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No significant correlation was observed betweem PhiNR
amplitude and age for control subjects (, = ~-0.3 = .09
and for ADCA patients ¢ = —(}/,1 P o= G523,

Correlation between ERG Amplitudes and RNFL
Thickness or Psychophysical Measurements

Mean RNFL thickaess around the optic disk, visual acuity, and
mean deviation of static perimetry were not significantly cor-
related with PhINR and OP amplitudes.

DIsCUsSION

it has generally been thought that full-field ERGs are normal in.
patients with ADOA%®?7 because the primary abnormality of
ADOA is the degeneration of ganglion cells.”® Thus, Grinse et
al.*® examined the different components of the fullfield ERGs
inn ADOA patients with OPA 7 mutations and reported that they
were within the normal range for rod and cone components,
Unfortunately, they did not analyze the ERG components that
originate from inner retinal layers. In 1999, Holder et 23,78
reported that the N95 component of the pattern ERG, which is
thought to originate from retinal ganglion cells, was lower than
the normal limit in many ADOA patients and supported the
idea that the fundamental abnormality of ADQA lies in the
retinal ganglion cells,

In our analysis of eight ADOA patients with OFP47 muta-
tions, we found that PhNR amplitudes were significantly re-
duced. PhINR is 4 pegative component of the photopic ERG
seen after the b-wave, and it is thought to originate mainly from
the activity of ganglion cells and their axons.”* PhNR ampli-
tde is reduced after blockage of the action potentials of
ganglion cells by intravitreous injection of tetrodotoxin (TTX).
Tt is also reduced in the eyes of wonkeys with experimentally
induced glaucoma.? In clinical studies, a selective reduction of
the PhlNR has been reported in patients with glancoma®>?! and
optic nerve diseases.>” Thus, it is not surprising to find that the
mean PhNR amplitude in ADOA patients was approximately
two thirds that of conirol subjects and that the amplitudcs of
the PhNR in five of eight patients were lower than the lower
limit of normal in control subjects. These results support the
idea that PhNR can be a useful objective indicator of the
function of ganglion cells and their axopns.

400 —

380 O Q

©  Patient

Normat

21

tower fimit of
neriaal range

Frcure 3. OP amplitude plotted as a function of age in 25 control
subjects (O) and eight ADOA. patients (@) with OPA7 mutations.
Doited line: lower limit of normal range. Solid line: regression line
between amplitude and age in the eight patients (# = 0.78; P = 0.02).
The number shown near the ADOA patient (@) corresponds 1o the
patient number in Table 1.

ERG Findings in Dominant Optic Atrophy wi

fower limis of
normal range

Fraure 4. PhNR amplitude plotted as a function of age in 25 contrel
subjects and eight ADOA patients with QP47 mutations. Dotied line:
lower fimit of normal range. The mumber shown pear the ADOA
patient (D) corresponds to the patient mumnber in Table 1

The most interesting finding in this study was the severe
reduction in OF amplitude in ADCA patients. Thus, the mean
OF amplitude in pan(.mg was less than half that in conirol
oubjc-:cis, and OP amplitude in four of eight patienis was
smaller than the lower limit of normal in control subjects. In
addition, the strong inverse correlation between OF amplitude
and age suggested progressive dysfunction of retinal neurons/
circuiis that gave rise to the OPs,

The origin of OPs has not been definitively determined, but
OFs are generally thought to originate from feedback neural
pathways i m fhc inner retina, especially around the inner plex-
iform layer.®® 3% The cellular origin of OPs is thought to be
mainly amacrine cells, though ganglion cells and bipolar cells
may contribute to some parts of the OPs.™° Our results
strongly suggested that the OPAT gene is required not only for
ganglion cell functioning but also for inner nuclear and plexi-
form layer—including amacrine cell—functioning. However, it
is uncertain whether OPA 1 is divectly related to the function of
amacrine cells, where the OP4 1 gene is expressed, or whether
the dysfunction of amacrine cells is secondary to ganghion cell
degeneration.

Cur results also indicated that the generators of the PhNR
are affected severely in younger patients but that OP genera-
tors decrease slowly md progressively with age. Although the
mechanism causing the gradual amplitude reduction of OPs is
still undetermined, these different effects of the disease on the
OPs and PhiNRs may help to determine discase stage or sever-
ity.

A limitation of this study was that our patients were only
relatively older patients—the youngest patient was Z2—and
therefore we could not analyze retinal function at earlier
stages. Another Himitation was that we did not record the ERGs
from the same patient at different ages and thus could not state
definitively the progressive nature of ADOA. Finally, our data
did not differentiate whether the amplitude reduction of PhNR
and OPs was specific to patients with OP47 mutations or more
generally to optic atrophy. Further studies are needed to clarify
the functional characteristics of the human retina arising from
OPAT mutations.
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T. FURUMIYA ef al.

PR .
ab Stimulus reforeney

glectrade,

Lyvaluation
i board

Packaged PFM image sensor for
wotinal prosthesis

Fig. 1. (a) Experimental setup. (b) Stimulus pulse used in the experiment.
Table I Details of stimulus pulse used in experiment.
1 2 3 4 5

Amplitude {7} A 28 14 8 106 28

Duration (2) Hs 500 1000 2000 100 100

Q-Low ) -
Number (V) pulses i3 1 { 1 5

Charge (C) nC 14 14 16 106 14
Anaplitude (/) uA 54 28 14 106 54

X Duration (D) us 506 1000 2000 1007 100
Q-Mid ) s
Number (V) pulses 1 1 1 i 5

Charge (C) nC 27 28 28 318 27
Amplitude (7} A 106 54 28 106 —

QHi Duration (£) s 500 1000 2000 100 —
Number (N) pulses 1 1 1 5 @ —

Charge (C) nC 53 54 56 53 —

manipulator (Micronics Japan). Figure 1(b) shows a sche-
matic of the investigated stimulus pulse. The stimulus pulse
parameters are current amplitude () (positive, p; negative,
Iy), pulse duration (D) (positive, Dp; negative, Dy), inter-
pulse duration (D), and pulse number (N). The stimulus
pulse used in the experiment is a negative-first biphasic
current pulse, and stimulus efficiency is compared using
three injection charge group: approximately 14, 28, and
54 1A (14 pulses). Table I shows the details of the stimulus
pulse used in the experiment. The inter-pulse durations were
1 ms for single-pulse stimulation (Dp = Dy = 500 to 2000
us) and 100ps for pulse-train stimulation (Dp =Dy =
106 us). The spacing is 100ps for pulse-train stimulation.
Stimuli were applied 10 times for each pulse at intervals of
1.5s. After electrical stimulation, light stimulation was
performed again to confirm that the same response at that
caused by the initial stimulation was obtained.

To reduce the effects of artifacts and noise, two carbon
fiber electrodes (World Precision Instruments; tip diameter,
30pm,) were used for the bipolar recording of the
extracellular response of the RGCs. The positions of the

s

Kl
¥
LR

Stum.

Fig. 2. Electrical stimutus-induced response of RGCs (superposition of 10
stimuli). (a) Q-Low 3, (b) Q-Hi 2.

120
<3
S 80| B D-180ps, M5
k] e 28 ud, M=)
o | D=100 ps, =106 pA
o
£ 40 %
P =
D
0k o
0 10 20 30 40 50 60
Injection charge (nC)
Fig. 3. Experimental results showing the relationship between firing rate

of RGC spikes and injection charge (7 = 5).

carbon electrodes were controlled using two manipulators
(Narishige). The distance between the two carbon electrodes
was set at about 100um, and the distance between the
carbon electrode pair and the tungsten electrode was set at
about 100um. An Ag/AgCl wire was used as the reference
in the chamber. The recorded response was amplified using
an AC differential amplifier (World Precision Instruments;
0.3-10kHz, 10000x). The amplified signal was sampled by
a computer via an analog-to-digital converter (ADC) (Cam-
bridge Electronic Design; 20 kHz, 16 bit). The sampled data
were analyzed using spike-detecting software (Cambridge
Electronic Design) with the spike detection threshold set at
three-fold higher than the floor level.

The induced activity was recorded at twenty two locations
on seven retinas. Figure 2 shows the electrically induced
RGC response. Figure 3 shows the dependence of firing rate
on injection charge. Firing rate was standardized and the
maximum spike number was obtained with Q-Hi 1 in
Table 1. This result indicates that firing rate increases with
stimmjus pulse amplitude in the single-pulse stimulation of
each pulse duration and with stimulus pulse duration in the
single-pulse stimulation, However, firing rate did not depend
on the number of pulses. In the pulse-train stimulation, firing
rate increases with stimujus pulse amplitude and was lower

than that for single-pulse stimulation.

1.506
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T. FURUMIYA ¢f ¢l

-5hd
Pulxe parameter

Fig. 4. Experimental results. (a) Average power consumption and (b)
peak power consumption of stimulus current generator on each pulse
parameter. The plot shows pulse parameters from Q-Low 1 on the left to
Q-Hi 4 on the right.

Figure 4 shows the relationship between the power
consumption of the stimulus current generation and stimulus
pulse parameter. The power consumption of stimulus current
generation at each stimulus pulse parameter was measured
using an ampere meter (Keithley Instruments). The mea-
sured stimulus frequencies were 1, 10, and 100Hz. The
stimulus current was output to a 10 kS2 resistor instead of the
stirnulius electrode. This is because, in order to reach 100 uA
or more of output current when the power supply voltage of
the image sensor is 6V, the maximum admissible Ioad
resistance is about 10 k€2. The standby power requirement of
this circuit was 240.15uW. The maximum average power
consumption was 301.50 uW in Q-Hi 3. The maximum peak
power consumption was 876,15 W in Q-Low 4, Q-Mid 4,
Q-Hi 1, and Q-Hi 4. In the case of the same injection charge,
when pulse duration doubled, average power consumption
minus the standby power increased by 11% and the peak
power consumption minus standby power decreased 45%.
This result indicates that a short-pulse duration is suitable for
reducing peak power consumption and a long-pulse duration
is suitable for reducing average power consumption,

Based on the results of in vitro electrophysiological and
power consumption experiments, single-pulse stimulation is
suitable for use in retinal prostheses. These results also show
that & short-pulse duration is suitable for reducing average
power consumption, while a long-pulse duration is suitable
for reducing peak power consumption. Moreover, the peak
power consumption of a retinal prosthesis, not the average
need, should be counsidered with regard to the maximum RE
transmitted power. For example, when the maximum RF
transmitted power is S0mW, the maximum stimulus pixel
numbers are 63 pixels in Q-Hi 1 and 118 pixels in Q-Hi 3.

However these pixel numbers are insufficient {o reproduce
visual sensation. If the stimulus timing is shified for each
pixel (each column or row), then a device with a few
hundred stimulus pixels could be realized. Considering
average power consumption, a short-pulse duration would be
more suitable for use in a retinal prosthesis.

In summary, the stimulus pulse parameter was inves-
tigated to realize a low-power retinal prosthesis. In vifro
electrophysiological experiments with detached frog retinas
using the fabricated PFM image sensor as a retinal prosthesis
were performed and the stimulus efficiency of single-pulse
and pulse-train stimulations were determined. The results
revealed that single-pulse stimulation is suitable for use in
retinal prostheses. Power consumption measurements veri-
fied that a short-pulse duration is suitable for reducing peak
power consumption and a long-pulse duration is suitable for
reducing average power consumption. Finally, the experi-
ments indicated the possibility of reducing the peak and
average power consumptions of a multisite stimulation.
Future research is needed to reduce the standby power
requirement. In addition, the further investigation of stim-
ufus clectrode material and the determination of the RGC
response to multisite stimulation are needed.
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Fig. 2. Schematic of the intraocular unit. The power receiver supplies voltages
to power the chip and for electrical stimulation. The embedded microprocessor
communicateswith the subretinal implant chip to set the various stimulus wave-
{orm parameters.

voD3Y
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Stmulus
elecirode
PFM photosensor e irod
3Vio &Y 5 vati
DATAL s s me—— . - Livel s_hﬁ' i E
X0 3-bit amplitude
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CLKWDATAC memery,
— :
Read bus b
= 5;0/’ fo stimulus
STHALYLIZE] current
SV generator

Fig.3. Simplified schematic of the pixel showing the PFM photosensor circuit.

unit stores the various system memories for clock generation
and stimulus waveform parameters. The sequencer unit gener-
ates timing clock signals. The serial communication unit clock
(SCLK) running at 500 kHz enables data to be written or read
to 10-bit address and data buffers.

A simplified schematic of the pixel circuit is shown in Fig. 3.
It consists of the PFM photosensing circuit, a 3-bit stimulus
amplitude memory, and a 100 x 100-um? stimulus electrode.
The stimulus amplitude level for each pixel is set independently
using the DATA signal and latched to the 3-bit memory at the
rising edge of the CLKWDATA signal.

B. Image Sensing

Image sensing is implemented using a 2-D array based on
the PEM photosensor circuit. The PEM is a simple circuit that
converts input light into output pulses with frequency varying
in proportion to the light intensity [16], [17]. It can operate
in either synchronous or asynchronous mode. We designed the
image sensor for operation in the synchronous mode. This will
ensure that at any time, only one pixel is active, thereby reducing
power consumption when the output pulses activate the stimulus
electrodes. Recently, it has been reported that operating in asyn-
chronous mode, very wide dynamic range and low power con-
sumption can be achieved [18]. However repeated firing of the
electrodes in asynchronous mode may result in uncontrollabie
power consumption. Basically, the PEM circuit is a self-reset
photodetecting circuit consisting of a comparator, a delay unit,
and a reset switch. The comparator is implemented using an
inverter. In the synchronous mode, the D flip-flop forces the

SIPOSNES)

[TNEG TPLS

TRCS T

Q

ISTHA_NEG

STIVCLK ¢

one frame

Fig. 4. Stimulus output waveform,

output of the PFM circuit to be synchronized to the input clock
(PCLXK), and also delay the feedback signal, rendering enough
time for resetting the photodiode. The pulse output pulses from
the PFM circuit are almost comparable to the electrical signal
used for eliciting neural response from the human retina [2],
[9]. Due to its digital-like output pulse, only simple signal post-
processing is required to produce biphasic current stiraulation.
Also, because of its digital nature, it can be scaled down to deep-
submicrometer process as these technologies become available.

C. Stimulus Current Genervation

It has been shown that retinal cells respond differently when
stimulated with either a negative or positive pulse first [2], [4].
Also, asymmetrical pulse (different phase amplitudes) has been
reportedly used for retinal stimulation [12], In order to cover
the wide range of stimulation waveform requirements, we de-
signed a programmable waveform generator. Seven parameters
are used to define the stimulus waveform as shown in Fig. 4.
The pulsewidth TPOS, TIMD, TNEG, and TPLS are 4-bit
parameters each. The clock for generation of the pulse widths
is STIMCLK. A frame is completed by scanning the column
pixels using the X-decoder signal which also controls the tris-
tate buffer output to STIMLYL[2:0]. Using a 2-MHz base clock,
a typical operation scenario would be 1-ms pulsewidth resolu-
tion for the stimulus pulse running at about 100 Hz.

In order to reduce the necessary circuit area but still maintain
3 wide stimulus range with fine tuping resolution, we imple-
mented a 3-bit linear and exponential digital-analog (ID/A) con-
version, The schematic for the current generator array is shown
in Fig. 5. The current generator is designed using a series of
current mirror circuit with varying transistor sizes. The stim-
ulus current amplitude level is first read from a pre-assigned
3-bit memory in each pixel. This is then used to set the expo-
nential amplifier driving current. The global 3-bit positive and
negative phase current 10°08[2 : 0] and IONEG[2 : 0] are
used to tune the stimulus curtent to reach the desired value. The
required current for stimulation IREE is generated from the cur-
rent generator unit, This current is passed through the linear
D/A converter (DAC) [Fig. 6(a)] where the 3-bit IOPOS[2
0] and TONEG]2 : 0] signal generates the reference voltages
VREFPOS and VREFNEG, respectively. The linear DAC is
implemented using a current source with three different tran-
sistor sizes. The reference voltage is then passed to the expo-
nential DAC [Fig. 6(b)] where the 3-bit STIMLVL[2:0] signal,
through a 3-bit decoder, controls the stimulus current in an expo-
nential fashion. The stimulus current is powered by the higher
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Fig. 5. Schematic of the stimulus current generator arvay block.

VDD3V
f
=G0l or 3
IOREG(2:0] o7 10POS(2:0] l l,(f:x) VREFNEG
—Dor
b j o VREFPOS
gt
b i
= |
(\\fy Loswe 5\ Loy
! 1 Y
6 RN CON
s
U3 1 '
| 1
| |
- (&)
[ G S TIMLVE [2:0}

3

-
J-bit
mermory
4——@ CLKLEVEL
‘_L;——‘w——c ENEXPDA

%3
A g ) 1
; = L
o Ll . Tw Ly Ly
__\ Ly = \ !
e D~HT_,J‘ £ )\ § \, ! e =y
‘( ail] = |
i 4
L?G‘JI 5] %) rci_)} (e/s) (@3) \»3) (6’ (&3)
JF @4 s mt
!1 i
7” VDDSV
2 ° 2 dsi
L{z3

Fig. 6. Schematic of (a) lincar D/A conversion, and (b) cxponential D/A con-
version. Numerator and denominator vatues refer to the width and length (in
micrometers) of the transistor gates, respectively.

voltage source YDDSV. The final stimulus cusrent can be de-
scribed using the equation
9STIMLVL o 4

(H

Io

v = 1 e
fsrm = IRpF X 55 X
where IO is TOPOS when ISTIM is in the positive phase
and IONEG when ISTIM is in the negative phase. This term
represent the linearly increasing current. In order to reduce
power conswmption, current is generated only when pulses are
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Fig. 7. Photomicrograph of the fabricated retinal implant chip. The enlarged
view of the pixel is shown at the bottom.

required. This is controlled by the ENEXPDA signal, which
enables the 3-bit exponential D/A conversion,

D. Control Block

It is necessary to generate the control signals and clocks, de-
scribed above, to operate the retinal implant chip. Initially we
opted for an off-chip solution. Eventually we will implemient it
as part of the chip. The register bank, sequencer, and serial com-
munication unit in the control block were designed using behav-
foral modeling, written in Verilog HDL. Registers are needed
for setting the clock frequencies, pulse parameters and image
processing parameters. The various clock signals are generated
from the base clock.

I, MEASUREMENT RESULTS

The chip has been fabricated using standard 0.6-pm CMOS
process. The microphotograph of the chip and the enlarged view
of the pixel are shown in Fig. 7. The chip specification is listed
in Table 1.

In our experiment, the control block is implemented in FPGA
(Altera Corp. Cyclone™ EPIC12Q240C8 on HuMANDATA
Ltd. CSP-024D board) for fast debugging and code finalization.
This generates the necessary control and timing signals for
the stimulus array chip. The output stimulus output current is
measured under a probe station. In order to visualize the output
image from the chip, we measured the output pulses using
a digital input board (Interface PCI-2772C). Fig. 8 shows a
typical output of the pixel array. A backlit object illuminates
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TABLEI
SPECIFICATION OF SUBRETINAJ, TMPLANT CRIP

Technology 0.6 pm CMOS (2-poly 3-matal)
Pixel count 16x 16

Pixel size 240 pum % 240 um

Frame rate 410 8,000 Hz

Voitage source 3V (logic}, 5 V (stimulus)
Base clogk 2 Mz

Seriai communication speed 500 kHz

Photodiode n-well/p-substrate

Eiecirode size 100 um x 100 pm

Amplitude resolution __2-bit exponential. 3-bit linear (biphasic)

s I y %
COCY (4}

P

Fig. 8.
ment.

Output of 2 backlit object visualized from the output pulsc measure-

the chip and the output pulses are measured. The region with
high light intensity shows a corresponding high frequency
pulse output while the region with low light intensity shows
low frequency output. From the output we can clearly discern
the image of a hand, which is used as the backlit object.

By using a current-voltage converter with 1000-V/A gain, we
measured the stimulus current for both the zero load and loaded
cases. In order to simulate the stimulus electrode driving a stim-
ulus current through the retina cells, we used a cell filled with
saline solution (0.155 M NaCl at pH6.4) and measured the cur-
rent injected through the saline with a reference electrode placed
around the stimulus electrode. The impedance of the cell at ]
kHz is about 80 k2. We have measured the exponential current
increase by changing the 3-bit STIMLVL parameter. The result
is shown in Fig. 9(a). The reference voltage is set to 2.5 V. At
current values below 500 A, the difference between the pos-
itive and negative phase output is less than 5% for the loaded
case, which is fairly reasonable. Overall, the current source cir-
cuit could maintain a drive current for both the loaded and zero
load cases, with a maximum difference of about 8%. The stim-
ulus current saturates at about 500 pA (for both the positive and
negative phase currents) corresponding to the maximum output
voltage swing of 5V, which is the supply voltage rail. Fig. 9(b)
shows the linear biphasic current output. Combined, the linear
and exponential incremental current values give a total of 64
current levels.

The stimulus current is measured by probing the stirsulus
electrode of the pixel. A typical output is shown in Fig. 10. There
is some noise riding on the output current, but generally the
output follows the set parameters fairly well. The output stim-
ulus current waveform is fully re-configurable during operation
by changing the register values of each of its parameters.
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Fig. 9. (a) Exponential biphasic current amplifier output. (b) Lincar biphasic
curfent amplifier output.

I¥. DISCUSSION

Although the optimal number of electrodes has yet to be es-
tablished, it is argued that some 500 to 1000 pixels are needed
to restore useful vision [4]. Due to the size of the stimulus elec-
trodes, the number of pixels is Jimited by the size of the chip. We
demonstrated that 16 x 16 pixels can sufficiently resolve basic
shapes such as that of the hand.

There is a small discrepancy between the positive and nega-
tive phase pulse output currents. P- and N-channel MOSFETs
are used for driving the positive and negative phase current re-
spectively, Due to mismatch in transistor characteristics, the
phase currents may not be equal, This mismatch, however, can
easily be corrected by changing the various parameters in (1)
to reach the desired output current level. In our experiment, we
have substituted the subretinal space with a saline cell, The elec-
trical resistance of the subretinal space is about 50 k{) for an area
of 0.01 mm? [20]. Therefore, usage of the saline cell in our ex-
periment can be justified. Generally it is accepted that a stimulus
threshold current of 100 pA, corresponding to a charge injec-
tion of 0.1 nC at a 0.1-ms interval, will illicit neuronal response
from the retinal ganglion cells [2]. In the subretinal space, lower
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cural clectronic stimulators play an important role
in neuroscicnce and clinical neurocngineering.
Stimulators arc now commercially available
while others continue to be developed [1-{11].
As examples in clinical ncuroengineering, stimu-
fators have been applied (o cochlear prostheses 1121, [13] and
retinal prostheses [14]-[20]. In this article, we focus on retinal
prosthesis as sehematically shown in Figure 1. In the configu-
ration, the implanted stimulator is placed upon the supra-
choroid; this stimulation method is called STS (suprachoroidal
transretinal simulation) [211, [22].

The stimulator includes several electrodes that stimulate the
etinal cells electrically and evoke a spatial phosphen pattern.
Thus. the number of the electrodes is considered to be impor-
tant, although at the present time. only

stinmulus clectrodes have been realized. Creating devices with

over 1,000 electrodes is challenging; such a large number of’

connections between clectrodes and external lcad wires are
extrenmely difficult to fabricate.

Recently, neural interface devices based on silicon micro-
“lcctx’onic<; or large-scale-integration (L.ST) have cmerged
[231-{38]. Since L.ST allows the infcgration of smart funciions
such as LOHUOL amplification, and signal processing with the
stimulators, LSI-based ncural interface devices are atiracting
significant interest. To selve the interconnection issue, we
have proposed the imroduction of LSI technologies to retinal
prosthesis devices [39]-{48]. In addition to solving the inter-
conpections issuc, LSI—based stimulators bring several advan-
tages to photosensors for subretinal implantation. We have
studied L.81-based stimulators for STS [47], [48], subretinal
implantation [39]-{44]. and epiretinal implantation [45].

There are many technical challenges to overcome when
applying LSI-based ncural interface devices to retinal prosthe-
sis. First, the LSl-based interface must be biocompatible. A
standard LST structure is not at all suitable in a biological envi-
ronment; silicon nitride is conventionally used as a protective
top layer in standard LSIs but is eroded in a biological envi-
ronment. Second, the stimulus electrodes must be compatible
with the standard LSI structure; aluminum is conventionatly
used for wire-bonding pads in standard LSls but is completely
inadequate as a stimulus electrode for neural cells because alu-
minum dissolves in saline solution. Third, in additon to the
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a small number of
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and Bxdtendable Microchio-Based Stimulcior

electrode material, the shape of the electrode affects the effi-
cierey of stimulation, with a convex shape being suitable for
cfficient stimulation. Consequently, we need to develop a
completely new packaging technology that fits into a standard
LST structure, is biocompatible, and is effective in stimulating
neural cells. Finally, the devices must also be thin and flexible
to [it the anatomy of target organs and to avold damaging tis-
sues. However, silicon, the base material of the LST chip, is so
rigid that thinning of the LSI chip increases the risk of break-
age. We have previously demonstrated that an image sensor
madc of silicon thinner than 50 zzm can be bent and can oper-
ate with sufficient accuracy [41]. Such a thinmed LS1 chip,
however, must be handled very carefully. To overcome the
issuie of mechanical rigidity and to realize a feasible LSI-based
neural interface device, we have proposed a device architec-
ture consisting of silicon (8i)-based microchips that coopera-
tively operate under a single sct of control signals [46]-{48].

In this article, we report on a retinal prosthesis smart stimu-
lator that is biocompatible and fully compatible with a stan-
dard LSI siructure and that provides high-stimulation
cfficiency. Our stimulator is based on multimicrochip archi-
tecture. We have specifically developed the stimulator for reti-
nal prostheses, but it could be applied to other neuroscience
and clinical neurcengincering fields.

Si-LS! Based Stimuloior: Operalion Principle
and Fundamental Characieristics

Circuit Besign Issues

To stimulate retinal cells effectively, biphasic curtent pulse
stimulation is generally preferred [49]. In addition, biphasic
pulses are required to maintain the charge balance of the bio-
logical environment [50]. When such stimulation is imple-
mented using standard LSI technology, a nccessary
consideration is that the output current and voltage range must
stay within the limits of the technology. That is, the output
current must stay within about —500 to 4500 A and the
voliage from slightly below 0 V to the power supply voltage
Vig of the LST techuology used; {or example, using standard
0.6-um CMOS (complementary metal oxide semiconductor)
icchnology, the range is from —0.5 o +5.5 V. It is noted that
when we usc a biphasic current pulse, the reference voltage
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Vier is usually set at half of the full swing of voltage range in
the sysiem used, and. therefore, the voltage swing in one
polarity must be less than 0.5
Vg =58V, the pocm"c voltage swing must be less than 2.5 V.
Consequently, it is necessary to design an L.51 that can output
cnough high pulse current amplitude in the voltage range in a
biological environment such as saline solution.

X Vya. For cxample for

Secondary Coil
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RF Power/Data Flexible Cables
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Electrode
“~ Stimulator
Chip

Fig. 1. The conceptual drowing of a refinat prosthesis. The

E!@ci;'acim and Packagin
The electrodes and packaging technologies used in the
csign of a standard L8J}-basced stimulator are now
cribed. Figure 2(a) shows the fabrication process for our

cctrode [471]. |481 First, a platinum/gold (PYAu) stacked

bump structure is {ormed on an almmm\m {Al)-bonding
pad in a standard L i -’>ip Aluminum cannot be used in
the biological environment, but platinum is a suitable clec-
rode material due to its excellent bv‘uompa{mdlty and
charge injection efficiency [51]-{53]. The platinum elce-
irode juts out of the top surface of the chip to cnable close
contact with neural cells. To make this jutting platinum
clectrode, we have formed the stacked bump in two sieps,
in which a gold bump is initially formed and a platinum
bump is formed on top. The gold bump acts as a cushion
for the hard platinum bump; direct formation of the plat-
inum bump sometimes breaks the LST /O pa

After fabrication of the stacked PYAu bump, the entire LS]
chip, including the bonding wires, is covered with a biccom-
patible epoxy restn. Finally, the resin on top of the electrodes is
completely removed using a high-power argon (Ar) ion laser;
thus the entire 18I ¢hip, except for the top of the platinum clec-
trodes, is covered with resin. Paryienc coating can be addition-
ally applied 1o the resin to ensure durability in the biological
enviromment and can also be removed
by the Arion laser

,,1

I

o

o

o

implanted chip is placed upon the suprachoroid in this
case (47).
+—Au Bump
(1) AlPad 7" \ Fad
Ik Press
(2} .
Pt Bump
(3)
Press AL
!
@) ’ %
" Epoxy /
5y’
- Laser Fabrication 1y
rd LS4
Epoxy
(6) '
(a)

Al /O Pad

Figure 2(b) shows a scanning clec-
tron micrograph (SEM) of the stacked
PtY/Au bump clectrodes fabricated on
an L8I chip. The diamecter of the
structure is about 100 um and can be
controlled by changing the sitver and
platinum wire diamecter. We have
obtained good reproducibility in fabri-
cating over 100 such bump clectrodes
using an automatic bump bonder. The
coating has been confirmed to protect
the interior of the LSI chip, including
{ the arca close to the clectrodes, from
| the biological environment. 1t is noted
that other high-cfficicncy, biocompati-
ble ciectrode materials such as iridium
oxide (IrQy) and titasium nitride
; (TiIN) [541. [55] can be deposited on
. : the platinum bump,

IPAERLIRR D)

Operoffon in Scline Solufion
To assess the applicability of the clee-

Fig. 2. Pt/Au stacked bump elecirodes on an LS! chip. (o) Fabrication process fiow: (1)
gold bump forming, (2) cressing of gold bump, (3) platinum burmp forming, (4) pressing  ©f
of platinum bump, (8} molding, and (6} platinum exposure. (03 SEM photograph (48).
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trodes and packaging technologics, we
crated the fabricated stimulator in a

saline environment. The stimulator
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chip was fabricated in 0.6-pem standard CMOS technology.
The chip lormed with a PYAu stacked bump electrode was
wire-bonded 10 a test board and was molded. Then the ceat-
ing on the pl tmum clectrode was removed by an excimer
laser to leave an exposcd arca with a diameter of about 20
jm, by the process described above. A reservoir of saline
solution was formed around the chip. Figure 3(a) shows the
processed chip on the test board with the reservoir. The
details of the circuits are described in a tater scetion.

The molded chip was dipped in saline solution and the
reference voltage Wy =15V \\ as supplied via an
silver/silver chioride (Ag/AgCly reference electrode. The
biphasic pulsc paramcters are tlx.c

bles [52]. [52

The current injection for neural stimulation
needs to be carricd out without causing irreversible electrol-
ysis or bubbles. The current injection capability depends on
the material and surface structure of the clectrode. In our
experiments, we have confirmed in clectrochemical experi-
nienis using platinum clectrodes that the voltage Tor appro-
priate current injection swings within the safe range for
reversible electrochemical processes. In addition, we
observed no bubbles on the platinum electrodes during cur-
rent injection. Conscquently. we conclude that the present
packaging of Pt/Au stacked bump electrodes is applicable
for neural stimulation.

amplitudes of the cathodic and anodic
currents, L and £, and the pulsc
durations of the anodic, cathodic, and
ichx‘puhcs. le, i and . In this work,
we fixed |L| = IL,. The pulsc dura-
tions 7., #, and i, were set o the same
value. Hence, the biphasic pulse
wavelorm can simply be described by
the amplitude and interval, for cxam-
ple. 100 uA/100 us.

Figure 3(b) shows the measured
operational voltage for three bipha-
sic, current-controlied pulses. The
pulse parameters used are shown in
the figure. Similar reports on neural
stimulation using platinum electrodes
suggest that the trace presented in
Figure 3(b) is *usonablc for a
cathodic-lirst oxpl 1sic charge injec-
tion [51], [52]. 1 ngub 3(b), the
opci':‘lion"} ‘mltdgc lics within the

ol \\'mg of the chip (from --0.5
5.5 V for the present device) for
Lyplcal conditions in retinal cell stim-
ulation experiments. This indicates
inat the LSI chip can output suffi-
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cicot biphasic current pulses to stim-
ulate retinal cells.

Another consideration relates to the
clectirochemical aspect of current
injcction into a biological environ- 100 fi"‘
ment. Current injection from an elec-
trode into saline (or other biological
solution) includes electrochemical

Input Current (pA) Operation VYoliags (V)

~1 OOQ%O 1,000 2000 —1 OOO}O 10002000 100 ) 10002000

;Txme \_p,s) Time (p.s}

:200 uA

reactions at the interface. Excess volt-
ages applied to the interface cause
irreversible chemical reactions such as
electrolysis and the formation of bub-

IEEE ENGINEERING N MEDICINE AND BiIOLOGY MAGAZNE

Fig. 3. Current injection experiments of PH/Au stacked bump electrodes in a saline envi-
ronment (48). (o) A packaged LSl chip on a testing board for experiments in o saline
environment, (o) Oscilloscone races of current siimulation in a saline solution. Upper
and lower froces show voltages of electrodes and injection current, respectively.
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Bleciricdl Simulation Using o Smari 18I-Based Stimulator
In the previous section, we demonstrated the successful oper-
ation of the LST stimulator in saline solution. In this seetion,
we show that our smart L8I-based stimulator is cffective in
stimulating retinal cells. We used detached bullfrog retinas as
the in vitro experiment [44]. The stimulator used was a
CMOS image sensor-based stimulator array we have devel-

oped for retinal prostheses [43], [44]. Table | summarizes the
chip specifications.

The chip has two functions, which can be switched; an
externally controlied stimulator and a stimulaior that is
controtled by input light intensity such as in photorceeptor
cells. A current source and pulsc shape circuits are jntegrat-
cd on the chip (the details are described in [43]. {44}). The
PUAu stacked bump electrode and chip molding processes
were performed as described in the previous section.
Refore molding, the chip was bonded onto a printed circuit

board for handling. A rescrvoir of Ringer

solution was placed surrounding the chip.
A picce of the bullfrog retina (about 353

PRRSE
Technology
16 % 16

240 o 240

Number of pixels

Pixel size

Power supply voltage 3

Stirmulus electrode size Aboui 160 xm ¢

0.6 i standard 2-poly 3-metal CMOS

v dogie), 5V (stimulus)

mun in widih) was placed. with the retinal
ganglion cell (RGC) side face up. on the sur-
face of the packaged chip. Figure 4(a) shows
the experimental setup. Electrical stimulation
was performed using the chip at a selected
single pixcl. A tungsten counter ¢lectrode
with a tip diameter of 5 zm was placed on the

Stirnulus curent Range =110 +1 mA (iphosic) retina and, thus, a transretinal current was
Resolufion  exponent: 3-b; significand: 3-b i produced between the counter electrode and
i the chip clectrode. A top-view photograph of
|
~ o i
Silver Tungsten §
s Elerirac -
Electrode Elecirode | Stimulus Electrode ]
Finger
Solution TG !
Stimulus ==k etk
Elenitode ™ sl |
Epoxy Aul
Mold —

()

(a)
RGC Response
% g
@
o
o
&
=
10 ¥}
12— -
10 ms 205 ‘
O i) 1 . 31 ] hicdatotalad Lol ot pt
1 10 100 1,000
Stimulus Gurrent (uA)

(d)

Figg. A. The electrical stimulation of a defached refina with the fabricated LSiHbosed stimuiaior (44). (o) Experimental setup, (b) a
microphotograph of the experiment, (¢) on exomple of the RCC response waveform. and (d) the firing rate of the RGC as o

funclion of the stimuius pulse amplifude.
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does not excite the retinal cells but docs excite the PEM the Microchip-Bosed Smont Slimulaior

photosensor cells. We have confirmed that the living rate In the previous sections, we have demonstrated a smart L8]~
increases as the input NIR iigm intensity increases. This based ncural stimulator. To apply the device to a retinal
demonstrates that the smart L8I-based stimulator activates prosthesis. however. it must be implanted in the cyeball and
the retinal cclls through an input of NIR light and suggests will inevitably be bent. As already mentioned, a thinned Si-
that it could be applicd to human retingl prosthesis. Figure 1.ST chip is fragile. Another issue arises associated with
5{b) shows the dependence on the input NIR light intensity fragilivy; that is. how to realize a large number of elecumr‘s
and clearly indicates that the firing rate increases in rclation using ‘>1 LS81. For example, a 1,0( (}—c cctrode array needs ar
to the input light intensity, This in vitro cxperiment suggests arca of over 10-mm?®, and the [ragile characteristics of Si
the effectivencss of the PEM photosensor for a stimulator prevent such a large chip size. Thus, flexibility and
device in subretinal implantation. extendibility are issues to be solved for the implementation

i

e T R

Fig. 7. The process flow of fabrication of the microchip-based stimulator {47). (o) bare
die (4 x 4 microchips), (b) groove formation, (¢) gluing wox onto a flat jig, (d) back-
grinding and separation, (e) gluing onfo a flexible subsirate Ghermal removai of jig),
(f) wiring and tump forming, ond (g) molding with epoxy resin.

IEEE ENGINEERING IN MEDICINE AND BIOLOGY MAGAZNE

of a 8i-LS1 stimulator as a retinal pros-
thesis device.

In this scction. we proposc and
demonstrate a solution to the flexibil-
ity and extendibility limitations of our
smart L3I-based stimulator. We have
developed a new type of smart stimu-
fator that consists of a number of
microchips distributed on a {lexible
substrate. Figure 6 shows the concept
and cross-scctional view of our smart
distributed stimulator. The array con-
sists ol a number of L8I-based
microchips. cach of which is about
500-um square. Each microchip has
several Pt/Au stacked bump elec-
tredes and is covered by the same
process as described previously. We
have developed two types of architec-
ture for the microchip-based stimula-
tor: broadcast and serial bus. The
broadcast architecture is simple but
only stimulates onc clectrode at a
timie, while the serial bus architecture
consumes a large arca for circuitry
but stimulates multiple clectrodes.

the Fobricalion Process of
Microchip-Bosed Smaout SHmuiator
For the smart distributed microchip
architecture, we have developed a dedi-
cated fabrication process. Figure 7
illustrates the process flow. The “moth-
cr” chip contains scveral of the
microchips. In the mother chip, grooves
over 100-pm deep are formed around
the microchips by micromachining
using an excimer laser. The chip is
bonded upside-down to a plate jig with
wax and is then thinned to a thickness
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ol 50-100 pm, Finally, the chip is bonded to a flexible poly-
ide subsirate with thermosetting epoxy resin. The plaie jig
is automatically removed. The PUAu stacked bump clectrodes
and coating process are the same as previously deseribed.

The fabricated stimulator is shown in Figure 8. To implant
the device with a minimum of difficuliics, the thickness of the
device must be as thin as possible; our device has a thick-
ness of around 200 pum, which is
acceptable. As shown in Figure 8(b),

to each other via two wires (not including the power supply
tines) and are placed on a flexible polyimide substrate. The
features of the now chip are as follows, First, it is thin and
bendable so that it can achicve closer contact with neural
cells when implanted and. thus, is suitable for stimulating
reural cells. Sccond, the incorporation of LST in the
microchip allows control and processing of the signals; for

the device can be bent casily. An
image of the entire stimulator with

platinum wires covered with silicone f

tubing is shown in Figure 8(c¢). The e

width of the stimulator is about 3 mm. ‘
In order 1o validate the stimulator in ;

semichronic implantation, we have fab-
ricated a stimulator by the same process !
described ghove exeept, in this case, the :
microchip is just a silicon substrate
with a single Pt/Au bump electrode
formed on it. The stimulator was
implanted in the sclera pocket of a rab-
bit, and the cleetrically evoked potential
(EEP) with stimulating retinal cells was
measured daily. After two weeks. the
BEP signal slightly decreased but was
measurable. These results demonstrale
the possibility of applying the stinula-
tor to retinal prostheses, although fur-
ther studies are required to investigate
long-term biccompatibility, safety, and
other factors.

10 mm

{c)
4 Smior Disirivuied Stimuicitor
with Brocdoost ; Wiecture Fig. 8. Photographs of the fabricated microchip-bosed stimulator (47): (@) close-up of

In the stimulator with broadcast archi-
tecture, the microchips arc connccted

fhe microchips, (0) bending of the stimulator, and (¢) the siimulator with platinum
wires covered with silicone tubing.
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Fig. 9. (@) The circuit diagram and (o) layout of the microchip with breadcast architecture (48).
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example, on-chip amplification circuitry enhances the sig-
nal-to-noise ratio in the monitoring of the electrode imped-
ance, and both sensing and detecting can be implemented
on the samc chip. This provides the device with high
performance and versatility. In addition, L8T reduces the
input/output pads nceded in the device such that only twe
signal lines for stimulaton/record and control are required
apari {rom the power supply lines. The control line operates
the entire sct of microchips, and cach microchip includes
cnough circuitry to decode the control signal. Third, the
device can be connected with another device: such a “daisy
chain™ could combine a large number of clectrodes. for
example, over 1,000 electrodes.

Figure 9 shows the circuit block diagram and the layout of
the microchip [44], [45]. The chip is fabricated using 0.6-4m
2-poly 3-metal standard CMOS technology. The microchip is
50 small, at 600 pm x 600 pom, that it can be thinned down (o
less than 100 pm without risk of it breaking. as shown in
Figure 8(b). The fabricated microchip has nine
stimulation/recording electrodes and control circuits with four
input/output (/O) pads for addressing (ADDRESS) and stimu-
lation/recording (STIM/REC) and four pads for power supply
(VDD and GND). as shown in Figure 10. 1t is to be noted that

cach microchip relays ADDRESS and STIM/REC lines in the
vertical direction and VDD and GND lines in the horizontal
direction (Figure 10). This wiring architecture reduces the
wiring area on the substrate.

We use a broadeast topology to assign one clectrode to be
activated; this consumes only a small area of circuitey, suiffi-
ciently smalil for the size of the microchip. An external con-
woller broadcasts a control signal 1o all of the microchips.
Each microchip has its own identification tag (ID). The
microchip has an 8-b asynchronous counter as an address
buffer [see Figure 9(a)]. The addressing counter counts the
digital pulses applied 1o the ADDRESS line, and the
microchip interprets the value in the counter as the address of
the selecied clectrode. The upper 4 b and the lower 4 b repre-
sent the addresses of the selected chip and the sclected elec-
trode, respectively. Quly the sclected electrode on the selected
chip is connected to the STIM/REC line. Once selected, neural
stimulation/recording can be activated at the selected electrode
via the STIM/REC linc. The 11D of cach microchip is shown in
Pigure 10(a). Figure 10(b) shows experimental results of the
fabricated stimulator in a saline solution. In cach timing, only
one electrode is activated. thus demonstrating that an arbitrary
electrode can be sclectively activated,

IVt
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Fig. 18. (0) Connecticn diagrams of a 4 x 4 microchip-bosed stimulator and (b) the cutput waveforms from the stimulator in
saline sciuiion (47). The four-digit numbers are the microchip 1Ds.
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1t should be noted that the number of microchips to be con-
trotled is restricted by the asynchronous counter design and
that the number could casily be increased it we design the
counter with longer bits. Figure 11 illustrates the extendibility
of the fabricaied device: two stimulators consisting of 4 x 4
wiicrochips with nine clectrodes on each microchip (lotal 144
clectrodes) are comnected: thus, a stimulator with 288 clec-
trodes is realized.
The Microchip-Based Neuvral Inferface Device
with Seriof Bus Archifecture
The broadeast architecture described in the previous section is
simple but cannot realize independent control of the stimulus

parameters for cach microchip. In this section, we describe the
next-gencration microchip-based device, which integrates a
single-wire serial interface. a PFEM-based photosensor, an
image processing circuit, and a current driver circuit [43].
Intreducing the scrial bus architccture enables the stimulator 10
vary in pulse parameters such as amplitude and duration for
cach microchip through the serial interface. The microchip is
fabricated by 0.6-pum CMOS technology and is 500 pm x
500 pm. A microphotograph of onc of the microchips is
shown in Figure 12(a).

Special care is taken in the design in consideration of power
consumption because we assume stimulator operation of a
nunber of the microchips via witcless communication. which

()

Fig. 11. Extendibility of the proposed stimulator: (o) original stimulator, (B) fwo stimulators with horizontal connection, and (<)

two stimulators with verfical connection.
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