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Abstract

Miniature, remotely powetred and programmable neural stimulators were implanted on the sciatic nerve in nine pig hind

limbs. An external dipole antenna was used to transmit power and waveforms to the implant at 915 MHz. For each place-

ment location, external power was swept until motor threshold was achieved. Thresholds were determined via visual obser-

vation of muscle twitches in the lower leg. The external antenna was placed at several different distances from the implant

and the threshold power was recorded as a function of the tissue thickness overlying the implant. Verification of the current

was measured by: 1) optical recording electrodes and 2) Random validation using wired recording electrodes. Both methods

recorded the current required to reach motor threshold. Results from these tests confirmed that wireless neural stimula-

tion could effectively excite motor nerves remotely in up to 12 cm of soft tissue of a mixed medium. Propagation losses

for this verification also agreed with simulation models. These measurements verified that ample current densities could

be achieved at significant tissue depths and therefore, a wireless neural stimulator can be potentially be utilized in existing

neural stimulation therapeutic treatments.
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Introduction

The application of electrical stimulation for the treatment of
chronic and acute disease has become main stream over the past
three decades [1]. The advantages of wirelessly powered neural
stimulator devices include: minimally invasive implantation, re-
duction in post-implantation surgery, and improved comfort for
the patient. Previous implants have utilized inductive coupling to
recharge or power implanted pulse generators at relatively shal-
low tissue depths of 1 to 1.5 cm [2]. Devices such as the BION®
use a single channel and are recharged and communicated to via
inductive coupling at various depths [3]. Challenges posed to the
classic inductive coupling wireless approach include: 1) inability
for multiple stimulation electrodes 2) power consumption for on-
board circuitry and power storage 3) polarity reversal limitations
4) miniaturization of external components [4]. Inductive coupling
requires a coaxial alignment between coils, meaning that an exter-
nal coil must be wrapped around a limb or the body trunk in order
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to maximize output. Poor inductive coupling is usually offset by
internal circuitry that stores energy and then releases it in short
bursts. Because of the various sources of loss in ferrite cores uti-
lized in inductive coupling methods, to maximize implanted coil
area and keep power dissipation down, coupling efficiency is prac-
tically limited.

Frequency range limitations for lower frequency wireless im-
plants at 430 MHz have severely reduced the penetration depths
[5]. Moving to higher frequencies provides an increase in band-
width to transfer a greater amount of data and higher frequen-
cies propagating EM waves can operate at greater distances than
lower frequencies [6]. Alternatively, direct electric coupling uti-
lizes an electromagnetic microwave (EM) field to transfer energy
to an elemental short dipole (whose length i much less than the
wave length of the transmitter) in lossy human tissue medium |7].
When EM waves propagate in tissue, the attenuation of power is
due to can absorption, which is dissipated as heat. The parameter
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Specific Absorption Rate (SAR) is used to determine how much pow-
er is absorbed in the tissue per unit mass of tissue, and depends
upon E-field and H-field strengths [8]. The industry at large has
primarily relied on the early work done by Heetderks who claimed
that high frequency transfer of radiative energy would ultimately
be proven inefficient. Heetderks examined the limitations on im-
planted inductive power coupling between loop antennas at vari-
ous frequencies, documenting the limitations on power transfer
with small coils [9]. Other early investigators, such as King also
concluded that tissue depths of any significance would not be
achievable [10].

In a series of studies, Poon et al. demonstrated that supetior cou-
pling can be achieved with a 2 cm x 2 cm square antenna at vari-
ous tissue phantom depths using high frequency ranges (GHz and
above) versus the mid range frequencies that are conventionally
used for telemetry (400 MHz range) [11, 12].

Our investigation explored the feasibility of powering wireless
stimulators using microwave energy at 915 MHz, a frequency in
the ISM band in the US [13]. The goal of our study was to dem-
onstrate that electrical radiative coupling can be used effectively
to provide analog power to wireless stimulators at tissue depths
that are necessary for meaningful therapeutic neuromodulation
applications in humans [14]|. Small wireless bipolar stimulators,
as shown in Figure 1, were implanted directly on to the sciatica
nerve, allowing for a simple and immediate verification of device
functionality through activation of downstream muscles. Addi-
tionally, the amount of current in tissue generated from the im-
plant activation at various depths was measured to quantify the
energy transfer between the transmitting antenna (Tx), external
to the skin held in free space air or on the skin, and the receiving
antenna (Rx) inside of the neural stimulator implant.

Experimental Methods

This section describes the experimental methods that were con-
ducted. Implantation of the device on the sciatica nerve was per-
formed on anesthetized pigs, ranging in weight from 95 kg to 120
kg A wired electrode was used to determine the cathodic current
required to reach motor threshold at each implant location.

The wireless stimulators were energized remotely after closure of
the incision through overlying muscle and fat tissue excluding air.
This substantial mass of conductive tissue provides an alternative
(and relatively low-impedance) path for current to travel from the
electrode and thus the total current required to reach threshold
would be much higher than in the wired/open-air configuration
[13].

Two wireless stimulators were built. The first device incorporated
a2-cm dipole, where its length was approximately equal to the
half-wave length of a 915 MHz electromagnetic wave in muscle
tissue. This was determined by the following: The wavelength X is
found from the relation:

Where c is the speed of light in the medium in m/s and f is the
frequency in Hz. In free space, the wavelength is 32.8 cm at 915
MHz. In muscle tissue, the speed of light is roughly 1/8 that of
free space and the wavelength in muscle tissue is therefore cor-
respondingly shorter, approximately 4.3 cm [14]. From antenna
theory, an optimal dipole antenna is generally designed such that
its total length is one half of the wave length, which in this case
would be 2.1 cm [15].

Accordingly, two implantable devices were investigated with 2 cm
and 4 cm dipole antenna lengths. The stimulators used a very sim-
ple architecture comprised of placement of microelectronics for
rectification connected to the center tap of an insulated dipole Rx
antenna. This circuit is internal to the electrodes of the device.
The ends of the antenna were exposed to tissue serve as stimulat-
ing electrodes, which were 0.6 mm diameter Pt-Ir hemispheres.
These devices did not incorporate charge-balancing circuitry, but
the Pt-Ir electrodes are believed to be largely capacitive in nature
[16]. In design of the Tx antenna, coupling to the target tissue
plays a primary role in the actual amount of power dissipation
that occurs as the EM passes through the tissue. The optimal
wavelength is determined by the relationship:

r=co/(Neh @

Where the variables are defined in (1), with the addition of the tis-
sue conductivity, ¢, determined from previously reported values
as summarized in Table 1 [17].

After determining the motor threshold for wired stimulation at
each location, each wireless device was implanted serially in the
exact site of the wired measurement. Wireless stimulators were
implanted on the sciatica nerve with the cathode distal to the an-
ode to remove the possibility of the anodic block affecting the
propagation of the compound action potential (CAP).

To provide remote power and programming to the implanted de-
vices, the external Tx antenna was placed on the skin with an un-
derlying layer of adipose tissue, as shown in Figure 2. The antenna
was typically operated at a frequency of 915 MHz, wavelength

Figure 1. Shows the device concept that was utilized for stimulation. The nerve bundles were large, so a larger diameter
device with and electrode surface area was constructed with the dimensions of 4.3 cm in length, 1.3mm in diameter, with a
0.6 mm diameter for the electrode spheres on each end. The original device was also evaluated, which is Imm in diameter
and 2 cm in length
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Table 1. Tissue Properties At 915Mhz.

Tissue Conductivity (uS/cm) | Relative Permittivity | Wavelength (cm)
Fat 514 5.45 13.963
Muscle 9,481 55 4.35
Dry Skin 8,716 41.33 4.9
Wet Skin 8,502 46.02 4.7

http://niremf.ifac.car.it/tissprop/

Figure 2. is the system architecture for the remote powering of the wireless implantable neural stimulator at the sciatic
nerve. The Tx antenna radiates the modulated stimulation signal (ranging from 100 to 250 us, 5 Hz to 100 Hz) at 915 MHz
to the sutface antenna located near or on the skin of the animal. The implanted Rx antenna is remotely coupled to the sutr-

face antenna from which it receives its power that is modulated by the surface Tx antenna.

14 cm. During previous experiments, the Tx antenna length had
been adjusted using trial and error by incrementally cutting down
a longer dipole until the optimum response was achieved. This
“blind” optimization yielded an antenna length of 13.5 cm, which
was kept for subsequent experiments involving the porcine mod-
el. A high-power microwave generator supplied the power to the
Tx antenna. Precise determination of the relative power was not
possible due to limitations of the instrument controls. In addi-
tion, reflected power from the Tx antenna (i.e. power sent back-
ward into the transmitter) was measuted, but not factored into
the power emission levels, creating an artificially high amount of
average power emission that is at least 50% greater than the actual
power reaching the surface of the skin of the animal.

The microwave source was gated by a 9V pulse generator to 100
us duration and repeated at intervals of 5Hz. When a microwave
burst of sufficient amplitude is received by the wireless implant,
the stimulator rectifies the 915 MHz signal, thus producing an ax-
ial current in the dipole Rx antenna. This current passes through
the tissue via the electrodes at the ends of the dipole, creating a
stimulus pulse that is sustained as long as the microwave power is
supplied. In this feasibility study, 100ps pulse duration was used
which is sufficiently long enough to excite motor axons. The goal
of this approach was to keep the duty cycle sufficiently low (i.c.
100us/5Hz) = 20pus/Hz.

For a given position of the wireless stimulator on the sciatica
nerve, the power of the external generator was swept until motor
threshold was achieved, as shown in Figure 3. The power required
to reach threshold was recorded as a function of the tissue thick-
ness overlying the implant. The external Tx antenna was moved
laterally farther away from the implant and a new threshold pow-
er was obtained at each location. On average, five depths were
measured for a given implantation site. Four implantations were
made on each leg. The axial current decreases as the depth to the
implant increases in a non-linear fashion and then increases at

a given point as the power to the external antenna is increased.
Measurements made were:

*  Sciatic stimulation versus probe measurement recorded with
wired electrode

*  Depth study with implant enclosed in tissue

*  Depth with device coupled to tissue

*  Depth study with coupled and isolated probe

Without an implant, the power of the transmitting antenna was
swept to observe the reflection at different power levels. Measure-
ments were taken and recorded at each location. It was observed
that the reflection did not change when the device was placed and
then removed from the tissue; indicating that the reflection was
due to a mismatch between the impedance of the skin and the
Tx antenna.

Results

Three animals were used for quantitative studies of the approxi-
mate transmitted power required for motor threshold versus the
thickness of tissue overlying the implant. The following observa-
tions were made:

*  The Tx antenna was shaped to match the body contour pro-
viding better power coupling;

*  Different Tx antenna shapes provided different results. For
instance, when a 17 shape was made with the different ends
of the dipole, the antenna could be placed only inches from
the skin and still energize the implanted stimulator.

*  When only one side of the dipole was placed on the skin,
activation of the stimulator was possible.

*  The average amount of current required to achieve threshold
activation for a wired stimulator was found to be 3.8 mA,
with a range from 2 mA to 7 mA.

*  Longer wireless devices had greater output, despite their be-
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Figure 3. depicts the typical setup of the external transmitter that radiates energy to the implanted wireless stimulator
placed below fat and muscle. A 13.5 cm external antenna perpendicular to the implanted device is moved parallel to the
implant to provide power at different depths. A flexible wire is used to measure the displacement of the receiving antenna
(Rx) and transmitting antenna (Tx). The tips of the wire are placed at the feed location of the antennas and the tips are
measured with a straight scale. The sciatic nerve of a pig was exposed through a distal incision on the dorsal thigh. Ap-
proximately 5-6 inches of the skin was cauterized. After the nerve was exposed, a wired stimulation device comprised of
two platinum electrodes, 3mm length and a 1.3 mm diameter, spaced 4 cm apart were placed on the sciatic nerve. A voltage-
controlled source providing 5Hz stimulation was used to find the motor threshold determined visually.

o

ing longer than a half-wave length.

The 4.3 cm device yielded higher current measurements at each
depth that was measured than the 2 cm device. Hence results are
shown here for the 4.3 cm device only. All current measurements
were made with a solar cell to minimize interaction between the
recording electrode system and the microwave energy that could
have influenced the results adversely. The calibration results are
shown in Figure 4.

Discussion

Tissue depth measurements demonstrated that electromagnet-
ic energy transmitted from a basic dipole antenna propagates
through at least 12 cm of layered tissue. The tissue distribution
consisted of layers of fat and skin, but primarily, muscle. Tank
studies were run to confirm the results seen in the animal expeti-
ments. These tank studies permitted for a more controlled envi-
ronment in which the impedance of the antennas could be match
for a given tissue medium phantom.

The main sources of error in these animal studies are a result of
reflection, which inaccurately skews the power needs, requiring a
higher input level than if reflection were minimized with a prop-
erly shielded, directional antenna configuration (which was not
used). In these tests, power was reflected from the antenna back
to the transmitter, from the skin, from interfaces between layers
of tissue, and from the Tx antenna it self.

Using a network analyzer, we demonstrated a -6dB reflection co-
efficient for the antenna on the skin. The reflection coefficient of
the layers of tissue is dependent upon impedance changes due
to the interface between tissue and the dielectric coefficient of
the tissue layers themselves. The greatest reflection occuts at fat/
muscle interface where the relative permittivity is 13 and 56 re-
spectively for 915MHz. The Tx antenna input characteristics can
be modified to match those of the internal circuitry to prevent
reflection back into the transmitter, from the skin and implant, by
matching the impedance in the transmitter output to the dipole.

To minimize the reflection off the skin and improve the propaga-
tion through the skin, the antenna would need to include match-
ing layers at the skin-antenna interface (in progress).

In addition to investigating the depths at which nerve activation
could be achieved, current versus generated power was also quan-
tified in this study. The efficiency of the antenna was determined
by its geometry and radiation. In air, a half-wave length is typically
the desired length for obtaining the maximum radiated field per-
pendicular to the antenna. However, these parameters were not
valid due to the near-field in a dispersive medium. In our case, we
observed improved results with a full wave length configuration.

The test setup can be analyzed when the directivity of the field
and the three-dimensional nature of the radiation pattern are not
taken into account. Depth measurement at this scale is assumed
that the radiated energy flows as a ray from the feed location of
the Tx antenna to the feed location of the implanted antenna.
This assumption allows for a penetration depth of 12 cm when
the antenna is moved along the skin. The contour of the animal
is assumed have a negligible effect, and the antenna is assumed
to point in the direction it is rotated. In this way, the horizontal
distribution of the radiation pattern could be limited and hence,
moving the antenna a certain distance away would move it outside
of the radiation field. Because of the wide radiation pattern in the
tissue, it is safe to assume that energizing a neural stimulator using
the present system can be achieved at a maximum displacement
of 12 cm.

Figure 5 shows the amount of average power necessary to achieve
direct nerve activation at various depth levels. From 4 cm to ap-
proximately 8.5 cm, the average power required remained in the
range of 200 to 300 mW. At depths greater than 8.5 cm, power
levels steadily increased in a linear fashion to 800 mW at a depth
of 12 cm.

Figure 6 shows the average power necessary to achieve motor
threshold. This power is significantly low because direct nerve
stimulation does not require a large amount of current typically
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not greater than 1 mA. Therefore the average power at depths
even up to 10 cm was less than 40 mW.

Figure 7 is perhaps the most important output measure, as this
was a direct recording of the current generated at the electrode
interface for various depth levels. An average maximum current
of 10 mA was achievable at depths to 8 cm for an average power
level of under 1 Watt.

A linear regression between points for this data cannot be deter-
mined because of the non-linear interaction between the near-
field radiation pattern of the dipoles. Several factors can explain
the differences in data across the samples, including the Tx an-
tenna used, usually shaped by hand to fit over the body curvature.
This results in different antenna impedances and radiation pat-
terns for different data points in each animal sample.

The variance in data points from leg to leg might be explained by
variable thicknesses of fat present on each leg. As the degree of

www.scidoc.org/IJNST.php

curvature changed from animal to animal, so did the degree of
distortion of the radiation pattern in the tissue. However, it was
assumed that both the samples of each leg would have similar
curves. In addition, because the motor threshold varies with time
and with the location of the stimulator, there is an inherent varti-
ability present in the measurement system.

Conclusion

Dipole antennas operating at 915 MHz can energize wireless neu-
ral stimulators at a depth of up to 12 cm of soft tissue. The 4.3cm
implanted Rx antenna proved to be more efficient than a 2 cm
antenna. This conclusion can be explained by the fact that the 4.3
cm length is closer to the estimated wave length of the 915 MHz
signal in tissue. From the animals used in this study, we profiled
the tissue to consist of a mixed medium of muscle, fat, and skin.
The thickness of the fat ranged from 1.5 cm to 2 cm. Reflection
shows a 50% reflection of higher drives. Therefore, with a well-
matched external antenna, the device should be driven at half

Figure 4. shows the data was collected for nine porcine legs for a 4.3 cm dipole receiver antenna placed from 1 cm to 12 cm
deep. To achieve current levels above 15 mA in tissue, an average power density of 300 mV or greater was required.
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Figure 6. shows the average power required for motor threshold activation again at 5 Hz, 200 microseconds, through tissue
for nine porcine legs with a 4.3 cm dipole receiver antenna. As depth of tissue overlying the implant increased, a greater
amount of external average power was necessary to reach motor threshold. The tissue comprised of 1.5cm of fat and the

remainder of muscle from 0.5 cm to 10.5 cm depending on the angle.
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Figure 7. shows the maximum current levels achievable for a single 4.3 cm device at varying tissue depths. The average
maximum current of 10 mA can be achieved at depths from 1 cm to 8 cm with one electrode pair (anode-cathode). Current
was measured through a fiber optic cable protruded from the lead and coupled with a solar cell outputting voltage that cor-

responds to the current across the electrodes. Thresholds were used to verify the calibration of the LED.
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