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Abstract. We establish performance characteristics of needle-type waveguides in three-dimensional array
architectures as light delivery interfaces into deep tissue for applications, such as optogenetic and infrared
(IR) neural stimulation. A single optrode waveguide achieves as high as 90% transmission efficiency, even
at tissue depths >1 mm. Throughout the visible and near-IR spectrum, the effective light attenuation through
the waveguide is ~3 orders of magnitude smaller than attenuation in tissue/water, as confirmed by both sim-
ulation and experimental results. Light emission profiles from the optrode tips into tissue were also measured.
Beam widths of 70 to 150 ym and full-angle divergence ranging from 13 to 40 deg in tissue can be achieved.
These beam characteristics satisfy a wide range of requirements for targeted illumination in neural stimulation.
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1 Introduction

Intrinsic absorption and scattering limit the penetration of light
within tissue, and thus place barriers on applications such as
optical imaging, diagnostics, and therapy. Recently, tools and
techniques have been developed for optical neural stimulation
based upon visible' and infrared (IR) light.>* Neural stimulation
based on optogenetic techniques utilizes light-activated ion
channels that respond to visible or two-photon IR wavelengths;*
IR neural stimulation is a another method that is believed to
evoke neural signals by heat-induced changes in membrane
capacitance.>® When light is delivered externally in these appli-
cations, tissue attenuation hinders access to neural structures in
deeper layers of cortex or subcortical structures of the brain, or
the innermost regions of large nerves.

Optical neural stimulation has gained a lot of interest in the
study of neuronal information processing, neuroprosthesis, etc.
Cell-type specificity (for optogenetics), long-term viability and
the lack of stimulus artifact are several reasons that make optical
methods more appealing than electrical-based strategies.>’
Targeted spatiotemporal triggering is desired for comprehensive
systematic neural activation, as has been demonstrated with
the thoroughly documented Utah electrode array for electrical
stimulation.® For optical stimulation, prominent neural interfa-
ces either involve single/few probes for deep-localized light
delivery or micro-light-emitting diode (LED) arrays for spatially
addressed high-resolution patterned surface illumination.”"!°
Advanced interfaces, though still having limited stimulation
sites, include injectable wireless micro-LEDs, optetrodes, and
coaxial optrodes.''™"* Recently, three-dimensional (3-D) multi-
waveguide arrays combining deep-tissue and increased multisite
light delivery have been reported in Refs. 14—17; these devices
have yet to be characterized and tested in tissue. Here, we dem-
onstrate that the Utah optrode array devices effectively mitigate
the optical attenuation by media into which the arrays may be
implanted and produce emission profiles suitable for neural
stimulation.
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2 Optrode Array Architectures

Silicon and fused silica (glass) optrode arrays shown in
Fig. 1 were previously manufactured and bench-tested.'*!
Geometrical aspects of the arrays can be tailored for specific
applications, but typical array sizes are 10 X 10 on a 400-um
pitch, with optrode widths of about 100 ym and lengths ranging
from 0.5 mm to several millimeters. Based upon current fabri-
cation methods, glass arrays have constant optrode length within
the array, but optrodes in silicon arrays can be of constant length
or can vary in length along one direction (e.g., forming a “slant”
array). When fabricated with methods adopted from electrical
arrays,'® silicon optrodes are missile-shaped with little design
flexibility. However, modifications on this fabrication method
are needed for glass optrodes,”® which have square shanks
with pyramidal tips and can take on any combination of width,
length, and tip angle. This modified process can be adapted to
silicon optrodes as well. The light transmission efficiency and
profiles projected into air were previously characterized,'*'> but
these properties may change when arrays are implanted in tissue.
Over 90% transmission efficiency can be achieved with 1.5-
mm-long glass optrodes in air, with output beam full-angle
divergence in the range of 16 to 60 deg; 1.5-mm-long tapered
silicon optrodes in air transmit nearly 40% of the input power
with output beam full-angle divergence of about 17 +2 deg.
In tissue, optrode arrays are intended to circumvent attenua-
tion while delivering spatially addressable light patterns. Each
optrode acts as an independent optical waveguide, but as cur-
rently implemented, these waveguides lack cladding layers
which serve to reduce interface scattering losses and isolate
the guided mode from external media. Nevertheless, we show
that even without a cladding layer, optrodes transmit light
through tissue with high efficiency. Although the optrodes are
invasive and may cause tissue damage, preliminary histological
analysis evaluates the damage as comparable to that resulting
from implantation of the Utah electrode array, which is the
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(b)

Fig. 1 Micromachined silicon (a) and glass (b) optrode arrays to facilitate spatially addressable patterned

deep-tissue light delivery.

only U.S. Food and Drug Administration (FDA)-approved
neural array interface at present.'® In principle, various optical
sources such as fiber-coupled lasers, micro-LED arrays, light
through spatial light modulators and lensed arrays, and scanning
microscopes can be used with these optrode devices.

3 Optrodes Transmit Light through Tissue
with High Efficiency

Glass arrays with optrodes of 120-ym width were implanted in
slices of fixed mouse brain, fresh mouse brain, frog sciatic
nerve, and agarose. In mouse brain, the targeted region was lim-
ited to the cerebral cortex; it has been shown that different
mouse brain regions exhibit different optical properties that
affect light propagation within the tissue (e.g., attenuation
coefficient at 453-nm wavelength of 98 cm™' in cerebellum
compared to 191 cm™! in CA3).?° Fresh tissue samples were
excised immediately from sacrificed animal subjects and were
submerged in phosphate buffered saline (PBS) solution;
samples were also constantly moistened with PBS from a micro-
pipette during the experiment. Fixed mouse brain was prepared
by standard immersion fixation using 10% formalin (excised
tissue was immediately immersed in the fixative of volume
20x that of tissue and tightly sealed in a bottle at room temper-
ature for ~24 h). The thickness of each sample slice was slightly
less than the length of the optrodes (1.5 mm), such that the
optrode tips were exposed to air. The tips were then inserted
through aluminum foil in order to isolate the power emitted
from just the tips. White light was coupled through the 170-
pum-thick array backplane into individual optrodes via a 50-ym
core, 0.22 NA multimode optical fiber. The output power from
the tips was captured by an integrating sphere and normalized to
the power emitted from the in-coupling fiber alone. Figure 2
plots the resulting normalized output power from optrodes
surrounded by various media. These results demonstrate that
transmission is relatively independent of the surrounding tissue
optical properties, which suggests that light penetration depth is
primarily dictated by the optrode length. In the absence of
penetrating waveguides, light propagation through tissue was
previously shown to drastically attenuate with depth and vary
with wavelength; blue and red light through 1-mm-thick mouse
brain were shown to decrease to 8% and 27% of the input
power, respectively.”! From a physiological perspective, the
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small reduction in the transmission through optrodes in tissue
can be compensated by increasing the source power with min-
imal risk of tissue damage or spurious stimulation. Note,
however, that when tips are also surrounded in tissue, the power
emitted from the tips may be higher than measured in air; the
smaller refractive index mismatch leads to (1) reduced Fresnel
reflection loss and (2) a greater critical angle between the
optrode and tissue, which decreases backreflection due to total
internal reflection within the tips and thus increases the amount
of light refracted into the tissue.

Although there appear to be only minor differences among
the transmission measurements, closer analysis reveals that the
transmission through the optrodes actually mirrors the attenua-
tion spectrum of the implantation medium, but with about
3 orders of magnitude reduced effect. This is evident when
the measurements in Fig. 2 are normalized to the transmission
through optrodes in air to factor out extrinsic losses. Further
measurements for comparably sized glass and tapered silicon
optrodes utilized a white light source and a tunable telecommu-
nications laser; results are limited to the wavelength ranges of
the optical sources, as shown in Fig. 3.

A simple analysis can be performed to model the effects of
tissue optical properties on the transmission spectrum through
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Fig. 2 Transmission efficiency through optrodes implanted into differ-
ent tissues and phantoms. A 1.5-mm-long glass optrode emits ~90%
of the input light through the tip nearly independent of the surrounding
medium or input wavelength. Each trace is the average of transmis-
sion through 10 independent optrodes.
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an optrode. In the analysis, the two-dimensional waveguide
geometry is reduced to that of a symmetric one-dimensional
slab waveguide in order to simplify the eigenvalue problem of
solving for the guided modes. Optical properties of the optrode
materials and surrounding media (e.g., refractive index and
absorption) were maintained in a look-up table according to
wavelength.?>%8 For different wavelengths, the confinement fac-
tor I' of each guided mode was calculated. Reduced attenuation
constants were computed by multiplying the tissue attenuation
(i.e., combined absorption and scattering) by (1 —1I'); the
maximum expected optrode sidewall scattering coefficients®
were then added to derive effective attenuation coefficients ().
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Fig. 3 Measurement and simulation results for transmission through
1.5-mm-long optrodes in tissue/water normalized to optrode trans-
mission into air (left axis). Light attenuation in tissue/water without
optrodes is also plotted (right axis, log scale). Transmission through
optrodes is dependent on the optical properties of the surrounding
media (e.g., tissue), but the effective attenuation by tissue is reduced
by 2 to 4 orders of magnitude.
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The fractional power emitted with each mode was determined
using Beer—Lambert’s law with the corresponding a. For
tapered silicon optrodes, ray angles along the waveguide con-
tinually increase after each reflection, creating radiation loss
along the taper due to unbounded rays; the radiation loss frac-
tion*® per mode was also deducted from the transmission. The
overall transmission through an optrode is then the weighted
average across the modes, calculated according to the source
power angular distribution, which determines the mode excita-
tion distribution. The angular source distribution was deter-
mined from the actual in-coupling optical fiber having a 50-ym
core diameter with a measured numerical aperture (NA) of 0.17.
The angular distribution of the input power was modeled as
a Gaussian in the form

2 2
[ x e ¥/,

where
2zn sin 6
k=——
A
and

2aNA
A

Here, n is the optrode refractive index, 6 is the angle with
respect to the optical axis, 4 is the input wavelength, and NA
is the numerical aperture of the source (i.e., the in-coupling
fiber in this case). Figure 4 shows that the model closely fits
the measurements in air with input wavelengths of 640 and
1550 nm taken at discrete angles. From this source, the fraction
of power that directly couples to nonguided rays was subtracted
from the overall transmission to obtain the normalized output
power with respect to the power delivered by the fiber (i.e.,
not to the power entering the optrode). All simulation results
were further normalized to the corresponding calculations in
air. These normalized curves are also plotted in Fig. 3 with
the wavelength dependence similar to that of the measured val-
ues. Even though there is some discrepancy between the calcu-
lated and measured results, there is good qualitative agreement
between the two in that features due to hemoglobin (around
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Fig. 4 Angular distribution of input power from 50-um in-coupling fiber
with a measured 0.17 NA. Data points are measurements with 640-
and 1550-nm input wavelengths (1) in air; line is Gaussian model used
for simulations using an “average” wavelength as a fitting parameter.
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410 nm) and water (around 1550 nm) absorption are clearly
evident, and the scaling of attenuation with wavelength due to
tissue scattering is consistent. The difference between measured
and computed values may be due in part to the neglect of skew
rays in the optical model or from the tissue attenuation
models, which vary in the literature. The variation in the model
values for the same tissue type at the same wavelength ensues
from differences in measurement methods, ambient condition
changes, and site-to-site, time-to-time, and sample-to-sample
diversity. For example, based on the limited data on mouse
cortex, the attenuation coefficient ranges from 10 cm™!
to 300 cm at wavelengths between 450 and 500 nm.”-*%3!
Nonetheless, our simple model is useful in predicting the attenu-
ation of light through optrodes in various media, and in predict-
ing the performance of optrodes in potential applications of
tissue spectroscopy.

To show clearly that the attenuation through optrodes is dra-
matically lower than that through tissue alone, attenuation coef-
ficients of various loss mechanisms are plotted in Fig. 5. We first
consider the optrode sidewall surface scattering coefficient.”’
Scattering is higher for rougher surfaces and greater refractive
index contrast; glass and silicon optrode sidewalls have 22- and
4.4-nm root mean square surface roughness, respectively, as
measured by atomic force microscopy. Although the silicon-tis-
sue interface has a significantly higher index contrast, the higher
surface roughness of glass optrode shanks contributes consider-
ably more to scattering; nevertheless the predicted scattering
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Fig. 5 Estimated attenuation of light when transmitted in mouse brain
tissue versus via optrodes in tissue. Absorption and scattering (i.e.,
attenuation) spectrum of tissue components compared with effective
attenuation of light when transmitting through glass (a) and silicon
(b) optrodes. Dominant attenuation components include tissue scat-
tering®®%” and absorption by water, lipids, and hemoglobin.?
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coefficient for glass optrode is <10~7 em™!. The scattering coef-
ficient also decreases with increasing wavelength, which means
that greater scattering occurs when using shorter wavelengths.
Regardless, surface scattering for both glass and Si optrodes is
negligible compared to the effective scattering and absorption of
representative tissue components. Tissue chromophores absorb
light and scattering occurs due to mismatches in refractive indi-
ces of different tissue components and structures. The attenua-
tion spectrum for mouse brain is also plotted in Fig. 5 from data
in Refs. 25-28. Mouse brain is modeled as consisting of water,
lipids, and hemoglobin, but its attenuation of light is dominated
by water absorption in the near-IR. As outlined above, the sur-
rounding tissue attenuation and optrode sidewall scattering
determines the effective attenuation of light transmitted through
optrodes. The effective attenuation follows the wavelength
dependence of the attenuation of surrounding tissue, but ~3
orders of magnitude lower. The effect of the surrounding
medium on light transmission is smaller for silicon optrodes
because the higher refractive index of silicon confines more
power within the optrode (increasing I).

4 Optrode Emission Profiles Fulfill
lllumination Requirements for Neural
Stimulation

Emission profiles from the optrodes were reconstructed from
output beam images captured by a CCD camera or a beam
profiler at varying distances from the tips and through tissue.
Optrode arrays implanted into tissue, with tips exposed, were
again used. However, additional 100- to 400-um slices of fixed
mouse brain were placed over the tips, from which the 2-D
spatial power distributions of light at the tissue/air interface
were imaged, as illustrated in Fig. 6. The 2-D images from the
different tissue thicknesses were used to interpolate the volume
of illumination as light propagates into tissue from the optrode
tips. This volume necessarily depends on the beam width at
the tip, the beam divergence, and tissue attenuation. For the pur-
poses of optical neural stimulation, we define the illumination
volume by the volume where the intensity is greater than 1/e? of
its maximum value at the tip exit. Note that in contrast to mea-
surements in tissue, the emitted beam propagation parameters in
air (i.e., width and divergence) can be directly determined by
the beam profiler without recordings at multiple distances from
the optrode tips.

Tissue-air interface vy

AAAA&AA

Additional tissue
PANERPANEIPAN

Ik tissue

Optrode array

Fig. 6 Optrode array tips were inserted into additional slices of tissue.
Light is transmitted through the optrodes and into the tissue surround-
ing the tips. A camera or beam profiler then captures the two-diem-
sional (2-D) profile of the light at the tissue-air interface. Different
tissue thicknesses correspond the varying propagation distance
from the tips.
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Fig. 7 Reconstructed beam profiles into fixed mouse brain for different
wavelengths emitted by 45-deg tip glass, (b) 30 deg tip glass, (c) silicon,
and (d) optrodes. Effective stimulation volume is dependent on both
illumination volume and incident power; intensity decays (exponential
fit) into the medium at different rates for various wavelengths, optrode
geometry and tissue properties. (a) In the beam width plots, symbols
are measured data and lines are Gaussian-fit extrapolations (termi-
nated at the transport scattering length; see line for 470 nm). Full-
angle divergence (¢) and divergence length (zp, within £3 um across
all wavelengths) are indicated. Expected propagation for loss n~ 1.36
medium extrapolated from bench tests in air is also shown in dotted
lines (zp labeled as z,)). Data points are average of five measurements.
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The beams projected from the optrode tips were assumed to
propagate as Gaussian-like beams. The 2-D power profiles in
tissue measured at different distances from the tip were used
in fitting the parameters of Gaussian beam propagation.
Section 4.1 details the Gaussian beam properties and output
beam reconstruction. Measured data points and Gaussian-fit
approximations for different wavelengths are shown in Fig. 7
for three sets of optrodes, including silicon and 150-um-wide
glass with 45 and 30 deg tips (tip angle with respect to optical
axis; 30 deg being sharper). The estimated beam propagation in
a lossless homogeneous n ~ 1.36 medium is also plotted in
Fig. 7 (with divergence length z,) for reference, as extrapolated
from beam profile measurements in air (beam width smaller than
measurements in tissue due to lack of tissue scattering). Note
that, while the fits are based on data only up to depths where
measurements were made (400-um maximum depth), extrapo-
lation is presumed accurate up to the “transport” scattering
length (/,), where scattering becomes truly random. Because tis-
sue components (e.g., cells) are of comparable size to visible, IR
wavelengths, scattering is mostly in the forward direction; brain
tissue scattering length (I;; average distance between scattering
events) is 50 to 200 uym from the blue to NIR range and
anisotropy (g; amount of forward direction retained) is high
at ~0.9, which leads to [, = I,/(1 — g) of 0.5 to 2 mm.***?
At depths beyond /,, light intensity is expected to diminish dras-
tically, and we truncate the Gaussian fit at that distance (e.g.,
~0.5 mm for blue and ~0.9 mm for yellow?!). However,
Monte Carlo simulations in tissue, more importantly in mouse
brain illuminated by a divergent light source, suggest that light
propagation follows a Gaussian model (i.e., beam width broad-
ens according to Gaussian propagation) even beyond [/, and
at depths where normalized intensity falls to <1%.%*%*

The wider beam and its faster broadening for shorter wave-
lengths are indications of the higher scattering in tissue (also
previously observed in Monte Carlo simulations and experimen-
tal data’**). The results show that 45-deg-tip glass optrodes
provide a more uniform illumination volume through the tissue
depth with a divergence length about twice that of the sharper
glass optrodes; 30-deg-tip glass optrodes are suitable for wider
and shallower illumination. Note that the fabrication method
used for glass optrodes enables a high degree of customization
because the output beam width can be varied independently
from the divergence by changing the optrode width and tip
angle, respectively.'

We define an effective stimulation volume based upon the
exponential intensity decay along the lateral and axial directions
from the optrode tips. While ultimately determined by the local
intensity compared to the threshold intensity for activation, the
maximum practical depth of stimulation is approximately the
1/€? intensity distance or the transport scattering length, which-
ever is shorter. Beyond this distance, achieving above-threshold
intensity would require large increases in incident power that
could cause tissue damage near the tip and only lead to marginal
increase in stimulation depth. Normalized intensity with respect
to the tip (i.e., O-mm distance) at various depths changes with
the optrode and wavelength used, as shown in Fig. 7. Notice that
a smaller (Si compared with 45-deg glass) or more divergent
(30-deg glass compared with 45-deg glass) incident beam
results in greater intensity decay rate, which is consistent with
theory. The plots in Fig. 7 provide the beam spread and intensity
decay characteristics, and the effective stimulation volumes
summarized in Table 1. Beam profile requirements vary by
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Table 1 Summary of tip output beam width (2w,) at 13.5% of peak power, divergence length (zp), divergence angle (¢), 1/€? intensity depth
(24/¢2), and beam width at 1/ €? intensity depth (w, /) for transmission of wavelengths of 470, 640, and 1450 nm. Different optrodes (tip taper angle
of 45 or 30 deg with 150-um-shank width glass optrode and 1-mm-long silicon optrodes) and an in-coupling fiber of 50 m was used.

A =470 nm A =640 nm A =1450 nm
2w zp ¢ Zy e Wi  2wo zp ¢ Zy e Wi/ 2w zp ¢ Zy e W) /e2
(um)  (um) (deg)  (um)  (um)  (um)] (um) (deg)  {(um]  (uFm)  [(um)  (um) (deg)  (um)  (um)
45-deg glass 160 550 17 500 210 150 550 16 670 230 140 550 15 720 225
30-deg glass 155 230 39 380 290 150 230 38 430 320 140 230 35 660 440
Si 70 300 14 510 140

application, but optrodes can produce various stimulation area
and depth combinations; some examples are presented in
Sec. 4.2.

4.1 Gaussian Beam Reconstruction of Optrode

Output Beams

Propagation of a Gaussian beam mode follows

where w is the radius of the 1/e? contour along the propagation
distance z, wy is the beam waist (i.e., smallest beam radius at
z = 0), and M? is a quality factor used to describe the deviation
from a theoretical Gaussian. For a single Gaussian beam mode,
1 < M? <2 and the Rayleigh distance z, = 7w3/4, with A the
wavelength. A multimode Gaussian beam can be modeled with
higher M? values, but the “Rayleigh distance” does not neces-
sarily follow the relationship above.*>" Thus, we refer to
a divergence length as a multimode analogue to the Rayleigh
length, which is the distance at which the beam width increases
by a factor of V/2 from its minimum value.

From experimental measurements using tissue slices of
different thicknesses, the beam width at 1/e?> peak power is
extracted from the 2-D beam profiles and plotted against the
tissue thickness; data points are then fitted into the Gaussian
propagation model using w, and z; as fitting parameters.
Example 2-D profiles in tissue are shown in Fig. 8. Figure 9
shows an intensity-gradient representation of the 45-deg-tip
glass optrode emission profile (4 = 640 nm) in tissue plotted
against both radius and depth of propagation; propagation
from the same optrode adjusted for a lossless n ~ 1.36 medium
is also shown for comparison. The intensity maps are derived
from the Gaussian-fit beam spreading and power versus depth
measurements plotted in Fig. 10. The Gaussian propagation
model applied to the optrode output beam is a reasonable
approximation for both lossless and scattering media, but scat-
tering noticeably affects the spatial extent of illumination.

4.2 Potential Applications of Optrode Arrays across
Experimental Paradigms Requiring Different
lllumination Volumes and Protocols

In-vitro optogenetic experiments have demonstrated action
potential firing by illumination of a cell body; a spot as small
as 5-um wide can evoke action potential trains, but larger spots
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up to 15-um wide increased the spiking rate, photocurrent and
response time.*® Further, widening of the spot can cause addi-
tional axonal/dendritic excitation by illuminating the soma (i.e.,
cell body) and surrounding axons/dendrites of the neuron. 30-
pm diameter blue spots were generated from a LED array to
perform multisite dendritic excitation that can sustain spiking
for the investigation of physiological information flow in hippo-
campal slices.'® The capability to control multiple points in the
neural network is the basis of artificial replication of functional
processes. This experiment can be translated into an in-vivo
paradigm by accessing the hippocampus in intact brain using
arrays consisting of less divergent thinner optrodes for
~100 pm-sized illumination volumes. Presently, in-vivo optical
studies of hippocampus require removal of the overlaying
~1-mm cortical region due to penetration depth limitations.
Arrays may also benefit other studies in in-vivo hippocampus
such as the inhibition of epileptiform activity by delivering
light to the CA1 and CA3 regions, which are 500- to 1000-
pm wide in mouse.> Here, however, the larger localized area
may need a > 1-mm-wide spot; arrays with micronwide optro-
des are still useful because simultaneous illumination of 30-deg-
tip glass optrodes allow an approximately uniform illumination
layer inside tissue with adjoining profiles from adjacent optro-
des. Note that wide-field irradiance is also common in attaining
conduction threshold levels for optogenetic stimulation of
Sparse targets.

Many other optogenetic experiments involve the neocortex,
which is a highly nonuniform 3-D structure. Neocortex in mam-
mals consists of up to six layers of different neuronal subtypes
with a total thickness of 0.5 to 1 mm in rodents to about 1.5 to
2 mm in primates. The neurons in the outermost layers I to III
project within the neocortex, while the innermost layers V and
VI mostly project to the thalamus, brain stem, and spinal cord;
however, neurons in layer VI receive all sensory information to
the neocortex. It is commonly accepted that these layers are
organized in columns, which comprise the basic functional
units; primates have column diameters of roughly 0.5 mm, to
which the optrode array pitch can be matched. Cholinergic sig-
naling in the neocortex was studied using optogenetic two-pho-
ton microscopy in the IR, which only penetrated layers 1 to 3.%°
Direct blue irradiation with glass optrodes could extend the
stimulation depth. In contrast to multilayer coverage, stimula-
tion within a single layer is desired, such as in exciting and/
or inhibiting pyramidal cells in layers II/IIl and V/VI of the vis-
ual cortex for outputs to cortical and subcortical areas, respec-
tively. These layers are 150 to 500-um thick and lie from 200
to 500 ym inside rodent neocortex, and ~0.5-mm thick and
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Gaussian fit propagation has M? = 4.1.

~1.5-mm deep into primate neocortex.*! Optrode length can be
adjusted to access specific layers for these types of studies, and
tip angle can be chosen to control stimulation depth.
Hippocampal-neocortex interactions may now be studied
further with the use of optogenetics with optrode arrays. In
rodents for example, the optrode array would enable access to
hippocampus through the >1-mm cortical layer, preserving
communications between hippocampus and neocortical struc-
tures. Memory consolidation, sleep-related motor activity and
context discrimination are example functions of such commu-
nications.**™** Although information transfer has been substan-
tially established, the means and roles of local circuits remain
ambiguous. With cell-type specificity of optogenetics and the
access provided by the optrode arrays, simultaneous probing of
isolated characteristic neuronal populations could be performed
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to observe distinct input-output relationships between the differ-
ent hippocampal and cortical regions. Context discrimination
regarding memory recall of fear has already been associated
with specific neurons in the hippocampus via optogenetics, and
optrode arrays may expand this type of study to include access
to projections in the cortex and other hippocampal regions to
confirm necessary engrams.*’

There are also prominent studies based on highly-selective
local firing of peripheral nerves for the restoration of sensory/
motor control, which is suited for IR stimulation. For example,
optical neuroprostheses via the sciatic nerve ideally require
simultaneous independent access to individual axons. The sci-
atic nerve ranges in diameter from about 0.5 to 2 mm in rodents
and 3 mm in cats, to 2.5 cm in humans. Within the nerve are
fascicles, which are bundles of axons that are 200 to 400 ym
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in diameter; each axon has ~10-um diameter. There are multiple
fascicles lying hundreds of micrometers to millimeters inside the
nerve. Within the nerve, activation of muscle groups can be per-
formed through selective stimulation of axons within different
fascicles, and activation of specific motor units can be obtained
through selective stimulation of different axons within the same
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Fig. 10 Power versus tissue depth for both lossless and scattering

media for different wavelengths. Symbols represent measured data
points.
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fascicle. This can be achieved with tightly confined beams from
thin silicon optrodes of varying lengths illuminating different
axon groups well inside the nerve.*®

5 Conclusions

We established the characteristics of light projection into tissue
from microfabricated 3-D neural interface devices designed to
enable patterned deep-tissue light delivery. Experimental and
simulation results support the effectiveness of both glass and
silicon optrodes in significantly minimizing light attenuation in
tissue and providing different spatial profiles of emission for
diverse optogenetic and IR stimulation requirements. Optrodes
provide high-efficiency (up to ~90%) delivery of light to
>1-mm tissue depths. The variety of possible input sources
and optrode geometries provide a custom fit of the output beam
to the stimulation target volume dictated by the application.
These characteristics may be estimated using simulation models
or even calculations from measurements in air to avoid cumber-
some tissue tests.
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