal” electrode
impedance for recording. Impedance ranges differed across the
animals. For monkey RN, with post-implant, in vivo, electrode
impedance of 189 k2 £ 16 k (range: 50 k{2-900 k€2; me-
dian 170 k€2), impedance and SNR were significantly correlated
(r = 0.2; p = 0). For monkey CL, with post-implant elec-
trode impedance of 612 k(2 4 101 k{2 (range: 40 kQ2—-1000 k€2;
median 638 k(2), there was no significant correlation between
impedance and SNR (r = 0.09; p = 0.06). Overall, combining
data from both monkeys, SNR and electrode impedance were
not correlated (r = 0.0012, p = 0.97) (Fig. 16). However, both
individually and when grouped, CL and RN impedances cor-
related well with signal quality (r = 0.18, p = 0; confidence
intervals: 0.13-0.22). This suggests a loose association between
impedance and the signal quality in the impedance range typi-
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Fig. 14. Peak-to-peak amplitude changes over same-day recording sessions.
(A) Peak-to-peak amplitude of two separate waveforms from one electrode
(electrode 77 in CL) in one monkey is plotted as a function of time over a
53-min recording session. 2 axis depicts time in seconds and the y axis peak
to peak amplitude in microvolts. Circles represent peak-to-peak amplitude
of one waveform, whereas the squares show a different waveform from a
single electrode. Black line represents a linear fit (slope: 0.0042 for unit 1 and
—0.00086 for unit 2 (no line shown for unit 2)). (B) Distribution of slopes
from two monkeys is shown in this graph. Black bars represent the slopes from
monkey CL and the white bars from RN. Overlapping bars are shown in grey.

cally observed with the Bionic array. Impedance measurements
in the brain fluctuated approximately 30% from day to day for
most electrodes. In order to ascertain a temporal pattern of elec-
trode impedance fluctuation, the ratio of impedances measured
at later times to those measured at earlier times after implanta-
tion were compared for two monkeys (over an 83-day period).
In RN, there was no statistical difference in the impedance ratios
(mean ratio 1.01 £ 0.31; range 0.49-2.4; p = 0.09 with confi-
dence intervals —1.74-1.92). In CL, however, the difference in
early versus late impedance was statistically significant (mean
ratio 1.23 % 0.39; range: 0.5-3.5; p = 0.0013 with confidence
intervals —12.4-3.7) suggesting an increase in impedance over
time. However, SNR and signal quality did not diminish over
the same intervening time period in either monkey.

H. Reliability of Movement-Related Signal

The motor cortex is characterized by neurons that modulate
their discharge rate with movement. Arm area neurons are often
tuned to the direction of reach, so that they fire maximally in a
preferred direction (PD) and fire less as directions deviate from
the PD. The ability to continually detect neurons carrying move-
ment related activity is an essential requirement for neuromotor
prosthesis sensors. The similarity of properties of neurons ran-
domly encountered using the array compared to those selected
by single, moveable microelectrodes is one measure of the value
of the electrode array as a research tool. Movement-related mod-
ulation of neural activity was readily encountered on many of
the simultaneously recorded neurons. Fig. 17 shows raster and
histogram plots for all of the sorted waveforms recorded from
an array in M1 during one session (RN 3-24-2003; 160 sorted
units; movement direction to the “left,” 180°) while the monkey
performed an eight direction push-button task. Note that cells
that modulate with movement onset (time after cue to move
at 0 on time base) are very common. Fig. 18 illustrates one
(RN 03-24-2003, electrode 42a) prototypical directionally tuned
unit.

1. Direction Tuning of Units

Decoding of intended direction is dependent on direction
tuning. In particular, it is necessary to have a broad distribu-
tion of tuning directions represented in the cohort of neurons
sampled by the sensor for optimal decoding. We evaluated the
occurrence of directionally tuned neurons and found that a
wide-ranging distribution of directionally tuned cells is reliably
present on the array. Preferred movement directions were
calculated for all of the units sorted from the signals obtained
from the array during different recording sessions. Overall,
66% of all units displayed a preferred direction (see Methods).
While the preferred direction distribution could vary from day
to day, the distribution of the mean preferred directions was
even across 360° over 83 days (ANOVA p = 0.102) (Fig. 19).

J. Results From Earlier Versions of the Bionic Array

Data from three additional monkeys (TM, CO, and BD) not
selected for detailed analysis, were retrospectively selected to
compare with findings presented here. Recordings for these
three monkeys were made over 870, 425, and 92 days, respec-
tively. The arrays used in these studies were earlier versions
of the Bionic array with certain differences in manufacturing
and materials used. In particular, earlier electrodes had silicone
nitride insulation that has since been replaced with parylene.
A second change is that cables were soldered to the original
arrays and are now wire bonded. Otherwise, these arrays were
the same silicon probes with Pt tips as found in the current
version of the sensor. Qualitatively, Si nitride coated arrays
appeared to have much poorer SNR than the current sensor,
perhaps due to a lower dielectric constant of the silicon nitride
coating used, compared to parylene. Consistent with this view,
the yield from each “early” array varied from 10% to 85% of
the electrodes with a mean of ~ 40% (representing a maximum
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of 32 sorted units from 47 electrodes). Individual electrode
impedances in the earlier arrays, initially ranged from 50 to 600
k2. There was no correlation between signal quality and initial
electrode impedance for these arrays. Despite differences,

these additional data confirm the ability to obtain long-term
recordings with these silicon multielectrode arrays.

K. Recording From Parietal Cortex

Signals useful for the control of neural prostheses may be de-
sired from other areas of the cortex. Parietal cortex is one of
several cortical areas which contain movement related neurons
that could be a source of outputs. Most other cortical areas have
smaller neurons that may make recording with the Bionic sensor
less reliable. We tested the ability to record signals in parietal
cortex in three separate monkeys (LV, SP, and RD) each con-
secutively implanted with Bionic arrays, in area 5D of parietal
cortex, located midway between the interparietal sulcus and a
dimple evident medially on the postcentral gyrus. Waveforms
comparable to signals obtained from M1 described in this paper
were obtained from these animals, although there was a subjec-
tive impression that fewer neurons were recorded. However, the
SNR, action potential waveforms and signal quality were gen-
erally similar to signals obtained from M1 (Fig. 20), indicating
that recordings are possible from this area.

L. Recording Failure and Array Replacement

A total of 36 implants in 16 other monkeys, which were not
systematically evaluated for reliability here, provided successful



SUNER et al.: RELIABILITY OF SIGNALS FROM A CHRONICALLY IMPLANTED, SILICON-BASED ELECTRODE ARRAY

g0t suora sanisa

oo sqnien

Perievent Rasters, reference = Movement_180, bin = 10 ms

swazts soase swoers sgose sgosen

535

sqbisa wg0zie gzt

Frequency (imp/sec)

040 o1 satden ot oases

o &
as o as 1 18
02t

L IR

Fig. 17. Raster and histogram plots of sorted waveforms recorded during one session illustrating the prevalence movement-related modulation. Each plot
represents a unit recorded from one electrode. Multiple units from a single electrode were recorded (160 units from 96 electrodes). Each « axis represents —500
to 1500 ms range. Time O represents movement onset. Each y axis depicts cell firing rate (spikes/s).

recordings for up to 1264 days. This group was implanted using
different array coating materials, connectors, and surgical pro-
cedures that were part of the longitudinal development of the
system studied here. Of this latter group, recordings in the ma-
jority (n = 12) were ended because of observed motion or
separation of a methacrylate acrylic cap, used to secure the ap-
pliances, from the skull or from mechanical failure of the con-
nector. Recordings in two of the earliest monkeys were ended
for reasons attributed to surgical procedures and one related to a
meningeal infection that appeared to have spread intracranially
from below the acrylic through a screw hole that secured a head
restraint post. Removal of acrylic from the implant surgical pro-
cedure is designed to eliminate this source of unreliability in the
system. In earlier studies, in two of three monkeys, arrays were
removed. In both cases, arrays and connectors had been secured
with acrylic cement applied over the skull. Loosening of acrylic
required removal of the cap and sensor at 92 and 425 days (BD
and CO, respectively) after implantation and subsequent alde-
hyde perfusion for histological investigation after euthanizing
the animals. The use of acrylic cements to secure the assembly
is no longer used.

In the current study, recordings failed acutely in DE 468 days
after array implantation immediately after an acrylic skull cap
was placed during a surgical procedure to stabilize a pedestal
which had loosened on the head. It is assumed, but not veri-
fied, that the wire bundle to the connector was damaged during
this procedure. Recording failure was evident in CL two months
after implantation as a result of the animal severing an exposed
area of the wire bundle. We remained able to record good sig-
nals from RN at the time of data analysis for this paper at 640
days after implantation of the array.

In three instances (LV, CL, and RN), replacement arrays were
implanted, in the same spot of motor cortex, after removal of
original arrays. Neural signals similar to those presented in the
results of this paper were recorded from all of these arrays indi-
cating a lack of local injury to the cortical tissue. The data ob-
tained from monkey RN, presented here, was obtained from the
third array implanted in the same location of M1 after removal
of previously placed arrays (Figs. 5 and 9). This array was im-
planted approximately on top of the original insertion site. These
data indicate that arrays can be replaced and the replacements
can function reliably. These data also show that there is no large
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scale damage that would interfere with replacement of an array
and subsequent recording of good quality signals from the new
array.

IV. DISCUSSION

A detailed prospective analysis of chronic implants in three
monkeys evaluated the reliability of the Bionic implantable mi-
croelectrode system to record multiple neuronal spiking activity
from the primate MI cortex. The evaluation tested not only the
100-microelectrode array, but also the cabling between the sur-
face of the brain to the cranium and a high density percutaneous
connector necessary to gain access to the sensor’s signals. The
results show that neural waveforms may be obtained at any time
from the majority of the electrodes in three monkeys for at least
three months after insertion and in one monkey for more than 1.5
years. Additionally, recordings for more than one year have also
been reliably obtained in nine other monkeys studied on our lab-
oratory, but not part of this prospective evaluation. The system
remains reliable over this time, based on the lack of any system-
atic change in signal quality, SNR, impedance, or the range and
variation of waveform shape. Further, the electrodes reliably de-
tect neurons carrying movement-related information in MI and
are able to detect neural activity in other cortical areas. These
data combined with our earlier series of 36 less fully evaluated
implants in 16 additional monkeys indicate this system should
be able to provide signals for years. However, we cannot pre-
dict what could happen to the signals past the evaluation period

because of the complex biological milieu which interacts with
the electrodes. These findings further indicate that planar arrays
of silicon-based microelectrodes employing a standard micro-
electrode architecture can be useful research tools and valuable
sensors for neuromotor prostheses.

A. Microelectrode System

The details of the design and fabrication of the microelec-
trodes have been described in detail elsewhere by Normann and
colleagues [4], [6]. It is worth noting a few fundamental differ-
ences in the design of this system and others now being tested
for purposes of discussion. The Bionic array consists of a regu-
larly spaced set of microelectrodes each of which is tapered to a
point. This geometry mimics that of traditional sharpened metal
or glass electrodes that have been successfully used for decades
during acute single neuron recording. Taper and the point may
be important during insertion to minimize damage [10]. The
array is inserted rapidly, which creates some damage as the tip
drives through the cortex, but our data shows that this damage
does not prevent reliable long term recording. The Bionic Array
has a planar support platform that rests upon on the cortical
surface, which may add stability necessary for long term reli-
ability. Microwire arrays are also used as a chronic recording
electrodes. These consist of bundles of ~ 50 um metal wires,
typically glued together and cut off into blunt tips, which serve
as the recording sites, before insertion. They are typically in-
serted slowly taking 8—10 h which may help to reduce damage
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Fig. 20. Representative example of waveform shapes from array in area 5D.
Seven sorted units (each waveform shape shows 50 superimposed classified
signals) on three separate electrodes during a recording session from one
monkey (SP) are shown in this figure. Each unit is designated by a column and
is labeled at the top (unit a—c). Each separate electrode is displayed in a row
and is labeled on the left (electrode 20, 17, and 40). Scale indicated on the top
right waveform (x-axis, time: 0-600 ps; y-axis, amplitude: —400—400 pv)
applies to all waveforms in this figure.

from blunt tips [11]. A third technology, generally know as
Michigan electrodes, consist of single or multiple flat probes
of silicon with multiple, photolithographically placed recording
patches along the length of each. Currently, the pointed probes
are pushed by hand into the cortex [11]. Microwires are affixed
to the skull, which makes them more likely to move with respect

to the brain, compared to the Bionic array electrode which is
designed to float with motion in the brain. Motion of the brain
could continually damage the brain and decrease reliability. Al-
though not documented here, we typically see a well developed
capsule over the back of the array that firmly anchors the array
to the cortical surface. This may help the array float and dampen
possible tethering forces. Bionic and Michigan electrodes have
a strong advantage of being fabricated by controlled processes
with defined geometries so that reliability issues across animals
can not be attributed to differences between sensors. However,
Michigan electrodes arranged into a dense planar array are only
in prototype form and have not been tested as chronic implants
in primates [12]. Bionic electrodes (and often microwires) have
the disadvantage of having all electrodes at a single depth, which
can limit recording to the cells at the available depth, while
Michigan electrodes allow sampling from a vertically aligned
set of sites. Finally, the materials used in the three systems may
affect reliability. Only known biocompatible and biostable ma-
terials-Pt, parylene, and silcone, contact tissue for the Bionic
array. The system has passed animal toxicological screening
[13]. Tissue contact for microwires includes a variety of ma-
terials, depending on investigator, but epoxies and Teflon are
common, as well as tungsten or stainless steel. Michigan elec-
trodes also include silicon nitride coatings. The biocompatibility
and biostability of silicon has been extensively investigated his-
tologically [14], [15]. Dental acrylic is typically used to se-
cure both microwires and the Michigan electrodes to the skull
without contacting the brain surface; it does not present a con-
cern to the neural interface, but is a foreign material that could
be source of infection or implant rejection, as found in our im-
plants.

B. Number of Neurons

One goal of multielectrode recordings is to obtain signals
from the largest possible number of neurons at the same time.
The Bionic array provided signals on a majority of available
electrodes. A mean of 120 waveforms could be extracted from
the 96 available electrodes with more than 99 waveforms (76
channels x 1.3 units per channel) classified qualitatively as
“good” to “fair” Whether these waveforms represent single
units or mixtures of units, is often difficult to verify because
there is no established standard method of sorting waveforms.
Clearly units ranged from very well isolated with SNR > 20, to
poor, which likely represent mixtures of neurons. Many wave-
forms classified as good/fair had distinctive features, suggesting
that a substantial percentage may be single neurons. Methods
to verify single units from among mixtures of waveforms are
still under development and there may be applications in which
both well-classified and poorly classified neurons may provide
useful information. For example, a neuromotor prosthesis may
be as effective with multiple as with single units [1], [16]. Thus,
classification standards will need to be established in order
to make definitive statements concerning the total number of
single neurons. The yield of useful waveforms may be higher
in MI than other areas because MI neurons contains larger
neurons than found in other cortical areas. However, recordings
obtained from both parietal and premotor areas, suggests that
the array can provide signals from many cortical areas [17].
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Another factor that may affect the number of waveforms de-
tected is electrode impedance, although this remains a complex
measure of recording efficacy. Detecting waveforms is a func-
tion of the geometry and surface area of the exposed recording
surface, as well as the materials used to record. Impedance is
related to these features, but not in a clearly established manner-
impedance is a function of the electrode material, tip plating,
and insulating materials used. The electrodes tested here have
relatively low impedances, in the range of 50-800 k{2 compared
to those typically used in single microelectrode recordings,
which are often in the low megaohm range. Tip impedances
in the present study did not show a systematic relationship to
recording quality; we had just as many recorded waveforms
on the array that had systematically higher impedances as for
the lower impedance arrays (612 k€2 versus 189 k(2). Relating
tip impedance to waveform isolation may be confounded by
the proximity of the electrode to a cell, cell packing density,
glial response at each electrode, and other factors. We can
only conclude that the range of impedances used in this study
reliably provides signals. In this study, simple impedance mea-
surements were recorded. Other investigators have used more
sophisticated methods including impedance spectroscopy to
determine electrode impedance which may reveal correlations
with recording variability that are consistant with encapsulation
[18]. Glial reaction is a known consequence of inserting foreign
material into the nervous system [10], [19]-[25]. However, we
find that glial response does not materially affect the recordings
we are making, at least for the 1.5 years measured here. The
biological environment is dynamic, so we cannot predict what
responses might occur with longer implant times so that gliosis,
infection, material degradation, or mechanical wear may cause
the implant to fail. Other investigators believe that, of these
responses, gliosis is the most likely to affect the long-term
viability of the recorded signals and are devising techniques
to minimize reactive cell and tissue responses to chronically
implanted electrodes [20], [22].

C. Stability and Longevity of Signals

An ideal array would record high quality signals from the
same set of cells indefinitely. In our study, recordings were re-
liably obtained across the duration of our analysis (up to 569
days) on the basis of both the number waveforms and quality
of the signal obtained. The observations here were limited to
61-569 days. However, earlier arrays not evaluated systemati-
cally in the present study recorded signals for more than three
years. Three measures showed that the overall system remained
stable across this period: SNR, impedance, and the range and
variation of waveforms.

SNR was measured for a randomly selected sub-sample of
recording times. There was no change in SNR across these time
periods in three monkeys. Early variations were seen in signal
quality and SNR. These findings are consistent with other
studies [26]. Our data revealed that time between recording
sessions and waveform characteristics were not correlated.
An association would be expected if signals were adversely
influenced by biological factors such as gliosis at the electrode

tip or neuronal death from disruption of vasculature during
electrode insertion. Investigators in other studies have docu-
mented vascular damage using Perl’s Prussian Blue reaction
and local inflammatory responses with glial fibrillary acidic
protein (GFAP) staining, after array insertion and following a
period of stabilization over several weeks [14], [15]. However,
these factors are unlikely to influence signal characteristics
over the long term unless they continue, which remains a strong
possibility in dynamic biological environments like the brain.
It is nearly certain that the insertion of the electrode array in
our experiments, as would any object inserted into the brain,
resulted in disruption of at least capillary sized blood vessels.
The cortical capillary bed is densely packed, with spacing on
the order of 40 um in primate cortical tissue [27]. Fluctuations
in the signal quality seen shortly after array implantation may
be due to this initial direct damage and tissue reaction. Further,
functional suppression of neurons and alteration of neuronal
excitability from bioactive products released due to bleeding
caused by the insertion process may contribute to variations
in signal quality and SNR. Improvement of the signal quality
and increased yield, for which there was no clear trend in the
three animals, may result from recovery produced by variations
in the intial insertion injury. The data presented demonstrate
long-term good quality signals as well as directionally selective
neuronal responses from the majority of electrodes, which is
strong evidence for the lack of long-term neuronal injury from
insertion effects.

A second measure of stability in the array is impedance. A
rationale for measuring impedance is to detect overgrowth of
tissue that isolates the electrode, which should be reflected as
an increase in impedance and a correlated decrease in signal
quality. Impedance changes over time were variable in two mon-
keys; however, the signal quality and SNR of the population
recorded by the Bionic array did not degraded over time, in sup-
port of this measure. In a separate study, flat silicon probes of
the “Michigan” design in rats showed a doubling of impedance
over a 45-week period, but recording yield remained at 90%
[28]. Further, Schmidt et al. reported that impedance could vary
threefold over a five month period, but this did not seem to af-
fect recording quality [29]. This suggests that impedance is a
poor measure of reliability except in cases of gross failure of
the device where impedance may approach zero (shorting) or
infinity (broken connection). The use of improved techniques
for assessing impedance, such as impedance spectroscopy, may
provide additional information related to glial encapsulation of
electrode tips, but the value of this measure, in light of recording
reliability is uncertain.

Waveform appearance is a third measure of reliability. This
measure also remained stable across time. We found no corre-
lation of the time between recording sessions and overall wave-
form characteristics (Fig. 15). On a shorter time scale, there was
no systematic change in waveform amplitudes within sessions,
suggesting high reliability of the population recorded at any one
time (Fig. 14). These data indicated that, as a population, there is
no systematic degradation in signal recording at least within the
time frames examined here. While we found that signals were
reliably recorded on the majority of electrodes for any session,
we did not determine whether these were the same signals from
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day to day. Marked changes in waveform were observed be-
tween days, but it is very difficult to evaluate what these changes
mean. Waveforms for different neurons may be very similar
and waveforms for the same neuron may vary dramatically in
shape and polarity with changes in the relationship between the
recording surface and the spike initiation zone. Prior studies
of longevity of multielectrode systems have been performed
in other species. Implanted microwire electrodes in monkeys
can record for many months. Microwire arrays appear to have
good yields initially, but reportedly diminish substantially in
the number of recordable waveforms within 5-18 months or
less, suggesting that they are less reliable as a long term de-
vice in primates [9]. Interestingly, recording longevity appears
to be greater on smaller brained species such as rodents, where
more than 80% of electrodes yielded signals starting at 2 weeks
and up to 55 weeks after implantation, using either microwires
or silicon probes [26], [28]. The reason for this species differ-
ence is not clear. However, a major concern has been the loss of
signal over time due to glial scarring that isolates implanted sen-
sors from neurons [10], [15]. Thus, it is possible that the greater
longevity of arrays in rodents may be related to relatively less
motion of smaller brains or to a species difference in glial re-
sponses. Our results favor the former interpretation: some of the
other implanted technologies are fixed with respect to the skull
allowing relative motion of the array with respect to the brain.
By contrast, the planar substrate of the Bionic array sits on the
cortical surface where it can move with the surface. The ability
after more than one year to record signals similar to those seen
weeks after implantation further suggests that glial responses
are minimal, and, at least, inconsequential to recording for elec-
trodes arrays of this design in primates.

D. Type of Information Available

Arrays implanted in MI readily recorded neurons that carried
movement related information similar to those characterized
using single, moveable microelectrodes. Neurons contained in-
formation about the onset of movement and its direction and
these were cosine tuned to direction, as previously described
[30]. These findings demonstrate that the neurons detected by
the array are typical of motor cortex neurons and their char-
acteristics suggest that they are functioning normally, at least
by these measures. The results also demonstrate that neurons
carrying directional information are reliably encountered in the
majority (66%) of motor cortex neurons. Such information is
critical for the design and operation of a neuromotor prosthesis
and validates the use of these electrodes for study of movement
encoding in motor cortex.

E. Failures

Failures can be beneficial in that they provide information for
improved sensor systems. Failures can be classified as acute, due
to abrupt changes (e.g., broken cabling) or evolving, potentially
due to biological responses to the implant. In the present group,
one failed following placement of an acrylic cap. No failures
could be attributed to a biological response around the sensor, in
that recording quality did not slowly degrade over time. This ob-
servation was similar in the group of 18 other monkeys studied
during the development of the system. The main cause of failure

was linked to the use of acrylic cement which often loosened, re-
quiring the removal of the array. The acrylic skull cap often leads
to bone remodeling causing softening of the platform where the
connector is attached leading to mechanical instability of the
connector and in some cases extra or (in one case) intracranial
infection. In addition, failures across all of our animals studied
resulted from ineffective connector prototypes, mechanical dis-
ruption of the cabling. These data will be systematically pre-
sented in a future publication. The elimination of dental cements
and the creation of a high density, low insertion force connec-
tion mechanism helped to eliminate these issues.

The insertion of any material into the brain, including mi-
croelectrodes, is virtually certain to produce vascular damage,
bleeding, and local inflammatory responses [14], [15]. Charac-
terizing the form of this response and the amount of damage
resulting is complex, and related to the nature of the materials
used, the method of insertion, and the geometry of the array; ef-
fects may change over time as materials interact with a changing
environment. We did not see failures that could be attributed to
any of these features, suggesting that the form of these responses
is acceptable for a chronic implant, although it will be valuable
to continue to determine the nature of these effects at longer in-
tervals. Interestingly there appeared to be the greatest variability
in recording at the earliest times (Figs. 9-11), suggesting that ei-
ther details of the insertion or individual differences in animals
may influence recording.

F. Applications for Multielectrode Arrays

Reliable multielectrode arrays have a variety of scientific
and biomedical applications. Simultaneous recordings of mul-
tiple neurons make it possible to evaluate the relationship of
population activity patterns to behavior, cognition, perception,
and sensory processing. Importantly, each neuron is recorded
under identical experimental conditions providing a level of
control for attention, motivation, and performance not possible
with serial recordings. Multielectrode arrays will also allow for
evaluation of neuronal timing relationships which have been
thought to be related to certain higher level functions, such
as visual “binding” [31]. Finally, chronic implants allow the
study of changes in neuronal firing over time, as might occur
with learning. However, reliable means to ascertain that the
same neuron is recorded each day will have to be developed.
Our work indicates that the population of recorded cells may
shift from day to day. Multineuron recording systems are also
potentially valuable to serve as sensors for new neurotech-
nologies. The recent demonstration that monkeys can use the
decoded output of multiple neurons, including those recorded
with the array tested here, as a control signal for goal directed
behavior is a critical proof of concept toward the development
of a neuromotor prosthesis (NMP) [1]-[3]. A NMP may be
able to provide a new output source for paralyzed humans. The
Bionic array has been approved by the FDA and now tested
in one patient in a pilot study in quadriplegic humans; this
study should provide valuable data concerning the ultimate
design of a practical human NMP. Multielectrode arrays may
also be valuable as a sensor in devices that detect abnormal
neural firing patterns, alert patients to changes in brain state
(as in epilepsy), or to control the delivery of therapeutic agents
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including both drugs and electrical stimulation. The widespread
need for ways to treat neurological and psychiatric diseases in
humans is a strong motivation to continue to develop reliable
neural activity sensors.

G. Limitations of the Bionic Array

The Bionic array has limitations that influence where it can
be reliably used. The planar design of the Bionic array restricts
its application to surface structures of the cortex and the cur-
rent length availability of 1 or 1.5 mm further constrains what
is accessible for recordings. However, it may be possible to
design ways to insert the array in sulci and it is feasible to
lengthen or shorten the electrodes. Microwires can be placed at
any depth, although they require a tube to guide their trajectory
into deep structures, which could produce greater damage than
long, thin probes. Electrodes for the Bionic array are a single
length, within a plane, so that they can not be targeted to multiple
cortical layers and they are not adjustable once placed. Silicon
probe electrodes allow for multiple recording sites on each elec-
trode which can increase sample size and sampling across cor-
tical layers; such multisite configurations are not currently avail-
able on the Bionic array. The reliability of recording a over long
time and the steady proportion of movement related cells, sug-
gests that the ability to continually reposition electrodes is not
necessary for neural prosthesis applications. This may be very
valuable for research applications. The array is also limited by
having only 96 electrodes. Higher numbers may be desirable for
a variety of reasons. However, there is no reason why multiple
simultaneous arrays may not be implanted to increase yield. Pre-
liminary data from four monkeys in our laboratory have demon-
strated that multiple array implants are feasible.

V. CONCLUSION

We have demonstrated that it is feasible to record high quality,
reliable signals from multiple electrodes, for periods of years
after implantation using a silicon-based microelectrode array in
motor cortex. This technology may be used to obtain control
signals for prosthetic devices and for new research applications.
The Bionic array has recently received investigational device
exemption from the Food and Drug Administration (FDA) per-
mitting investigators to explore human applications. Also, high
quality, reliable, simultaneous recordings from multiple elec-
trodes in M 1of awake, behaving animals will facilitate improved
understanding of the role and function of neuronal ensembles
during the execution of movement. Finally, by using multiple
arrays in different regions of the brain, investigators will have
a useful additional tool to explore interactions between cortical
neurons and cortical regions.
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