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TITLE
A METHOD FOR ELECTRICAL STIMULATION OF HUMAN RETINA USING
PULSE TRAINS

CROSS REFERENCE TO RELATED APPLICATIONS

[001] This application claims priority to U.S. Provisional S/N 60/814,308 for “Human
Retinal Electrical Stimulation Using Pulse Trains” filed on June 16, 2006, and to U.S.
~ Provisional S/N 60/876,645 for “Visor for a Visual Prosthesis” filed on December 22,
2006, both of which are incorporated herein by reference in their entirety.

GOVERNMENT RIGHTS NOTICE
[002] This invention was made with government support under grant No. R24EY12893-
01, awarded by the National Institutes of Health. The government has certain rights in

the invention.

FIELD
[003] The present disclosure is generally directed to neural stimulation and more

specifically to an apparatus and method for providing intensity control.

BACKGROUND

[004] As intraocular surgical techniques have advanced, it has become possibie to apply
stimulation on small groups and even on individual retinal cells to generate focused
phosphenes through devices implanted within the eye itself. This has sparked renewed
interest in developing methods and apparatuses to aid the visually impaired. Specifically,
great effort has been expended in the area of intraocular retinal prosthesis devices in an
effort to restore vision in cases where blindness is caused by photoreceptor degenerative
retinal diseases such as retinitis pigmentosa and age related macular degeneration which

affect millions of people worldwide.
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[005] Neural tissue can be artificially stimulated and activated by prosthetic devices that
pass pulses of electrical current through electrodes on such a device. The passage of
current causes changes in electrical potentials across visual neuronal membranes, which
can initiate visual neuron action potentials, which are the means of information transfer in

the nervous system.

[006] Based on this mechanism, it is possible to input information into the nervous
system by coding the information as a sequence of electrical pulses which are rélayed to
the nervous system via the prosthetic device. In this way, it is possible to provide

artificial sensations including vision.

[007] One typical application of neural tissue stimulation is in the rehabilitation of the
blind. Some forms of blindness involve selective loss of the light sensitive transducers of
the retina. Other retinal neurons remain viable, however, and may be activated in the
manner described above by placement of a prosthetic electrode device on the inner
(toward the vitreous) retinal surface (epiretinal). This placement must be mechanically
stable, minimize the distance between the device electrodes and the visual neurons, and

avoid undue compression of the visual neurons.

[008] In 1986, Bullara (U.S. Pat. No. 4,573,481) patented an electrode assembly for
surgical implantation on a nerve. The matrix was silicone with embedded iridium

electrodes. The assembly fit around a nerve to stimulate it.

[009] Dawson and Radtke stimulated cat's retina by direct electrical stimulation of the
retinal ganglion cell layer. These experimenters placed nine and then fourteen electrodes
upon the inner retinal layer (i.e., primarily the ganglion cell layer) of two cats. Their
experiments suggested that electrical stimulation of the retina with 30 to 100 uA current
resulted in visual cortical responses. These expeﬁ£11ents were carried out with needle-
shaped electrodes that penetrated the surface of the retina (see also U.S. Pat. No.

4,628,933 to Michelson).
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[010] The Michelson ‘933 apparatus includes an array of photosensitive devices on its
surface that are connected to a plurality of electrodes positioned on the opposite surface
of the device to stimulate the retina. These electrodes are disposed to form an array
similar to a "bed of nails" having conductors which impinge directly on the retina to
stimulate the retinal cells. U.S. Patents 4,837,049 to Byers describes spike electrodes for
neural stimulation. Each spike electrode pierces neural tissue for better electrical contact.
U.S. Patent 5,215,088 to Norman describes an array of spike electrodes for cortical

stimulation. Each spike pierces cortical tissue for better electrical contact.

[011] The art of implanting an intraocular prosthetic device to electrically stimulate the
retina was advanced with the introduction of retinal tacks in retinal surgery. De Juan, et
al. at Duke University Eye Center inserted retinal tacks into retinas in an effort to reattach
retinas that had detached from the underlying choroid, which is the source of blood
supply for the outer retina and thus the photoreceptors. See, e.g., de Juan, ef al., 99 Am.
J. Ophthalmol. 272 (1985). These retinal tacks have proved to be.biocompatible and
remain embedded in the retina, with the choroid/sclera, effectively pinning the retina
-against the choroid and the posterior aspects of the globe. Retinal tacks are one way to
attach a retinal array to the retina. U.S. Patent 5,109,844 to de Juan describes a flat
electrode array placed against the retina for visual stimulation. U.S. Patent 5,935,155 to
Humayun describes a retinal prosthesis for use with the flat retinal array described in de

Juan.

SUMMARY

[012] The present disclosure relates to an apparatus and method for retinal stimulation
wherein the apparatus allows for the placement of a prosthetic device on the inner retinal
surface to provide artificial sensations including vision; and wherein visual perception
threshold is determined and stimulation parameters are varied, including frequency, pulse

width, and pattern of pulse trains.
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[013] According to a first embodiment of the present disclosure, a visual prosthetic
apparatus for retinal stimulation is provided comprising an implantable portion and an
external portion, wherein the implantable portion comprises a cable, an RF receiver, an
inductive coil and an array of electrodes, for stimulating visual neurons, and the external
portion comprises a frame, a camera, an external coil and a mounting system for the

external coil.

[014] According to a second embodiment of the present disclosure, a retinal stimulation
method is provided, comprising: generating a stimulation pattern by stimulating a retina
of a patient with an impulsive electrical signal; and determining how visual perception
depends on the generated stimulation pattern by observing perceptual threshold as a

function of features of the impulsive electrical signal.

[015] According to a third embodiment of the present disclosure, a method for
determining visual perceptual threshold is provided, comprising: exposing subjects to a
series of variable current stimuli; decreasing amplitude of the variable current stimuli if
subject answers correctly to a current stimulus; increasing amplitude of the current
stimuli if subject answers incorrectly to the current stimulus; and generating a

psychometric function based on answers of the subject.

[016] According to a fourth embodiment of the present disclosure, a retinal stimulation
device is provided, comprising: a stimulation pattern generator to provide a signal to a
retina, wherein the stimulation pattern generator generates an impulsive electx_'ical signal
comprising a pulse train of biphasic pulses, the pulse train having a delay between pulses

and a pulse train frequency.

[017] According to a fifth embodiment of the present disclosure, a retinal stimulation
apparatus is provided, comprising: means for generating a stimulation pattern by

stimulating a retina of a patient with an impulsive electrical signal; and means for
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determining how visual perception depends on the generated stimulation pattern by

observing perceptual threshold as a function of features of the impulsive electrical signal.

[018] According to a further embodiment of the present disclosure, an apparatus or
device for performing any of the method claims of the present disclosure, alone or in

combination, is disclosed.

[019] Further embodiments are disclosed throughout the specification, drawings and

claims of the present disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[020] FIG. 1 is a brief schematic view of an implanted visual prosthesis.

[021] FIG. 2 is a prospective view of a visual prosthesis.

[022] FIG. 3 is a top view of the ;/isual prosthesis shown in Figure 2.

[023] FIG. 4 is a perspective view of the implantable portion of a visual prosthesis.

[024] FIG. 5 is a side view of the implantable portion of a visual prosthesis showing the
fan tail in more detail. ‘

[025] FIG. 6 is a graph showing linear-nonlinear models can predict retinal firing to light
stimuli. )

[026] FIG. 7 is a graph showing the effect of pulse duration.

[027] FIG. 8 is a graph showing a method for determining visual perceptual threshold.
[028] FIG. 9 is a graph showing threshold as a function of pulse width. .

[029] FIGS. 10A~10C.are graphs showing the varying integration rates of different cell
types.

[030] FIG. 11 is a graph showing summation across pulse pairs.

[031] FIG. 12 is a graph showing threshold for pulse pairs.

[032] FIG. 13 is a graph showing fixed duration pulse trains.

[033] FIG. 14 is a graph showing threshold for fixed duration pulse trains of .075 ms
pulse width.
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[034] FIG. 15 is a graph showing threshold for fixed duration pulse trains of .0975 ms
pulse width.

[035] FIGS. 16A, 16B are graphs showing threshold for variable duration pulse trains.
[036] FIG. 17 is a graph showing the relationship between threshold, frequency and the
number of pulses.

[037] FIG. 18 is a graph showing that the thresholds of pulse trains with frequency below
50 Hz are independent of pulse number.

[038] FIG. 19 is a graph showing that thresholds for pulse trains with frequencies above
50 Hz are independent of pulse timing.

[039] FIG. 20 is a schematic of a retinal stimulation device comprising a stimulation

pattern generator.

DETAILED DESCRIPTION

[040] Figure 1 is a schematic view of a prosthesis for stimulating retinal cells. Patients
suffering from retinitis pigmentosa (RP) sustain severe vision loss as a result of
photoreceptor death. In the preferred prosthesis, the electrode array is aligned in a 4x4
matrix implanted epiretinally, which covers about 10 degrees of visual angle. The upper
sub figure shows a schematic of an electrode array in a 4x4 configuration. The subfigure
from this schematic details a graphic representation of the system of neural cells under
each electrode, wherein the neural cells shown are no longer organized, but unorganized

with significant cell death.

[041] Figures 2 and 3 show two different perspective views of a visual prosthesis
apparatus according to the present disclosure. The visual apparatus provides an
implantable portion 100 and an external portion 5. Portion 5 is shown in Figures 2 and 3.
Portion 100 is shown in Figures 4 and 5. The external portion 5 comprises a frame 10
holding a camera 12, an external coil 14 and a mounting system 16 for the external coil 14.

The mounting system 16 also encloses the RF circuitry.
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[042] Three structural features are provided in the visual prosthesis to control the
distance, and thereby reduce the distance, between the external coil 14 and the inductive
(internal) coil (116, Figure 4). The three structural features correspond to movement of
the external coil along the three possible spatial axes occupied by the two coils. That is,
the external and inductive coils can be viewed as being separated in anatomical axes: the

medial-lateral, superior-inferior, and the anterior-posterior axis.

[043] In this way, the first structural feature reduces the distance between the coils along
the medial-lateral axis by bending the external coil 14. The distance in this medial-lateral
axis should be equivalent to the separation distance of the coils if the centers of the coils
are aligned. The enclosure of the external coil 14 is attached to the mounting system 16,
which is attached to the leg frame 10 of the visual apparatus. While the RF circuitry
within the mounting system 16 ié in line with the leg frame, the external coil has been
given a preferential bend 18 towards the face using a flexible connector. With the
external coil 14 angled toward the face (e.g. at 25 degrees) (see Figures 2 and 3) , the
external coil 14 makes contact with the subject’s face and the flexible connector allows
conformation to the subject’s facial contours. Thus, the external coil 14 is brought in as

close as possible in the medial-lateral axis for the subject.

[044] The second structural feature is a sliding bar mechanism controlling movement
along the anterior-posterior axis. The point at which the mounting system 16 connects to
the visor allows for 7 mm of adjustment along this anterior-posterior axis. The sliding bar
mechanism can be fixed in place when the optimal position is found by tightening two

screws on the sides of the sliding bar.

[045] The third structural feature is adjustment of the visual apparatus along the superior-
inferior axis by varying the placement of the visual apparatus along the subject’s nose.

When the visual apparatus is worn close to the face, the external coil 14 is higher, and
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when worn further from the face, the external coil 14 is lower. Using these three
structural adjustments in combination, the coil separation distance can be adjusted to

obtain an optimal RF link for individual subjects.

[046] Figure 4 shows a perspective view of an implantable portion 100 of a retinal
prosthesi as disclosed. An electrode array 110 is mounted by a retinal tack or similar
means to the epiretinal surface. The electrode array 110 is electrically coupled by a cable
112, which can pierce the sclera and be electrically coupled to an electronics package 114
external to the sclera. Electronic package 114 includes the RF receiver and electrode

drivers.

[047] The electronics package 114 can be electrically coupled to a secondary inductive
coil 116. In one aspect, the secondary inductive coil 116 is made from wound wire.
Alternatively, the secondary inductive coil may be made from a thin film polymer
sandwich with wire traces deposited between layers of thin film polymer. The electronics
package 114 and secondary inductive coil 116 are held together by a molded body 118.
The molded body 118 may also include suture tabs 120. The molded body narrows to
form a strap 122 which surrounds the sclera and holds the molded body 118, secondary
inductive coil 116, and electronics package 114 in place. The molded body 118, suture
tabs 120 and strap 122 are preferably an integrated unit made of silicone elastomer.
Silicone elastomer can be formed in a pre-curved shape to match the curvature of a
typical sclera.  Furthermore, silicone remains flexible enough to accommodate
implantation and to adapt to variations in the curvature of an individual sclera. In one
aspect, the secondary inductive coil 116 and molded body 118 are oval shaped, and in
this way, a strap 122 can better support the oval shaped coil. .

[048] The entire implantable portion 100 is attached to and supported by the sclera of a

subject. The eye moves constantly. The eye moves to scan a scene and also has a jitter

8
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motion to prevent image stabilization. Even though such motion is useless in the blind, it
often continues long after a person has lost their sight. Thus, in one embodiment of the
present disclosure, the entire implantable portion 100 of the prosthesis is attached to and
supported by the sclera of a subject. By placing the device under the rectus muscles with
the electronics package in an area of fatty tissue between the rectus muscles, eye motion

does not cause any flexing which might fatigue, and eventually damage, the device.

[049] Figure 5 shows a side view of the implantable portion of the retinal prosthesis, in
particular, emphasizing the fan tail 124. When the retinal pfosﬂlesis is implanted, it is
necessary to pass the strap 122 under the eye muscles to surround the sclera. The
secondary inductive coil 116 and molded body 118 must also follow the strap under the
lateral rectus muscle on the side of the sclera. The implantable portion 100 of the retinal
prosthesis is very delicate. It is easy to tear the molded body 118 or break wires in the
secondary inductive coil 116. In order to allow the molded body 118 to slide smoothly
under the lateral rectus muscle, the molded body is shaped in the form of a fan tail 124 on
the end opposite the electronics package 114. Element 123 shows a retention sleeve,
while elements 126 and 128 show holes for surgical positioning and a ramp for surgical

positioning, respectively.

[050] In order to further understand the effects of retinal stimulation, others have applied
sophisticated models for temporal processing of light stimuli in the in vitro retina.
However, there are some clear distinctions between in vivo studies of implanted subjects
and in vitro physiological research. In the present disclosure, the behavioral research will
be studied, as opposed to electrophysiology of the ir vitro retina, and study the behaviors
of awake humans as opposed to an animal model. In addition, a degenerated retina and
not a normal, healthy retina will be studied. For example, in RP, retinal degeneration is
not simply a loss of photoreceptors. RP patients suffer a loss of other cell types as well,
along with significant reorganization and possible changes in circuitry. and cell function.
As one might surmise, the degenerated retinal system is likely to have different temporal

properties than a normal retina.
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[051] In the present disclosure, in order to determine how human visual perception
depends on the timing of electrical stimulation, a temporal integration was studied during
electrical stimulation. The objectives of this include: (1) determination of the potential
neurophysiological elements underlying visual perception; and (2) development of a
linear-nonlinear model of the temporal integration dynamics of electrical stimulation. It
is of interest to understand temporal integration properties because it is thought that this
information will help to generate the most effective stimulation patterns. The first step is

to look at how visual perception depends on the timing of electrical stimulation patterns.

[052] Figure 6 shows a graph of how linear-nonlinear models can predict retinal firing to
light stimuli. As noted above, there are models in the art that evaluate the early visual
system’s response to light stimuli. One example is a model of temporal contrast
adaptation in retinal ganglion cells,.where the resulting spike train can be predicted based
solely upon the light stimulation input (Chander, D. and E. J. Chichilnisky (2001),
Journal of Neuroscience 21(24): 9904-16; Kim, K. J. and F. Rieke (2001), J
Neuroscience 21(1): 287-99; Baccus, S. A. and M. Meister (2002), Neuron 36(5): 909-
19.)

[053] The linear/nonlinear model aides in the prediction of ganglion cell responses to
light stimuli, wherein a light flicker stimulus is convolved with a linear filter with a
particular time constant. The output of this convolution is then passed through an
expanding nonlinearity to ultimately predict the neural response. To evaluate whether
such a model is able to predict the perceptual response to electrical stimulation, and how
the temporal properties differ when using electrical stimulation rather than light
stimulation, perceptual threshold is observed as a function of pulse width.

[054] Figure 7 shows a graph of a biphasic pulse. In accordance with Figure 7, the
stimuli are single, biphasic, cathodic-first, charge-balanced pulses, wherein the pulse

' width varied between 0.075 milliseconds (ms) and 4 ms, per phase. Anodic pulses are

10
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approximately fifty percent as effective as cathodic pulses, thus the anodic pulses are not
necessary to consider (Jensen, R. J., O. R. Ziv, et al. (2005), Invest Ophthalmol Vis Sci
46(4): 1486-96).

[055] Furthermore, the anodic pulses are considered to be far less effective at driving a
response in the in vitro retina. This is the result of the orientation of the stimulating
electrode relative to the ganglion cell. In this configuration, the negatively-charged
cathodic pulse ‘pulls’ the positive cations within the cell towards the axon hillock, where
there is the highest concentration of voltage-gated channels. Therefore, for the method
according to the present disclosure, the anodic phase should not be considered when it

comes to evaluating the biphasic pulse and its influence on perception.

[056] Figure 8 shows a graph of a method for determining visual perceptual threshold,
wherein the threshold was determined as follows. Subjects were exposed to a series of
stimuli using a yes-no paradigm wherein half the trials contained no stimulus. The
subjects reported whether the trial contained a stimulus or not. The current amplitude was
varied using a 3 up, 1 down staircase. In other words, if the subjects got 3 correct answers
in a row the subsequent current signal was made more difficult by decreasing the current
a step. Likewise, if the subject answered incorrectly, the subsequent current signal was

made easier by increasing the current by one step.

[057] The curve shown in Figure 8 is an example of a generated psychometric function,
which was used to analyze the behavioral data. The x-axis is the current amplitude and
the y-axis is the probability that the subject saw the stimulus, 1 being that the subject saw
it every time at that particular current. The black dots are the subject/patient responses for
a specific stimulus condition (a specific current amplitude), with the larger dots
representing a greater number of trials at that condition. As i$ shown in Figure 8, there is
a dramatic shift in performance between 10 uA and 16 uA. After adjusting the curve to
the false alarm rate, the curve was fit with a Weibull function and the 50% point was the
determined threshold. The Weibull function allows for many different distributions.

11
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This function is a common cumulative distribution that is frequently used for life data
because its slope parameter can be adjusted to allow the curve to represent different

distributions.

[058] Figure 9 is graph showing/ threshold as a function of pulse duration or width.
Figure 9 is an example curve (typical of data from 10 electrodes, 2 subjects). Data can
be modeled using a simple leaky integrator model. A leaky integrator model represents
the accumulation and dissipation of some input (e.g. electric current or charge) that
accumulates and dissipates with a specific rate that depends on the value of the time
constant. Across all data in Figure 9, time constants of < 1ms are found, which is
consistent with chronaxie values for ganglion cell integration periods (Jensen et al,
2005). The pulse width is on the x-axis varying between 0.075 ms and 4 ms, and the y-
axis is the amplitude to reach threshold. The eight boxes shown in the figure represent
measured thresholds at their corresponding pulse widths. So, for example, at 0.075 ms, it
requires approximately 425 microAmperes (pA) of current for the patient to be able to
see that stimulus 79% of the time. The data show that as the pulse width is increased,
there is a decrease in current amplitude needed to reach the threshold. The black line,
~ represents the current model and the fit estimation of this particular data set.
Additionally, this data can be fit using a simple leaky integrator model (Kandel, E. R., 1.
H. Schwartz, et al. (1991). Principles of Neural Science. Norwalk, Connecticut, Appleton
& Lange) having a single free parameter (tau or time constant) that represents the

integrative behavior of the system.

[059] Figures 10A-10C show that different cell types integrate charge at different rates
with cathodic phases in grey and anodic phases in black. Figure 10 also shows how a
leaky integrator model would integrate a biphasic pulse (Fig. 10A) using a short (Fig.
10B) and long (Fig. 10C) time constant. Figure 10A represents an input stimulation
pattern (biphasic pulse). Figure 10B represents a fast integrator response to the input,
typical of ganglion cells. Figure 10C represents a slow integrator response, typical of

bipolar cells.

12
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[060] For further example, one can imagine two different biphasic pulses that differ in
their pulse width, where one is relatively long and the other is short. If a leaky integrator
model is applied with fast temporal properties, the response curve follows the shape of
the input reasonably well. On the other hand, if the model integrates more slowly, the
response is more sluggish, as represented in Fig. 10C by the shallower slope of the
response curve. In fact, if the biphasic pulse is short, the amplitude of the response curve
is greatly diminished. Applying this concept to the physiology of Jensen (Jensen ef al.,
2005) and Fried (Fried, S. I., H. A. Hsueh, et al. (2006), J Neurophysiol 95(2): 970-8.)
who reported that integration periods of ganglion cells are substantially faster than those
of either bipolar or amacrine cells, suggests that it may be possible to exclusi\;ely activate

ganglion cells with shorter pulse widths.

[061] Another approach to evaluating the temporal integration of the system is by looking
at how two separate pulses sum in time. Figure 11 is a graph showing summation across
pulse pairs. Stimuli were 0.075 ms pseudo-monophasic cathodic pulses. The first pulse
had fixed current amplitude (sub-threshold). The second pulse followed with a variable
delay (0.15-12 ms). The experiment, illustrated by Figure 11, evaluates the summation
across pulse pairs. In other words, the experiment determines how the first pulse, (i.e. the
conditioning pulse) contributes to the threshold response of the second pulse, (i.e. the test
pulse). The stimuli were pseudo-monophasic because, for obvious safety reasons, a
charge-balanced anodic phase is included, as shown by the positive pulse to the right of
Figure 11. The difference here is that the anodic pulses were presented later in time by

about 30 ms.

[062] Figure 12 is a graph showing threshold for pulse pairs. The graph derives from a
data set of 8 different electrodes across two subjects. The time constants were the same
(<Ims) as the single pulse data are consistent with ganglion cell stimulation. With pulse

pair summation it was determined that there is a critical window of integration.

13
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[063] In particular, the x-axis of Figure 12 shows the delay between pulse pairs, and the
y-axis is the amplitude to reach threshold. The critical . window of integration was
observed to be somewhere short of one millisecond. More specifically, looking at the
portion of the curve before th‘e. 1 ms delay value, a short increase in delay provides a large
increase in amplitude to reach threshold. On the other hand, after the one millisecond
point, the curve asymptotes and the current value at which it asymptotes is the same as
that for a single biphasic pulse. This observation means the following: first, that the
secondary anodic phase has no influence on threshold, and secondly, that the integration
period is very short. If these data were fitted to a leaky integrator model, time constants

would be similar to those of ganglion cells.

[064] Therefore, all the data shown thus far provide a strong indication of how simple
and very short stimuli are integrated over time. However, a further objective of the
present disclosure is to determine continuous stimulation in order to provide visual
information to improve navigation and visual recognition. In view of this further

objective, one or two electrical pulses are not enough.

[065] Figure 13 is a graph showing a fixed duration pulse train, i.e. a series of multiple
pulses where every pulse has the same width. In particular, in order to determine how
multiple pulses integrate over time, stimuli were fixed duration pulse trains of 200
milliseconds. Pulses were either 0.975 or 0.075 milliseconds in duration, and frequency
varied between 5 Hz and 225 Hz. Amplitude of all pulses in the train varied
simultaneously to find threshold. In other words, the amplitude of each pulses within the

pulse train increased and/or decreased at the same time,

[066] Figures 14 and 15 show graphs indicative of threshold for fixed duration pulse

trains like the one shown in Figure 9.

14



WO 2007/149291 PCT/US2007/013918

[067] It has already been discussed above that the reduction in the amount of current
needed to reach the threshold is due to interactions between pulses. Figure 14 and
Figure 15 show that the decrease in threshold is driven by the frequency of the pulses.

[068] The graph of Figure 14 refers to data coming from pulse trains having widths
(duration of each pulse) of 0.075 ms. On the other hand, the graph of Figure 11 refers to
data coming from pulse trains having widths of 0.975 ms. In both cases, the x-axis
frequency range is the same, i.e. 5 Hz to 225 Hz. However, there is a significant
difference between the amplitude values to reach threshold of the two F igures. The values
of Fig. 14 (between about 300 and about 100 microAmperes) are an order of magnitude
greater than the values of Fig. 15 (between about 40 and about 20 microAmperes). In
both graphs, solid lines have been added to show the behé.vior of the model.

[069] The reason for the different result is the difference in pulse width (0.075 ms vs.
0.975 ms). In particular, as the pulse width is increased, less current is required to drive

the system to threshold, as also previously discussed.

[070] Therefore, it appears that a decrease in threshold is a function of frequency of the
pulses. However, the response to'pulse trains is dynamic, and the resulting pulse train
data cannot be fitted to a leaky integrator model, as there are interactions between pulses
that go beyond that of the model. Also, there is one potential confound with the pulse

train data, and that is that since fixed duration pulse trains are being used, in order to
| change the frequency an increase in the number of pulses is required. For example, at 15

Hz, 3 pulses are used, and at 225 Hz, 45 pulses are used.

[071] In order to determine if a decrease in threshold is a function of frequency or a
function of the number of pulses, or a function of both, the applicants have examined the

relationship between frequency and the number of pulses.
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[072] Figures 16A and 16B are graphs showing threshold values for variable duration
pulse trains. In this example, the stimuli consisted of pulse trains of 2, 3, and 15 pulses
(Where the 2 and 3 pulses examples are shown in Figure 12). The frequency of these
pulse trains was varied by changing the delay between the biphasic pulses. The delay
varied from 0.075 ms to 300 ms, corresponding to a range of frequencies between
approximately 3000 and approximately 3 HZ. As with the fixed duration pulse train data,
perceptual threshold was measured by varying the amplitude of all the pulses within the
pulse train simultaneously. In other words, the amplitude of each pulse within the pulse

train increased and/or decreased at the same time.

[073] Figure 17 is a frequency vs. amplitude-to-reach-threshold graph similar to the ones
shown in Figures 10 and 11, where relationship between frequency and number of pulses
is also shown. Here, the x-axis is represented in a logarithmic scale. Three curves are -
shown. The curve on top corresponds to a 2 pulse train. The curve in the middle
corresponds to a 3 pulse train. The curve on the bottom corresponds to a 15 pulse train.
Differences in behavior between the different numbered pulse trains do not appear until
frequencies above about 20 Hz (about 50 Hz), wherein as the number of pulses is
increased, there is a decrease in necessary current to reach threshold The three curves are
separated by 300 ms at the lowest frequency (3 Hz) and by 0.075 ms at the highest
frequency (3333 Hz). It should be noted that these curves, as with all the data presented,

are generated using a Monte Carlo simulation.

[074] The data of Figure 17 show that there is no statistical difference in perceptual
threshold for all three of the different numbered pulse trains. That is, presenting two
pulses at 20 Hz or presenting fifteen pulses at 20 Hz results in the same perceptual
threshold, and therefore, perceptual threshold becomes independent on pulse timing.
This is more clearly represented when the data in the fifteen pulse trains is averaged over
six electrodes for two patients. Looking at the higher frequencies, there is no statistical

change in threshold as a function of frequency, representing independence on timing but
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a dependence on pulse number. The lower frequencies, as noted above, are independent

of pulse number, but have a clear relationship to pulse timing.

[075] Figure 18 is a graph showing that thresholds for pulse trains with frequencies
below about 50 Hz are independent of the number of pulses. The graph refers to déta for
thresholds for the two (grey bar), three (diagonal-lined bar) and fifteen (horizontal-lined
bar) pulse train data of Figure 17, averaged over six electrodes and over two subjects,
plotted for frequencies of 3, 7, 10 and 20 Hz, wherein the error bars represent the
standard error. Although there may be slight statistical differences between these data,
and there is a trend downward as a function of frequency for the fifteen pulse data, the
statistical differences between the two, three, and fifteen pulse data, when compared at
each frequency, are very similar. This similarity between pulse trains suggests that
perceptual thresholds of the input are independent of pulse number. However, for the

fifteen pulse data, a dependency on pulse timing occurs at lower frequencies.

[076] In view of the data in Figure 19, and the disclosure that ganglion cells operate in a
range that is somewhere below 250 Hz (O'Brien, B. J., T. Isayama, et al. (2002), Journal
of Physfology 538(Pt 3): 787-802), it is determined that increasing frequencies above this
operating ceiling does not supply the system with any additional information about the
stimulus because ganglion cells are computationally incapable of processing frequencies
in this higher range. In another aspect, if the cortex is thought of as a low pass filter, all
the pulses within these higher frequency trains fall within the limits of this integrative
window. Thus, if the window of integration of the cortex is on the order of several
hundred milliseconds, as long as all the pulses within that train fall within that window

(above ~ 50 Hz), the response will be the same.

[077] Figure 20 shows a stimulation pattern generator 310 which can provide the
impulsive electrical signals to implement a determined stimulation pattern from
observing a perceived threshold. This stimulation pattern generator can be programmed

to provide a pattern of pulse trains having a pulse train frequency and a pulse width. For
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example, the stimulation pattern generator can be programmed to provide a pulse train
having a frequency less than 50 Hz, wherein the pulse width is fixed at 0.075 ms or 0.975
ms. Alternatively the stimulation pattern generator can provide a pulse train having a
frequency higher than 50 Hi, wherein the pulse width is variable. As shown, the
stimulation pattern generator is connected to a retinal stimulating device 300. An

example of a retinal stimulating device is shown in Figures 1 and 2.

[078] In summary, a process for designing an apparatus and a method for stimulating
neural tissue is provided. The apparatus provides a means for adjusting the RF link to the
internal coils, and the method provides the maximum intensity with minimum current by
modeling responses to varying stirﬁulation parameters including frequency, pulse width,

and pattern of pulse series (trains).

[079] Accordingly, what has been shown is an apparatus and method for stimulating neural
tissue for improved response to brightness. While the invention has been described by
means of specific embodiments and applications thereof, it is understood that numerous
modifications and variations could be made thereto by those skilled in the art without
departing from the spirit and scope of the invention. It is therefore to be understood that
within the scope of the claims, the invention may be practiced otherwise than as specifically

described herein.
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CLAIMS:

1. A retinal stimulation method, comprising:

generating a stimulation pattern by stimulating a retina of a patient with an
impulsive electrical signal; and

determining how visual perception depends on the generated stimulation pattern
by observing perceptual threshold as a function of features of the impulsive electrical
signal. .

2. The method of claim 1 wherein the impulsive electrical signal comprises biphasic

pulses.

3. The method of claim 2, wherein width of the biphasic pulses varies between 0.075 ms

and 4 ms.

4. The method of any one of the preceding claims, wherein said determining how visual
perception depends on the generated stimulation pattern takes into account effects of
cathodic pulses and does not take into account effects of anodic pulses when evaluating

influence of biphasic pulses on perception.

5. The method of any one of claims 1-3, wherein said determining how visual perception
depends on the generated stimulation pattern comprises evaluating amplitude to reach
threshold in function of pulse width to find that current amplitude to reach threshold

decreases as pulse duration increases.

6. The method of claim 5, wherein the pulse width is fixed to be either 0.075 ms or 0.975

ms.

7. The method of claim 5, wherein pulse width is made variable between 0.075 ms and 4

ms.
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8. The method of any one of claims 5-7, further comprising a delay between pulses,
wherein said delay is variable and said variable delay varies between 0.075 ms and 300

ms.

9. The method of any one of the preceding claims, wherein said determining how visual
perception dej)ends on the generated stimulation pattern comprises applying a leaky

integrator model.

10. The method of any one of claims 1-8, wherein said determining how visual
perception depends on the generated stimulation pattern comprises evaluating summation
across at least one pulse pair in function of amplitude to reach threshold to determine
how a first pulse of the at least one pulse pair contributes to a threshold response of a

second pulse of the at least one pulse pair.

11. The method of claim 10, wherein the first pulse comprises a fixed current amplitude

and the second pulse follows with a variable delay.

12. The method of claim 11, further comprising a delay between the first and second
pulse, wherein said delay is variable and said variable delay varies between 0.075 ms and
300 ms.

13. The method of any one of claims 10-12, wherein the at least one pulse pair comprises

a pulse frequency and said pulse frequency varies between 5 Hz and 225 Hz.

14. The method of any one of the previous claims, wherein the determining how visual
perception depends on the generated stimulation pattern comprises evaluating amplitude
to reach threshold in function of pulse train frequency to find that current amplitude to

reach threshold decreases as pulse train frequency increases.

15. The method of claim 14, further comprising evaluating whether decrease of amplitude

to reEch;hres—hold also deper;ds on ngmber of pulses.
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16. The method of claim 14 or 15, wherein said evaluating amplitude to reach threshold

in function of pulse train frequency comprises evaluating plural pulse trains.

17. The method of claim 16, wherein the plural pulse trains comprise a first pulse train
with two pulses, a second pulse train with three pulses, and a third pulse train with fifteen

pulses.

18. The method of claim 17, further comprising a delay between pulses of each pulse

train wherein the delay varies between 0.075 ms to 300 ms.

19. The method of any one of claims 15-18, wherein at a pulse train frequency of less
than 50 Hz, the threshold depends on a delay between pulses.

20, The method of any one of claims 15-19, wherein at a frequency of greater than 50 Hz,

the threshold depends on the number of pulses and is independent of frequency.

21. The method of any one of the previous claims, wherein the method is applied to

patients with a degenerated retina.

22, The method of any one of the previous claims, wherein the features of the impulsive

signal include at least one between: pulse width, pulse amplitude, and pulse frequency.

23. A method for determining visual perceptual threshold, comprising:

exposing subjects to a series of variable current stimuli;

decreasing amplitude of the variable current stimuli if subject answers correctly to
a current stimulus;

increasing amplitude of the current stimuli if subject answers incorrectly to the
current stimulus; and

generating a psychometric function based on answers of the subject,
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wherein a yes-no paradigm is used, and half of the series of variable current stimuli

contained no stimulus.

24. A method for determining visual perceptual threshold, comprising:

exposing subjects to a series of variable current stimuli;

decreasing amplitude of the variable current stimuli if subject answers correctly to
a current stimulus;

increasing amplitude of the current stimuli if subject answers incorrectly to the
current stimulus; and

generating a psychometric function based on answers of the subject,

wherein the variable current stimuli are varied in a 3 up-1 down staircase pattern.

25. The method of any one of claims 1-22, wherein stimulating a retina is carried out

using a visual prosthetic apparatus.

26. The method of claim 25 wherein the visual prosthetic apparatus comprises: an
implantable portion and an external portion, wherein the implantable portion comprises:

a cable; '

an RF receiver;

an internal coil, and

an array of electrodes; and the external portion comprises:

a frame;

a camera;

an external coil, and

a mountirig system for the external coil.

27. The method of claim 23 or 24, carried out using a visual prosthetic apparatus.
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28. A visual prosthetic apparatus for retinal stimulation comprising:

an implantable portion and an external portion, wherein the implantable portion
comprises:

a cable;

an RF receiver;

an internal coil, and

an array of electrodes; and the external portion comprises:

a frame;
a camera;
an external coil, and

a mounting system for the external coil.

29.  The apparatus of claim 28, wherein the electrode array is attached to the epiretinal
surface, and is electrically coupled by the cable, wherein the cable pierces sclera of a

subject and is electrically coupled to an RF receiver.

30. The apparatus of claim 28 or 29, wherein the external coil is bent toward a subject’s

face.

31. The apparatus of claim 30, wherein the external coil is bent toward the subject’s face

at an angle of 25 degrees.

32. The apparatus of any one of clairﬁs 28-31, wherein the external coil can be adjusted

to control the distance between the external coil and the internal coil.

33. The apparatus of any one of claims 28-32, wherein the apparatus is in the shape of a
visor with sunglasses, thereby decreasing peculiarity to the apparatus being worn by a

subject.

34. The apparatus of any one of claims 28-33, wherein the RF link is electronically

coupled to the internal coil.
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35. The apparatus of claim 34, wherein the RF receiver and the internal coil are held

together by a molded body.

36. The apparatus of claim 35, wherein the molded body comprises suture tabs, and the
molded body forms a strap to surround sclera and hold the molded body, the internal coil

and the RF in place.

37. The apparatus of claim 36, wherein the molded body, the suture tabs and the strap are

an integrated unit made of silicon elastomer.

38. The apparatus of any one of claims 28-37, wherein the implantable portion is attached

to and supported by a subject’s sclera.

39. The apparatus of any one of claims 28-38, wherein the implantable portion is

positioned under rectus muscles in an area of fatty tissue.

40. The apparatus of claim 39, wherein the molded body is in the form of a fan tail

positioned opposite the RF receiver.

41. The apparatus of any one of claims 28-40, comprising adjustment means for reducing

the distance between the inductive coil and the external coil.

42. The apparatus of claim 41, wherein the adjustment means comprises three structural
features corresponding to adjustment in a medial-lateral direction, an anterior-posterior

direction and a superior-inferior direction.

43. A retinal stimulation device comprising: a stimulation pattern generator to provide
a signal to a retina, wherein the stimulation pattern generator generates an impulsive
clectrical signal comprising a pulse train of biphasic pulses, the pulse train having a delay

between pulses and a pulse train frequency.
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44.  The device of claim 43, wherein when said pulse train frequency is less than 50

Hz, the pulse width is 0.075 ms or 0.975 ms.

45. The device of claim 43 or 44, wherein when said pulse train frequency is higher than

50 Hz, the pulse width can be variable.

46. A retinal stimulation apparatus, comprising:

means for generating a stimulation pattern by stimulating a retina of a patient with
an impulsive electrical signal; and

means for determining how visual perception depends on the generated
stimulation pattern by observing perceptual threshold as a function of features of the
impulsive electrical signal.

47. The apparatus of claim 46 wherein the impulsive electrical signal comprises biphasic

pulses.

48. The apparatus of claim 47, wherein width of the biphasic pulses varies between 0.075

ms and 4 ms.

49. The apparatus of claim 46, wherein said means for determining how visual perception
depends on the generated stimulation pattern takes into account effects of cathodic pulses
and does not take into account effects of anodic pulses when evaluating influence of :

biphasic pulses on perception.

50. The apparatus of claim 46, wherein said means for determining how visual perception
depends on the generated stimulation pattern comprises means for evaluating amplitude
to reach threshold in function of pulse width to find that current amplitude to reach

threshold decreases as pulse duration increases.
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