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Abstract—This is the second of a series of two papers on the thermal ing coil). Therefore, the Specific Absorption Rate (SAR) dis-
increase in the human eye and head in response to an implanted retinal sti- tripution resulting from the numerical FDTD at 2MHz has been
mulator. This paper provides Specific Absorption Rates (SARs) induced in . . . . .
the human head by the extra-ocular unit and the temperature increases linearly Scal_ed to reflect the primary side |lnput power use_d In
associated with induced electromagnetic fields and power dissipation of these experiments. A color-mapped graphical representation of
the implanted microchip. Results are provided for different assumptions the resulting SAR is provided in Figure 1. The transmitter coil
about choroid blood flow as well as for different thermal conductivities was constructed with a 2-inch diameter and 10 turns. In two-
of the implanted microchip to account for differences in thermal behav- . . . . . .
ior arising from variations in the material composition of the implant and ~ dimensional simulation, it is represented as two point sources
its hermetically-sealed biocompatible case. It is shown under the expected of opposite polarity and is positioned as indicated in Figure 1
worst case operating conditions that computed results associated with the ghove the left eye ata location consistent with attachment to a
power dissipation of the implanted microchip under the assumption of . .
silicon composition for the entire chip, corresponding to temperature in- _pa|r of framed r(_':'ad'ng glasses. The truncated_head(eyg model
creases of approximately 0.6C in the eye and 0.2C in the retina, closely IS surrounded with 50 PML layers and then excited withkhe
parallel in-vivo experimental results in animals. field sourced from the 2D coil.

Index Terms—Retinitis-Pigmentosa, Age-Related Macular Degenera-
tion, Retina-Prosthesis, FDTD, SAR, Temperature, Thermal-Simulation,

Stimulator-IC coil location

I. INTRODUCTION

The specific absorption rate and the dissipated stimulator
power are the mechanisms which are expected to account
the ocular heating. Therefore, the numerical FDTD method f
specific absorption rate (SAR) computation and the numeric
thermal method in Part | are applied to the newly develops
truncated head/eye model to estimate the increase in temp:

ture. In order to gain further insight into the results, the inflt 316 PORRAL o P 100 316
ence of SAR and dissipated power in the implant are conside| § o - - - -
separately. log;g SAR

Fig. 1. Specific absorption rate in log scale at 2MHz irradiation for 2A coil

Il. SPECIFICABSORPTIONRATE (SAR) current

In a typical application of NCSU’sRetina-3.5 micro-
stimulator [1] in which it is assumed that the implant is operat-
ing with all channels active at current levels 100% of maximu
specifications, required continuous supply currents of 10 and are provided in log scale for best viewing with the

\tlﬁirsvgiﬁdi:t[z(]i Si)(()sveé:;ntigttsg\"tgv:g?Lg;t';/go(i?upl;;gziaisn e?h?lnear scale added for reference. The SAR distribution shows
' P bp at the right eye receives more deposited power than the tar-

primary coil was necessary to obtain 10mA of source curren

- _ . . geted left eye containing the prosthesis. The major reason for
at Vyg=5v andVss=—5v on the secondary side (power recelv,?he location of this peak SAR in the right eye is the much higher
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[1l. THE INFLUENCE OFCHOROIDAL BLOOD FLOW ON results of this simulation appear consistent with expectations of
OCULAR TEMPERATURE the natural temperature distribution in the human head. A peak
Studies have revealed a relation between damage to the tﬁ(r)r]perature of 328570(: oceurs W'thm th? brain due to the
. Igh basal metabolism associated with white and grey matter as
toreceptor layer of the retina and ocular temperature [3], [4].2 "
enin Table IV from Part I. Cooler temperatures occur near the

A_ntenor to thg hu_man 'retmas photqreceptor_ layer and to' t|n erface between the head model and the surrounding air where
pigmented epithelium lies the choroid which is a vascularlz&a{h i
ermal convection occurs.

layer supplying blood to the outer retina. The blood circulation . . I C
density to the outer retina by way of the choroid is known to The ante.rlor portion of the initial temperature d_|str|but|on
be higher than in any other bodily tissue [5], [6]. In fact, th%orres.pondmgto thetrunpated head/eyg model of Flgure_Sfrom
blood flow exceeds the oxygenation needs of the outer ret n%rt _I IS then |solat_ed (Figure 2) to provide a starting point fo_r
and the retinal pigment epithelium [5], [6]. It is proposed th&redmtmg thermal increase above the natural temperature dis-
the high blood flow from the choroidal layer facilitates the reg
lation of retinal temperature which would otherwise increase
the outer retina during the photo-transduction of incident Iing:C
and absorption in the epithelium of excess light energy [7]. Ex-
periments revealed that less energy from incident light was ne
essary in dead animals than in living animals to incur retin
damage [5]. Furthermore, reducing blood flow in living ani
mals also encouraged retinal damage from light energy. Ott
studies revealed a type of closed loop neural feedback in whi
increased energy from incident light produced an increase
choroidal blood flow [8], [9].

In order to gain insight into the influence of choroidal bloot
flow on ocular cooling, numerical simulations are conducted

LE[ibution due to SAR and the implanted microchip. In this front
Hg)rtion of the head model, a peak temperature olG94C
urs in the brain.

Initial temperature distribution in the human head/eye model

compare thermal results first assuming no choroidal blood flc/ R
in the head/eye model of Figure 8 from Partl and subsequerfly &« & & & & 8 & & &8 & & & J
with blood flow modeled. Under both assumptions, the choroid Temperature (Celsius) 371004

is not considered blood, but is instead identified as an indepen-

dent, unique tissue type. However, because it is heavily v&#g 2. Initial temperature distribution (anterior portion) in the human head/eye
larized. it is modeled with the same dielectric and ther deeI in the absence of choroidal blood flow and with no excitation from SAR

cularized, It 1s wi 5 ! ! Métltrom the stimulator IC

properties and mass density of blood.

IV. THERMAL SIMULATIONS IN THE ABSENCE OF

B. Temperature increase due to SAR
CHOROIDAL BLOOD FLOW

) ) . _ A thermal simulation predicting the temperature increase
We first consider the absence of choroidal blood flow Whereg,lising from the SAR of Figure 1 applied to the head/eye model

the temperature of the choroidal tissue is allowed to rise as digFigure 8 from Part | is run with a simulated time coverage of
tated by the bioheat equation, as any other tissue type Woylh hour. At the end of one hour of simulated time, the peak
when exposed to heat. Note that the retina is assigned a highperature rise in the right eye has converged to a value of

blood perfusion constant in Table IV from Part |, wherein thg nggsc and the rate of increase has diminished to approxi-
source of this blood is the adjacent choroidal tissue. Thus, \“ﬁ%tely 107 °C when monitored at 0.5s intervals.

impose the additional constraint that the parametef,0bc- A plot of temperature increase over time due to SAR for the

curring i_n the bioheat eqqation when evaluating retinal tempels Jng right eyes is provided in Figure 3a. The vertical axis
ature will be replaced with the computed temperature of the, oqents the maximum increase above the initial temperature
choroid, and will not be considered fixed at'87as is the case wisyribytion encountered over each eye. The SAR distribution
for other_tlssues_, which are perfused with flowing blood. Thu(g,f Figure 1 indicates most of the power is deposited in the right
we consider a fixed blood temperatuig=37°C, for all per- oo degpite targeting the stimulator IC in the left eye, owing
fused tissues except retina and a variable blood temperatyiey e £_field distribution associated with thé—field sourced
Tenoroid 7 To, In lieu of the retina. The cooling term in theg o, the primary coil. Accordingly, the peak thermal increase
bioheat equation will be-B(T — Tp) for non-retinal tissue and ¢ 5 ogg5C also occurs in the right eye. Note that the temper-
~B(T — Tehoroig) for retina. ature rise in each eye asymptotically approaches steady state as
heat continues to spread beyond the eyes and into the surround-
ing head tissues.

As we are interested in the temperature increase above thé color-mapped graphical plot of the steady state temperature
natural temperature distribution, it is necessary to first simulatestribution resulting from the SAR of Figure 1 is provided in
thermal spread in the head/eye model of Figure 7 from ParFigure 3b. The maximum temperature increase of 0.0685
beginning at an initial assumed air temperature ¢f4vhile indicated by the red area near the lens of the right eye. Once
devoid of the influence of SAR and of the implanted IC. Thagain, this is consistent with the location of the SAR maximum

A. Initial temperature distribution
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from Figure 1. in which the stimulator IC is modeled. Notice again the asymp-
totic convergence of temperature rise in the left eye occurring

for each power scenario, as heat spreads beyond the confines of
Predicted heating in left and right eyes due to SAR

0071 < SARInlefteye the left eye.
£ _SARirghtere A color-mapped graphical plot of the predicted steady state
oosf - temperature distribution arising from operation of the stimulator

IC is provided in Figure 4b, corresponding to the expected worst
case power dissipatiomghiyap) = 46.4672mW from Table |1
from Part I. A maximum temperature increase of 0.6128&
indicated over the region of the IC in the left eye. At the surface

Temperature increase (Celsius)

oosf of the retina, the temperature increase appears to be néax0.2
0.25C.

0.02-

0.01f . ) Predicted heating in left eye due to stimulator implant

°
2

+5v/-5V, 400)A, 50Hz, 1ms, Ksi=150
+5v/-5v, 400A, 50Hz, 2ms, Ksi=150
+5V/-5v, 4004A, 50Hz, 3ms, Ksi=150
+5v/-5v, 4004A, 60Hz, 1ms, Ksi=150
+5V/-5v, 4004A, 60HzZ, 2ms, Ksi=150
+5v/-5v, 4004A, 60Hz, 3ms, Ksi=150
+7v/=7v, 600UA, 50Hz, 1ms, Ksi=150
+7v/=7v, 600uA, 50Hz, 2ms, Ksi=150
+7v=7v, 6004A, 50Hz, 3ms, Ksi=150
J +7vI-7v, 600uA, 60Hz, 1ms, Ksi=150
o +7v/-7v, 600U, 60Hz, 2ms, Ksi=150
F +7vI-7v, 600uA, 60Hz, 3ms, Ksi=150
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(a) Temperature increase versus time

Time: 01:00:00

- Temperature rise above normal due to implanted chip alone
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Temperature (Celsius) 0.0685

(b) Steady state distribution after 60 minutes

Fig. 3. Predicted ocular heating in the head/eye model due to SAR in t
absence of choroidal blood flow

C. Temperature increase due to power dissipation in the nH‘ o o o o o o o o o .O
Yol o n o Yol o Yol o Te} o Yol o
planted stimulator IC S & & 4 &8 & & & % % 3 B8 «:_]
o o o o o o o o o o o o o
The stimulator power estimates of Table Il from Part | ac- Temperature (Celsius) 0.6123
quired fromHspicesimulation have been passed to the thermal
numerical method developed in Section Il from Part | in order (b) Steady state distribution after 60 minutes
to predict ocular heating. These values corresporighgsp)
densny Fig. 4. Predicted ocular heating in the head/eye model due to stimulator implant
and are used to Comp'"%lp(ZD ) in Equation 3 from Part power in the absence of choroidal blood flow

(discrete)
I, according to derivation in section IV from Part I. A separate

thermal simulation has been conducted for each of the twelve
variations in biphasic stimulus currents. As with the simulations
of thermal increase due to SAR, the initial temperature distribu-
tion of Figure 2 is assumed at the start of each simulation. Since, the blood flow rate is considered to vary with inci-
A plot of temperature increase in the left eye over time for thaent light energy [8], [9], the heat dissipating influence of flow-
twelve stimulation cases is provided in Figure 4a. Again, theg blood is modeled by holding the choroidal temperature at
vertical axis represents the maximum increase above the inifigl= 37°C, thereby assuming ideally an “infinite” blood flow.
temperature distribution for the left eye of Figure 8 from Partlh the biological system, the blood is expected to increase above

V. THERMAL SIMULATIONS IN THE PRESENCE OF
CHOROIDAL BLOOD FLow
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T, = 37°C as it carries away heat absorbed in the outer retinaA plot of temperature increase over time due to SAR for the
and pigmented epithelium. But as it quickly circulates and Isft and right eyes is provided in Figure 6a. In contrast to the
replaced by fresh blood, we assume that a fixed choroidal tecorves of Figure 3, the temperature increases for both eyes ap-
perature ofTchoroid = Tp = 37°C in the head/eye model of Fig-pear to reach steady state around 35-40 minutes. The reason
ure 8 from Part | closely approximates the true response of fioe this rapid convergence is that the fixed blood of@n the

choroid. eyes prevents heat from spreading across the choroid as can be
- o clearly seen in the color-mapped graphical plot of the steady
A. Initial temperature distribution state temperature distribution resulting from the SAR of Fig-

In section IV-A the initial steady state temperature distrio"€ 1 as provided in Figure 6b. This is strong contrast to the sit-
tion in the absence of choroidal blood flow was computed ag/@tion presentin Figure 3 where the diffusion of heat does occur
starting point for simulations predicting thermal increase. Sirf¢r0Ss the choroid where Its temperature IS not fo_rced @37
ilarly, a new initial distribution is computed in the presence ofh€ maximum temperature increase of 0.047% indicated by
choroidal blood flow. Once again, this is obtained by assumiHEF red area concentrated in the aqueous humor of the anterior
a fixed choroidal blood temperature & = 37°C and is com- © amber forward of the lens. The fact that the isotherms over

puted beginning with an air temperature of 24and devoid of the right eye of Figure 6b do not cross over the choroid as they

the influence of SAR and the implant IC. do in Figure 3b. This further indicates that the choroid is acting
The anterior portion of the initial temperature distributiof Provide thermal regulation. This is no longer evident near the

corresponding to the truncated head/eye model of Figure 8 fr§fffeous base and over the cornea where the SAR-induced heat

Part | is again isolated from the initial distribution as shown igXPands beyond the boundaries of the right eye.

Figure 5. This new initial temperature distribution clearly high-

lights the choroidal blood flow now accounted for in therme' Predicted heating in left and right eyes due to SAR

simulation, as can be seen in the region posterior to the ret ooy '

in both eyes as compared with the same areas in Figure 2 wh oot

choroidal blood flow was not included. Thus, this new trurg .|

cated initial distribution will serve to initialize the thermal sim-é

ulations of SAR and of the implant IC in the context of bloo(

flow in the choroid. A peak temperature of.3159C occurs & °®f

in the anterior portion of the initial temperature distribution, re Soos

sulting from a forced choroidal blood temperaturdpf= 37°C. 002l

This forced blood temperature in conjunction with heating frorg |

the brain with its high basal metabolism results in a peak tet g /

0.035-

ease

ture i

D 001

perature within the region slightly in excess of theBR4C + [
encountered in Figure 2. ooesyf e
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Fig. 5. Initial temperature distribution (anterior portion) in the human head/e;
model in the presence of choroidal blood flow and with no excitation from SA_ . -

or from the stimulator IC = -
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Temperature (Celsius) 0.0479

(b) Steady state distribution after 60 minutes

0.040

=} 0 o w0 o 0 =3 1s}
o o b b N N [s2} [s2)
s} =} o o =} =} o o
=} =} =} =} o IS} IS} o

B. Temperature increase due to SAR

Under the assumption of fixed choroidal temperature, a ther-
mal simulation predicting the temperature increase arising from
the SAR of Figure 1 is again run with a simulated time coveragg. 6. predicted ocular heating in the head/eye model due to SAR in the
of one hour. After one hour of simulated time, the peak temperesence of choroidal blood flow
ature rise in the right eye has converged to a value of 0.G4.79
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TABLE |
TEMPERATURE ELEVATIONS RESULTING FROM THE THERMAL
SIMULATION OF SAR, CORRESPONDING TGFIGURE 1, IN THE ABSENCE oal
OF CHOROIDAL BLOOD FLOW

Predicted heating in left eye due to stimulator implant

o
+

A +5v/-5v, 400uA, 50Hz, 1ms, Ksi=150
+5v/-5v, 400uA, 50Hz, 2ms, Ksi=150
A +5v/-5v, 400uA, 50Hz, 3ms, Ksi=150
<0 +5v/-5v, 400uA, 60Hz, 1ms, Ksi=150
<
o

+5v/-5v, 400uA, 60Hz, 3ms, Ksi=150
+7vI=7v, 600UA, 50Hz, 1ms, Ksi=150

+7v/-7v, B00UA, 50Hz, 2ms, Ksi=150
+7v/-7v, 600uA, 50Hz, 3ms, Ksi=150
+7v/-7v, B00UA, 60Hz, 1ms, Ksi=150
+7v/=7v, 600UA, 60Hz, 2ms, Ksi=150
Y +7v/=7v, 600uA, 60Hz, 3ms, Ksi=150

Modelregiod | Maximum Peak increase above the
SAR initial temperature

°
»
bl

T

AT=T-To

m o

o C]
(= bloodf | (+ bloody
over left eye 111.9966 0.0079 0.0040

over righteye | 404.1180 0.0685 0.0479 005

°
2
&

Temperature increase (Celsius)

L L L L \
10 20 40 50 60

o

1Corresponds to the head/eye model of Figure 8 from Part I.

2These results represent the maximum temperature increase in the
left and right eyes between the initial and final temperature distribu-
tions in the absence of choroidal blood flow.

3Similarly, these results also represent maximum temperature in-
crease, but now in the presence of choroidal blood flow. Time: 01:00:00

30
Time (minutes)

(a) Temperature increase versus time

Temperature rise above normal due to implanted chip alone

C. Temperature increase due to power dissipation in the i
planted stimulator IC

Again under the assumption of fixed choroidal temperatur
thermal simulations are once more run for each of the twelve s
mulation cases, using microchip power estimates from Table
from Part |, in order to predict ocular heating in the left eye du
to the stimulator implant.

A plot of temperature increase in the left eye over time for th

twelvg stimulation cases is provided in Figure 7a. As with trH 3 3 S 3 3 3 3
SAR-induced heating in the context of choroidal blood flow, th% S 2 2 g o ® u EJ
temperature increases again appear to converge to steady state Temperature (Celsius) 0.4349
within 30 minutes.

A color-mapped graphical plot of the predicted steady state (b) Steady state distribution after 60 minutes

temperature distribution arising from operation of the stimula-

tor IC is provided in Figure 7b, corresponding to the expecteg 7. predicted ocular heating in the head/eye model due to stimulator implant

worst case power dissipatioRyp3p) = 46.4672mW from Ta- power in the presence of choroidal blood flow

ble 1l from Part I. Due to the fixed temperature of the choroid, a

reduced maximum temperature increase of 0.4849 now in-

dicated over the region of the IC in the left eye. The temperatysewer dissipation in the stimulator IC, which take into account

increase appears minimal near the surface of the retina. In cthite twelve simulated variations in biphasic stimulus currents.

trast to Figure 4b, where heat from the stimulator IC expangsthe worst operating conditions considered, corresponding to

beyond the eye region and into the surrounding head tissusiphasic stimulus currents of 608 amplitude at 60Hz repe-

Figure 7b indicates a larger portion of the heat is localized Iijion rate and 3ms pulse width, the maximum temperature in-

the choroid. Only near the anterior of the eye where the choreitbase over the left eye while accounting for blood flow in the

ends do we see heat spreading beyond the left eye boundaryghoroid is lower by 0.17 74 for a decrease of 28.97% with re-

spect to maximum temperature rise obtained with no blood flow.
VI. COMPARISON OFTHERMAL RESULTS WITH AND This comparison for the worst case and the remaining operating
WITHOUT CHOROIDAL BLOOD FLOwW conditions considered is summarized in Table I1.

The numerical simulations of sections IV and V clearly in- A further comparison of the thermal simulation results with
dicate the potential benefit which may be afforded to an irand without choroidal blood flow is provided in Figure 8. Tem-
plantable prosthesis by the blood flow of the choroid. In regargiérature increase in the left eye for the twelve operating scenar-
to SAR, notice that the amount of cooling is more prominent i@s is plotted versus stimulator IC power. The upper bounding
the right eye where the SAR (deposited electromagnetic poweyve represents a least squares linear fit to the thermal results
is greater. The maximum temperature in the right eye is lowig@rthe absence of choroidal blood flow, while the lower bound-
by 0.0206C for a decrease of 30.07% while the maximum iiflg curve represents a fit to the thermal results in the presence
the left eye is lower by 0.003€ for a decrease of 49.37%, a®f choroidal blood flow.
summarized in Table I. The grey-shaded region between the bounding curves repre-

Similar comparisons are provided for ocular heating due $ents the uncertainty region, wherein the actual temperature in-
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TABLE Il VIl. EFFECT OF THETHERMAL CONDUCTIVITY OF THE
TEMPERATURE ELEVATIONS RESULTING FROM THH"SpiCeS|MULATED STlMULATOR IC
POWER DISSIPATION ESTIMATESRpip(ap), OF TABLE I FROMPART I, IN All the results reported above are relative to a thermal con-
THE ABSENCE OF CHOROIDAL BLOOD FLOW ductivity of bare silicon. To gain insight into the effect that

lower thermal conductivity will have on the temperature in-

Vdd, current | frame | pulse Simulated Peak increase above the| : P : : : i
ves rate | width || chip powet | initial temperaturd crease in the eye, due to vanatpns in precise ma.terlal compo
sition of the stimulator IC, additional supporting intra-ocular
V] ﬁJA | [HE] \[’r\]fﬂ Ff#iv“v?” @Tq: T-To components, and the hermetically-sealed biocompatible casing,
DC ey
(=bloodf | (+bloody we have repeated the study for thermal conductivities of the
7575 | 400 50 1 9.1862 0.1210 0.0860 microchip ranging fromKehip = 30 to Kenip = 150. Each of
575 | 400 50 2 15.1580 0.1997 0.1419 . . .
+5-5 | 400 50 3 21.1874 0.2792 0.1983 these simulations has been repeated for the worst case scenario
7575 | 400 60 1 10.4012 0.1371 0.0974 of dissipated power, corresponding to 46.4672 mW. Results are
575 | 400 60 2 17.6018 0.2319 0.1648 h . . £ h £ fch idal bl
+5-5 | 400 60 3 248018 0.3268 02321 shown in I_:lg_u_re 9 for bqt cases of absence of choroidal blood
1;:; ggg gg ; ;g.ggég 8%&2% 8-%2 flow and “infinite” choroidal blood flow. As expected, the case
+7-7 | 600 | 50 3 39.4527 05198 | 0.3693 of an implanted system with a thermal conductivity lower than
77| 600 60 I 18.7112 0.2465 0.1751 that of bare silicon shows higher temperature increase induced
2 e |3 Dol B G IR in the human eye, with an exponential-like decay as a function
of the thermal conductivity. We are still in the process of de-
‘Duplicated from Table Il from Part|. termining the best biocompatible materials before we can make
zAtbslocliutte tbeTperat;Jr:eS are 0rr;lttedf fotr bre\{lty. as thermal increase above gig¢lear assessment of the final thermal conductivity for the im-
initial distribution 1S the parameter ot interes planted portion of the prosthesis. Nonetheless, with the thermal

3 .
These results indicate the maximum temperature increase over the left ey og .
tween the initial and final temperature distributions in the absence of choroi ﬁnductlwty of 150 for silicon, we expect the |mplanted Sys

blood flow. tem with all encapsulant materials accounted for to have a net

4Similarly, these results also represent maximum temperature increase, 8ffective thermal conductivity in excess of 100.
now in the presence of choroidal blood flow.

Computed ocular heating vs. stimulator thermal conductivity ~ Without choroidal blood flow
3r B : : : +7v/-7v, 6004A, 60Hz, 3ms, Ksi=30
+7v/-7v, 600yA, 60Hz, 3ms, Ksi=40
+7v/-7v, 600pA, 60Hz, 3ms, Ksi=50
+7v/=7v, 600pA, 60Hz, 3ms, Ksi=60
+7vI=7v, 600pA, 60Hz, 3ms, Ksi=70
+7vi-7v, 600pA, 60Hz, 3ms, Ksi=80
+7vI-7v, B00pA, 60Hz, 3ms, Ksi=90
— artificial neural network fit

(SSE =5.26173e-07)

Comparison of zero to infinite choroidal blood flow Without choroidal blood flow

A +5v/-5v, 4004, 50Hz, 1ms
+5v/-5v, 4004A, 50Hz, 2ms
+5v/-5v, 4004A, 50Hz, 3ms
+5v/-5v, 4004A, 60Hz, 1ms
+5v/-5v, 400uA, 60Hz, 2ms
+5v/-5v, 4004A, 60Hz, 3ms
+7vI-Tv, 600uA, 50Hz, 1ms
+7v/-7v, B00A, 50HZ, 2ms
+7vI-7v, 60044, 50Hz, 3ms
K 47v/-7v, 600UA, 60Hz, 1ms
+7v/-Tv, 600uA, 60Hz, 2ms
¥ +7vI-7v, 600uA, 60Hz, Cims
— least squares fit to y=mx+
where m=0.01317704, b=t D 00000000
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With choroidal blood flow

+7v/-7v, 600UA, 60Hz, 3ms, Ksi=30
+7v/-7v, 600UA, 60Hz, 3ms, Ksi=40
+7v/-7v, 600UA, 60Hz, 3ms, Ksi=50
+7v/-7v, 600UA, 60Hz, 3ms, Ksi=60
+7vi=7v, 600UA, 60Hz, 3ms, Ksi=70
+7vI=7v, 600UA, 60Hz, 3ms, Ksi=80
+7vI-7v, 600UA, 60Hz, 3ms, Ksi=90
— artificial neural network fit

(SSE = 2.09356e-06)
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With choroidal blood flow

Temperature increase (Celsius)

Temperature increase (Celsius)

0.3
v 5vi-5v, 4004A, S0Hz, 1ms
+5v/-5v, 4004A, 50Hz, 2ms o
0.251 ¥ +5v/-5v, 400uA, 50Hz, 3ms
D +5v/-5v, 400uA, 60Hz, 1ms
02k +5v/-5v, 400uA, 60Hz, 2ms
D +5v/-5v, 400uA, 60Hz, 3ms
015 O +7v/-7v, 600yA, 50Hz, 1ms 4‘0 6‘0 8‘0 1(‘)0 1‘20 1A‘0
I +7v/-Tv, 600pA, 50Hz, 2ms Lo . .
O +7v/-7v, 60Oy, 50Hz, 3ms Thermal conductivity of the stimulator IC (Kchip)
01F +7v/-7v, 600uA, 60Hz, 1ms
L L L L +7v/-7v, 600uA, 60Hz, 2ms
[ 5 10 15 20 25 30 35 40 45 O +rv- 7v, 600pA, 60Hz, 3,"5 . . . S
Stimulator power (mW) — least squares ftto yemx+ Fig. 9. A comparison of computed ocular heating versus thermal conductivity,

where m=0.00935929, b= u 00000000

Kenip, Of the stimulator IC for expected worst case power dissipaBgyap) =
46.4672mW, while considering the absence and presence of choroidal blood

Fig. 8. A comparison of predicted ocular heating versus stimulator implafiW. This heating is recorded at the location of the stimulator IC.
power while considering the absence and presence of choroidal blood flow

=7 uncertainty region

VIIl. EXPERIMENTAL VALIDATION

crease associated with the finite yet unknown blood flow rateln supplement of the analytical validations of the numeri-
is expected to occur. Since the infinite blood flow approximaal methods presented in Section Il from Part | [10], a further
tion considered in the simulations of section V is expected step has been taken to gain additional confidence in the ther-
closely model the response of the true biological system, real simulation results presented in Section IV and Section V.
alistic temperature elevations due to these power estimatesResearchers at the University of Southern California (formerly
expected to track the lower curve much more closely that tae Johns Hopkins University) have experimentally measured
upper curve. Maximum steady state temperature increase inttihe thermal response to power dissipation introduced into the
left eye tracks linearly with stimulator power dissipation bothyes of dogs [11]. In one of several experiments in this work,
in the presence and absence of blood flow. Notice that as 8mW of power dissipation introduced intra-ocularly for a du-
power dissipation increases the difference between maximuation of two hours at midvitreous via a ceramic-tipped resistive
temperature predictions for the presence and absence of blbedting element led to &€ increase in the temperature mea-
flow also increases for corresponding stimulator IC operatisgred at the retina surface. The simulated thermal elevations
conditions. encountered in the left eye versus the twelve power dissipations
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considered for the stimulator IC as shown in Figure 8, represémplantable retinal prosthesis to recover limited sight in blind
the maximum elevation which occurred at the location of thgatients affected by retinitis pigmentosa (RP) or age-related
stimulator IC model in Figure 8 from Part I. In order to corremacular degeneration (AMD). The prosthesis system intends
late this data with this experimental measurement at USC/JitJprovide electrical stimulation to existing living ganglion and
[11], the simulated thermal elevation encountered at the retipigolar cells of the retina using an array of on-chip stimulus cir-
surface is plotted versus the power dissipation in the stimulatiits, and it uses inductive telemetry over coils for power and
IC as shown in Figure 10. data communication. The demonstration that direct electrical
stimulation of retinal ganglion cells can create visual sensation
Comparison of zero to infinite choroidal blood flow  Without choroidal blood flow in patients has been shown clinically [12], [13], and patients

+5v/-5v, 4001A, 50Hz, 1ms, Ksi=150

150, 40018 S0z, 2, 5150 have been able to recognize English characters and other sim-

+5v/-5v, 4004A, 50Hz, 3ms, Ksi=150

% ple forms when stimulated by a small array of retinal electrodes.
TII-7. So0un S0, 2. 9150 A new two-dimensional 0.25mm resolution cross-section
+7vI~Tv, 600uA, 50Hz, 3ms, Ksi=150

#TI-70 6008 G0, I, K150 of the human head has been developed with a novel semi-

+7v/-7v, 600UA, 60HzZ, 2ms, Ksi=150
+7v/-7v, 600UA, 60HzZ, 3ms, Ksi=150

| e o o o automatic discretizer to account for the finest anatomical de-

where m=0.00403710, b=0.00000000

With choroidal blood flow tails of the human eye. While a D-H FDTD method with PML
7 L5I5 ioa o 2me. ki 150 absorbing boundary conditions has been used to compute the

+5v/-5v, 4004A, 50Hz, 3ms, Ksi=150

15050 4004, 60K, s, Kei=150 electromagnetic fields induced in the human head by the exter-

+5v/-5v, 400UA, 60HzZ, 2ms, Ksi=150
+5v/-5v, 400UA, 60Hz, 3ms, Ksi=150

77, 500 5, 1 K5-150 nal telemetry coil, a discretized version of the bioheat equation

002k o :7\//:7\/‘600‘1/: 50Hz, 2ms, Ks:iISO . . i .
0 LT G0 cor. ame.Kee1s0 accounting for both induced SAR and dissipated power of the

0 L i T i +7vI=7v, 6004A, 60Hz, 2ms, Ksi=150
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timulator power (mW) ners oD 6008201, pecb.00000000 . . . . .
perature elevation in the human eye associated with the retinal

i 10, A _ . 4 ocular heat o let prosthesis system.
p:)?/;/er c.iissipgt?irc?rl\O ?r??r?: sc;inslj)lre?tglrjtlec vsr?illjeaéones?ctilggngvtiretagseenc‘;ygn\c/ie;gss-v_v e have concluded that in absence of choroidal blood flow,
ence of choroidal blood flow. This heating occurs at the inner retinal surfadd1ich corresponds to the case of blood flow rates that are not
near the fovea. sufficient to carry away a significant amount of heat, a maxi-
mum temperature rise of 0.0685 is induced by the external
The upper line corresponds to the heating at the retinal sttemetry coil in the eye that does not contain the implanted mi-
face in the absence of any choroidal blood flow. Conversetfochip. Conversely, when considering choroidal blood flow,
the lower line is associated with retina heating where choroid@rresponding to the case of blood flow rates that are such to
“infinite” blood flow is maintained. In the latter case, the fixeghaintain the temperature of the choroid at a steadyC3a re-
choroidal temperature of 3C prevents the adjacent retina fromjuced maximum rise induced by SAR of 0.04C%ccurs.
heating as greatly as in the former case where the choroidal temrhe |argest temperature increase associated with the opera-
perature is not held fixed. As such, a maximum simulated tefign of the retinal prosthesis has been shown to be due to the
perature elevation of only 0.0038 is observed. power dissipated by the stimulator IC, which has been eval-
Based on the observed linear dependence of retinal heaiig§ed under different operational conditions, corresponding to
over the range of power dissipations shown here, extrapolgrious degrees of damage of the patient’s retina, and differ-
ing the 500mW power dissipation used in the experimentset choroidal blood flow assumptions. A worse case temper-
USC/JHU back down tdnip3p) = 46.4672mW (the highest ature rise of 0.612% in the eye with the implant in the ab-
power dissipation considered for the stimulator IC) would prgence of blood flow and a reduced peak increase of 024349
dict a thermal elevation of 0.1858. From the data associ-when accounting for blood flow has been recorded when com-
ated with the case of no choroidal blood flow plotted in Figyuting the temperature increase associated with the implanted
ure 10, the thermal elevation encountered at the retinal surfag@rochip. It should be noted, however, that maximum tem-
for Rnipap) = 46.4672mW is 0.1878C. This is in good agree- perature increase induced on the retina, the most delicate organ
ment with the measured value from the Johns Hopkins exp&fi-the human eye, was lower than @2when the implanted
ment [11]. Although, the data from the John Hopkins expefiicrochip was collocated in the center of the eyeball.
ment was measured on live eyes with choroidal blood flow, nowe should note that the computed results closely parallel
significant changes were measured when choroidal blood fleg¢ent experimental results in animals, especially for the case
was stopped partway through one of the experiments [11]. Tiabsence of choroidal blood flow. This suggests that actual
lack of any observed variations in recorded temperatures durgiproidal blood flow rates are not such to enforce a constant
collection of experimental data indicates that the model with ng~C on the choroid, as in the case of “infinite” blood flow.
blOOd ﬂOW iS more Close to reality than the model W|th inﬁnitq’hree_dimensionaj mode"ng W|“ be Considered to provide ad_
blood flow. This means that the blood vessels in the chorqigional data in support of these observations.
are not such to maintain the choroidal temperature at a constant
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