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Computed SAR and Thermal Elevation in a 0.25-mm
2-D Model of the Human Eye and Head in Response
to an Implanted Retinal Stimulator—Part |I: Results
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Abstract—This is the second of a series of two papers on the of 200 Vpp at 2 A in the primary coil was necessary to obtain
thermal increase in the human eye and head in response to an 10 mA of source current @ty; = 5 v andV,, = —5 v on
implanted retinal stimulator. This paper provides specific absorp- the secondary side (power receiving coil). Therefore, the SAR

tion rates induced in the human head by the extraocular unitand . . . : .
the temperature increases associated with induced electromagneticd'smbuuon resulting from the numerical FDTD at 2 MHz has

fields and power dissipation of the implanted microchip. Results been linearly scaled to reflect the primary side input power used
are provided for different assumptions about choroid blood flow. in these experiments. A color-mapped graphical representation
Itis shown that computed results associated with the power dissi- of the resulting SAR is provided in Fig. 1. The transmitter coil
pation of the implanted microchip, corresponding to temperature was constructed with a 2-in diameter and ten turns. In two-di-
increases of approximately 0.§C in the midvitreous of the eye and mensional simulation, it is represented as two point sources of
0.2°Cin the retina, closely parallel in-vivo experimental results in - . ! - oo e
animals. opposite polarity and is positioned, as indicated in Fig. 1, above
Index Terms—Age-related macular degeneration, finite-differ- the left eye gt a location consistent with attachment to a pair of
ence time domain (FDTD), retina prosthesis, retinitis pigmentosa, framed reading glasses. The truncated head/eye model is sur-
specific absorption rate (SAR), stimulator IC, temperature, rounded with 50 perfectly matched layers (PMLs) and then ex-
thermal simulation. cited with theH-field sourced from the two-dimensional coil.
Results in Fig. 1 show the power levels, which are scaled to
mW/kg and are provided ilng;, , scale for best viewing with the
linear scale added for reference. The SAR distribution shows
T HE specific absorption rate and the dissipated stimulaigat the right eye receives more deposited power than the tar-
IC power are the mechanisms that are expected to accoggted left eye containing the prosthesis. The major reason for
for the ocular heating. Therefore, the numerical finite-differengge |ocation of this peak SAR in the right eye is the much higher
time-domain (FDTD) method for specific absorption rate (SARonductivity of the eye humor with respect to other organs, such
computation and the numerical thermal method in Part | are aps cartilage, bone, or skin. The eye with the prosthesis is ex-
plied to the newly developed truncated head/eye model to egfissed to minimal electric field (electric field on the axis of the
mate the increase in temperature. In order to gain further insighf| is ideally zero), while the largest electric field is found on
into the results, the influence of SAR and dissipated power in thes sides of the coil. Thus, the opposite eye is exposed to large
implant are considered separately. electric fields compared to organs normal to the axis of the coil.
Considering the higher conductivity of the eye humor, this re-
Il. SPECIFICABSORPTIONRATE (SAR) sults in relatively high SAR compared to other organs.

In a typical application of North Carolina State University’s
Retina-3.5microstimulator [1], in which it is assumed that the [ll. | NFLUENCE OF CHOROIDAL BLOOD FLOW ON OCULAR
implant is operating with all channels active at current levels TEMPERATURE
100% of maximum specifications, required continuous supply
currents of 10 mA were predicted. Experiments with induci—
. , : 0
tive coupling based on the work in [2] showed that a power

|I. INTRODUCTION

Studies have revealed a relation between damage to the pho-
receptor layer of the retina and ocular temperature [3], [4].
nterior to the human retina’s photoreceptor layer and to the
pigmented epithelium lies the choroid, which is a vascularized
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Fig. 1. Specific absorption rate in log scale at 2-MHz irradiation for 2-A coil current.

revealed that less energy from incident Iight was necessary Initial temperature distribution in the human head/eye model

dead animals than in living animals to incur retinal damage [£
Furthermore, reducing blood flow in living animals also encou
aged retinal damage from light energy. Other studies reveale
type of closed-loop neural feedback in which increased enet
fromincident light produced an increase in choroidal blood floy
[8], [9].

In order to gain insight into the influence of choroidal blooc
flow on ocular cooling, numerical simulations are conducted-
compare thermal results first assuming no choroidal blood flc .
in the head/eye model of Part I, Fig. 8, and subsequentlyws o ¢ 5 =2 @ 8 5 & 3 S 8 8 J

o~ o o~ (] [32] (3] ©

blood flow modeled. Under both assumptions, the choroid is n Temperature (Celsius)
considered blood, but is instead identified as an independei,

unique tissue Wpe- However_, beca_use itis heavily VaSCU!a“Z%-. 2. Initial temperature distribution (anterior portion) in the human
itis modeled with the same dielectric and thermal properties amehd/eye model in the absence of choroidal blood flow and with no excitation
mass density of blood. from SAR or from the stimulator IC.

37.1094

IV. THERMAL SIMULATIONS IN THE ABSENCE OFCHOROIDAL  A. Initial Temperature Distribution

BLoob FLow As we are interested in the temperature increase above the

We first consider the absence of choroidal blood flow wherematural temperature distribution, it is necessary to first simulate
the temperature of the choroidal tissue is allowed to rise as dihermal spread in the head/eye model of Part I, Fig. 7, begin-
tated by the bioheat equation, as any other tissue type wouidg at an initial assumed air temperature of 24 while devoid
when exposed to heat. Note that the retina is assigned a hajlthe influence of SAR and of the implanted IC. The results of
blood perfusion constant in Part |, Table IV, wherein the sourdleis simulation appear consistent with expectations of the nat-
of this blood is the adjacent choroidal tissue. Thus, we imposeal temperature distribution in the human head. A peak tem-
the additional constraint that the parametefipfoccurring in  perature of 37.2857C occurs within the brain due to the high
the bioheat equation when evaluating retinal temperature withsal metabolism associated with white and gray matter as seen
be replaced with the computed temperature of the choroid andPart I, Table V. Cooler temperatures occur near the interface
will not be considered fixed at 3C as is the case for other tis-between the head model and the surrounding air where thermal
sues, which are perfused with flowing blood. Thus, we consideonvection occurs.

a fixed blood temperaturé, = 37°C for all perfused tissues The anterior portion of the initial temperature distribution
except retina and a variable blood temperaflifg,.;.a # 73, in  corresponding to the truncated head/eye model of Part I, Fig. 8,
lieu of the retina. The cooling term in the bioheat equation wils then isolated (Fig. 2) to provide a starting point for predicting
be—B(T — T;) for nonretinal tissue and B(T — Tehoroia) fOr — thermal increase above the natural temperature distribution due
retina. to SAR and the implanted microchip. In this front portion of
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Predlcted heatmg in left and rlght eyes due to SAR
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Fig. 3. Predicted ocular heating in the head/eye model due to SAR in the absence of choroidal blood flow. (a) Temperature increase versus timstdty Stea
distribution after 60 min.

the head model, a peak temperature of 37.E2@4dccurs in the encountered over each eye. The SAR distribution of Fig. 1 indi-
brain. cates that most of the power is deposited in the right eye despite
targeting the stimulator IC in the left eye, owing to tRefield
distribution associated with thH-field sourced from the pri-
mary coil. Accordingly, the peak thermal increase of 0.0885

A thermal simulation predicting the temperature increas#so occurs in the right eye. Note that the temperature rise in
arising from the SAR of Fig. 1 applied to the head/eye model eich eye asymptotically approaches steady state as heat con-
Part |, Fig. 8, is run with a simulated time coverage of one houihues to spread beyond the eyes and into the surrounding head
At the end of one hour of simulated time, the peak temperatuissues.
rise in the right eye has converged to a value of 0.063and A color-mapped graphical plot of the steady-state tempera-
the rate of increase has diminished to approximately’10C ture distribution resulting from the SAR of Fig. 1 is provided
when monitored at 0.5-s intervals. in Fig. 3(b). The maximum temperature increase of 0.0635

A plot of temperature increase over time due to SAR for this indicated by the red area near the lens of the right eye. Once
left and right eyes is provided in Fig. 3(a). The vertical axis re@gain, this is consistent with the location of the SAR maximum
resents the increase above the initial temperature distributioom Fig. 1.

B. Temperature Increase Due to SAR
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+5v/5v, 400 mA, 50Hz, 1ms, Ksi=150
+5v/5v, 400 mA, 50Hz, 2ms, Ksi=150
+5v/5v, 400 mA, 50Hz, 3ms, Ksi=150
+5v/5v, 400 mA, 60Hz, 1ms, Ksi=150
+5v/5v, 400 mA, 60Hz, 2ms, Ksi=150
+5v/5v, 400 mA, 60Hz, 3ms, Ksi=150
+7v/7v, 800 mA, 50Hz, 1ms, Ksi=150
O +7v/7v, 600 mA, 50Hz, 2ms, Ksi=150
O +7v/7v, 600 mA, 50Hz, 3ms, Ksi=150
H +7v/7v, 600 mA, 60Hz, 1ms, Ksi=150
Y +7v/7v, 600 mA, 60Hz, 2ms, Ksi=150
Y +7v/7v, 600 mA, 60Hz, 3ms, Ksi=150
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Fig. 4. Predicted ocular heating in the head/eye model due to stimulator implant power in the absence of choroidal blood flow. (a) Temperaturersuseas
time. (b) Steady-state distribution after 60 min.

C. Temperature Increase Due to Power Dissipation in the A color-mapped graphical plot of the predicted steady-state
Implanted Stimulator IC temperature distribution arising from operation of the stimulator

The stimulator power estimates of Part | Table II, acquirdé 1S Provided in Fig. 4(b), corresponding to the expected worst
from Hspicesimulation have been passed to the thermal num&@2S€ Power dissipatioR.pi, ;) = 46.4672 mW from Part|,
ical method developed in Part I, Section I, in order to preTable 1. Atemperature increase of 0.6 1°Z3is indicated above

dict ocular heating. These values correspon#ig, s—p, and the region of the_IC in the left eye. At the surface of the retina,
are used to computhii‘?ji_tﬁ)) (i, ) in Part 1, (3), according to the temperature increase appears to be near 0.220.25

(discrete

)
derivation in Part I, Section V. A separate thermal simulation
L S V. THERMAL SIMULATIONS IN THE PRESENCE OFCHOROIDAL

has been conducted for each of the 12 variations in biphasi¢

: . . ; . BLooD FLow
stimulus currents. As with the simulations of thermal increase
due to SAR, the initial temperature distribution of Fig. 2 is as- Since the blood flow rate is considered to vary with incident
sumed at the start of each simulation. light energy [8], [9], the heat dissipating influence of flowing

A plot of temperature increase in the left eye over time for tHdood is modeled by holding the choroidal temperaturg,at
12 stimulation cases is provided in Fig. 4(a). The vertical ax3 °C, thereby assuming ideally an “infinite” blood flow. In
represents the temperature increase of the midvitreous abovethigebiological system, the blood is expected to increase above
initial temperature distribution for the left eye of Part |, Fig. 8, i1, = 37°C as it carries away heat absorbed in the outer retina
which the stimulator IC is modeled. Notice again the asymptotamd pigmented epithelium. But as it quickly circulates and is re-
convergence of temperature rise in the left eye occurring fplaced by fresh blood, we assume that a fixed choroidal temper-
each power scenario, as heat spreads beyond the confines obthee 0f1 01 = 1 = 37 °C in the head/eye model of Part |,
left eye. Fig. 8, closely approximates the true response of the choroid.
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Initial temperature distribution in the human head/eye model in the color-mapped graphical plot of the steady-state temper-

ature distribution resulting from the SAR of Fig. 1 as provided
in Fig. 6(b). This is in strong contrast to the situation present in
Fig. 3, where the diffusion of heat does occur across the choroid
where its temperature is not forced at’®7. The maximum tem-
perature increase of 0.0478 is indicated by the red area con-
centrated in the aqueous humor of the anterior chamber forward
of the lens. The fact that the isotherms over the right eye of
Fig. 6(b) do not cross over the choroid as they do in Fig. 3(b) in-
e dicates that the choroid is acting to provide thermal regulation.
AR R ma This is no longer evident near the vitreous base and over the
i o T S J cornea where the SAR-induced heat expands beyond the bound-

Temperature (Celsius) . .

37.2159 aries of the right eye.

<t w o
o o™~ o~

Fig. 5. Initial temperature distribution (anterior portion) in the humarg;T T t | Due to P Dissipati in th
head/eye model in the presence of choroidal blood flow and with no excitati emperature Increase Due 1o Fower Dissipation in the

from SAR or from the stimulator IC. Implanted Stimulator IC

Again under the assumption of fixed choroidal temperature,
A. Initial Temperature Distribution thermal simulations are once more run for each of the 12 stimu-

. - ... lation cases, using microchip power estimates from Part |, Table
In Section IV-A, the initial steady-state temperature dlStI’IbL“-, in order to predict ocular heating in the left eye due to the
tion in the absence of choroidal blood flow was computed aAmulator implant

starting point for simulations predicting thermal increase. Slm-A plot of temperature increase in the left eye over time for

ilarly, a new initial distribution is computed in the presence %e 12 stimulation cases is provided in Fig. 7(a). As with the

choroidal blood flow. Once again, this is obtained by assumi@B\R-induced heating in the context of choroidal blood flow, the

a fixed chc_>r0|.dal b!OOd ter_nperatureﬂf =37°Candis com- temperature increases again appear to converge to steady state
puted beginning with an air temperature of°Z2tand devoid of within 30 min
th(?r;]nfluertlce of SA? andft?rv]s |r_r1[_)tl_alr|1ttlc. wre distributi A color-mapped graphical plot of the predicted steady-state

€ anterior portion of the Initial temperature distributiol mperature distribution arising from operation of the stimulator
corresponding to the truncated head/eye model of Part I, Fig, 'is provided in Fig. 7(b), corresponding to the expected worst
is again isolated from the initial distribution as shown in Fig. écase power dissipatioﬁd-' s 1) = 46.4672 mW from Part |
This new initial temperature distribution clearly highlights the. """ 5 ¢ to the fixecil?én;pérature of the choroid. a red;Jced
choroidal blood flow now accounted for in thermal SimUIatio%mperature increase of 0.434is now indicated in th'e region
as can be seen in the region pos'gerio_r to the retina in b(_)th €Y€3ABve the IC in the left eye. The temperature increase appears
compared with the same areas in Fig. 2 where choroidal blg imal near the surface of the retina. In contrast to Fig. 4(b),

I!OW W.’TIIS not thIL.jd.?dl'.Thl:s’ tthhls neV\ll tr_unclagad 'n't'fals(:;mb'%here heat from the stimulator IC expands beyond the eye re-
I??hWI' seirvet I(C;I'mtlr? 1€ te ¢ e;r;:la Z':fl‘u a.lo?hs 0 h .dan ion and into the surrounding head tissues, Fig. 7(b) indicates a
ot the implant 1t In the context ot blood flowin the choroid. arger portion of the heat is localized by the choroid. Only near

pf‘;': ter:pelrflture of t37.2é5?_gc;:_urs n thi. ant;erlor pofrtlon‘tfe anterior of the eye where the choroid ends do we see heat
of the initial temperature distribution, resulting from a force preading beyond the left eye boundary.

choroidal blood temperature @f, = 37 °C. This forced blood
temperature in conjunction with heating from the brain with its

h|gh basal metabo”sm reSU|tS in a peak temperature W|th|n tw COMPARISON OFTHERMAL RESULTSWITH AND WITHOUT
region slightly in excess of the 37.1098 encountered in Fig. 2. CHOROIDAL BLOOD FLOW

The numerical simulations of Sections IV and V clearly indi-
cate the potential benefit that may be afforded to an implantable

Under the assumption of fixed choroidal temperature, rosthesis by the blood flow of the choroid. In regards to SAR,
thermal simulation predicting the temperature increase arisingtice that the amount of cooling is more prominent in the
from the SAR of Fig. 1 is again run with a simulated timeight eye where the SAR (deposited electromagnetic power) is
coverage of one hour. After one hour of simulated time, ttgreater. The temperature in the right eye is lower by 0.0206
peak temperature rise in the right eye has converged to a vallaea decrease of 30.07%, while the maximum in the left eye is
of 0.0479°C. lower by 0.0039C for a decrease of 49.37%, as summarized

A plot of temperature increase over time due to SAR for tha Table I.
left and right eyes is provided in Fig. 6(a). In contrast to the Similar comparisons are provided for ocular heating due to
curves of Fig. 3, the temperature increases for both eyes appgeawer dissipation in the stimulator IC and take into account
to reach steady state around 35—40 min. The reason for this rahiel 12 simulated variations in biphasic stimulus currents. In
convergence is that the fixed blood of 3Z in the eyes prevents the worst operating conditions considered, corresponding to
heat from spreading across the choroid as can be clearly sbgrhasic stimulus currents of 600A amplitude at 60-Hz

B. Temperature Increase Due to SAR
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Fig. 6. Predicted ocular heating in the head/eye model due to SAR in the presence of choroidal blood flow. (a) Temperature increase versusditysiébe Ste
distribution after 60 minutes.

repetition rate and 3-ms pulse width, the temperature increas@ he gray-shaded region between the bounding curves repre-
in the midvitreous of the left eye above the chip (external tents the uncertainty region, wherein the actual temperature in-
the chip) while accounting for blood flow in the choroid iscrease associated with the finite yet unknown blood flow rate is
lower by 0.1774C for a decrease of 28.97% with respect texpected to occur. Steady-state temperature increase in the mid-
temperature rise obtained with no blood flow. This comparisositreous of the left eye tracks linearly with stimulator power dis-
for the worst case and the remaining operating conditiosgation both in the presence and absence of blood flow. Notice
considered is summarized in Table II. that, as the power dissipation increases, the difference between
A further comparison of the thermal simulation results wittemperature predictions for the presence and absence of blood
and without choroidal blood flow is provided in Fig. 8. Temperafow also increases for corresponding stimulator IC operating
ture increase in the midvitreous of the left eye above the chip foonditions.
the 12 operating scenarios is plotted versus stimulator IC powerAll the results reported above are relative to a thermal con-
The upper bounding curve represents a least squares linear fdetivity of bare silicon, and they intend to model the temper-
the thermal results in the absence of choroidal blood flow, whitgure increase induced in the midvitreous of the eye above the
the lower bounding curve represents a fit to the thermal resuttsip. However, it should be noted that the actual temperature in-
in the presence of choroidal blood flow. creases will be strongly dependent upon the composition of the
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A +5v/5v, 400 mA, 50Hz, 1ms, Ksi=150
A +5v/5v, 400 mA, 50Hz, 2ms, Ksi=150
A +5v/5v, 400 mA, 50Hz, 3ms, Ksi=150
< +5v/5v, 400 mA, 60Hz, 1ms, Ksi=150
< +5v/5v, 400 mA, 60Hz, 2ms, Ksi=150
< +5v/5v, 400 mA, B0Hz, 3ms, Ksi=150
O +7v/7v, 600 mA, 50Hz, 1ms, Ksi=150
g  +7v/7v, 600 mA, 50Hz, 2ms, Ksi=150
0 +7v/7v, 600 mA, 50Hz, 3ms, Ksi=150
Y +7v/7v, 600 mA, 60Hz, 1ms, Ksi=150
F +7v/7v, 600 mA, 60Hz, 2ms, Ksi=150
K +7v/7v, 600 mA, 60Hz, 3ms, Ksi=150

(Celsius)

Temperature increase

0.05

@

Time: 01:00:00
Temperature rise above normal due to implanted chip alone

Temperature (Celsius) 0.4349 J
(b)

Fig. 7. Predicted ocular heating in the head/eye model due to stimulator implant power in the presence of choroidal blood flow. (a) Tempersgverisiusea
time. (b) Steady-state distribution after 60 min.

TABLE | TABLE 1l
TEMPERATUREELEVATIONS RESULTING FROM THE THERMAL SIMULATION OF TEMPERATURE ELEVATIONS RESULTING FROM THE HSPICE SIMULATED
SAR, CORRESPONDING TOFIG. 1, IN THE ABSENCE OFCHOROIDAL POWER DISSIPATION ESTIMATES Pepip(s—p) FROM PART |, TABLE I,
BLooOD FLow IN THE ABSENCE OFCHOROIDAL BLOOD FLow
Model region' | Maximum Peak increase above the Vi, current | frame | pulse Simulated Tncrease above the
SAR initial temperature Vis rate width || chippower' | initial temperature?
AT=T-To A f=1 | W Phip(an) AT =T-T,
[m_ ) Vo] | kAl | [Hz | [ms] || [mW] °
kg (=blood)® | (+blood)*
(= blood)® | (+ blood)® ¥5-5 | 400 50 1 9.1862 0.1210 0.0860
over left eye 111.9966 0.0079 0.0040 +575 | 400 50 2 15.1580 0.1997 0.1419
over righteye | 404.1180 0.0685 0.0479 +5-5 | 400 50 3 21.1874 0.2792 0.1983
¥5-5 | 400 60 1 10.4012 0.1371 0.0974
+5-5 | 400 60 2 17.6018 0.2319 0.1648
; _di i ; ; +5-5 | 400 60 3 24.8018 0.3268 0.2321
implant, and_three dimensional simulations should be employec =7 1550 2 = e S e
to characterize these effects. +7-7 | 600 50 2 27.8308 0.3667 0.2605
+7,77 | 600 50 3 39.4527 0.5198 0.3693
7,7 | 600 60 1 187112 0.2465 0.1751
VIl. EXPERIMENTAL VALIDATION +7-7 | 600 60 2 32.5802 0.4294 0.3050
+7-7 | 600 60 3 46.4672 0.6123 0.4349

In supplement to the analytical validations of the numerical
methods presented in Part |, Section 1l [10], a further step has
been taken to gain additional confidence in the thermal sitopkins University (JHU)] have experimentally measured the
ulation results presented in Section IV and V. Researcherstlagrmal response to power dissipation introduced into the eyes
the University of Southern California (USC) [formerly at Johnsfdogs [11]. In one of several experiments in this work, 500 mW
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Comparison of zero to infinite choroidal blood flow Without choroidal blood flow

+5v/Sv, 400 mA, 50Hz, 1ms
+5v/Sv, 400 mA, 50Hz, 2ms
+5v/Sv, 400 mA, 50Hz, 3ms
+5v/5v, 400 mA, 60Hz, 1ms
+5v/5v, 400 mA, 60Hz, 2ms
+5v/5v, 400 mA, 60Hz, 3ms
+7vlTv, 600 mA, 50Hz, 1ms
+7v[7v, 800 mA, 50Hz, 2ms
+7vlTv, 600 mA, 50Hz, 3ms
+7v[Tv, 600 mA, 60Hz, 1ms
+7vlTv, 600 mA, 60Hz, 2ms
+7v/7v, 600 nA, 60Hz, 3ms
= l|east squares fit to y=mx+b,
where m=0.01317704, b=0.00000000

. With choroidal blood flow

+5v/5v, 400 mA, 50Hz, 1ms
+5v/5v, 400 mA, 50Hz, 2ms
+5v/5v, 400 mA, 50Hz, 3ms
+5vi5v, 400 mA, 60Hz, 1ms
+5v/5v, 400 mA, 60Hz, 2ms
+5v/5v, 400 mA, 60Hz, 3ms
+7viTv, 600 mA, 50Hz, 1ms
+7vlTv, 6800 mA, 50Hz, 2ms
+7vlTv, 600 mA, 50Hz, 3ms
+7vlTv, 600 mA, 60Hz, 1ms

3 1 1 L L +7vlTv, 800 mA, 60Hz, 2ms
0 5 10 15 20 25 30 35 40 45 50 +7v/Tv, 600 mA, 60Hz, 3ms

Stimulator power (mW — least squares fit to y=mx+b,
where m=0.00935929, b=0.00000000
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Fig. 8. A comparison of predicted ocular heating versus stimulator implant power while considering the absence and presence of choroidal blood flow.

of power dissipation introduced intraocularly for a duration ofhe lack of any observed variations in recorded temperatures
two hours at midvitreous via a ceramic-tipped resistive heatinlgiring collection of experimental data appears to indicate that
element led to a 2C increase in the temperature measured tite model with no blood flow is closer to reality than the model
the retina surface. The simulated thermal elevations encountenéth infinite blood flow, meaning that the blood vessels in the
in the left eye versus the 12 power dissipations considered firoroid are not such to maintain the choroidal temperature at a
the stimulator IC, as shown in Fig. 8, represent the elevatioonstant value of 37C.
that occurred in the midvitreous of the eye, above the location
of the stimulator IC model in Part I, Fig. 8. In order to corre-
late these data with this experimental measurement at USC/JHU
[11], the simulated thermal elevation encountered at the retinde have presented a numerical study of the thermal increase
surface is plotted versus the power dissipation in the stimulaiorthe human eye and head associated with the operation of an
IC, as shown in Fig. 9. implantable retinal prosthesis to recover limited sight in blind
The upper line corresponds to the heating at the retinal spatients affected by retinitis pigmentosa or age-related macular
face in the absence of any choroidal blood flow. Converselyegeneration. The prosthesis system intends to provide elec-
the lower line is associated with retina heating where choroidaical stimulation to existing living ganglion and bipolar cells of
“infinite” blood flow is maintained. In the latter case, the fixedhe retina using an array of on-chip stimulus circuits and uses in-
choroidal temperature of 3T prevents the adjacent retina fronductive telemetry over coils for power and data communication.
heating as greatly as in the former case where the choroidal téthe demonstration that direct electrical stimulation of retinal
perature is not held fixed. As such, a maximum simulated temanglion cells can create visual sensation in patients has been
perature elevation of only 0.003€ is observed. shown clinically [12], [13], and patients have been able to rec-
Based on the observed linear dependence of retinal heatigize English characters and other simple forms when stimu-
over the range of power dissipations shown here, extrapolatiated by a small array of retinal electrodes.
the 500-mW power dissipation used in the experiments atA new two-dimensional 0.25-mm resolution cross-section of
USC/JHU back down ta’i,3—py = 46.4672 mW (the the human head has been developed with a novel semiautomatic
highest power dissipation considered for the stimulator IG@)jscretizer to account for the finest anatomical details of the
would predict a thermal elevation of 0.1859. From the data human eye. While a D-H FDTD method with PML absorbing
associated with the case of no choroidal blood flow plotted moundary conditions has been used to compute the electromag-
Fig. 9, the thermal elevation encountered at the retinal surfawetic fields induced in the human head by the external telemetry
for Pepips—py = 46.4672 mW is 0.1876°C. This is in good coil, a discretized version of the bioheat equation accounting
agreement with the measured value [11]. Although the ddtar both induced SAR and dissipated power of the implanted
were obtained from live eyes with choroidal blood flow, nanicrochip has been developed to compute the temperature el-
significant changes were measured when choroidal blood fl@wvation in the human eye associated with the retinal prosthesis
was stopped partway through one of the experiments [1&}stem.

VIIl. CONCLUSION
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Comparison of zero to infinite choroidal blood flow Without choroidal blood flow
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Fig. 9. A comparison of computed ocular heating over the left eye versus power dissipation in the stimulator IC while considering the absenceamd prese
choroidal blood flow. This heating occurs at the inner retinal surface near the fovea.

We have concluded that in the absence of choroidal bloadhich can be lower than the actual maximum temperature on
flow, which corresponds to the case of blood flow rates that attee surface of the microchip itself.
not sufficient to carry away a significant amount of heat, a max- A complete and accurate characterization of the temperature
imum temperature rise of 0.068€ is induced by the external distribution on the chip and in the eye can be achieved by using
telemetry coil in the eye that does not contain the implanteédree-dimensional modeling. In this case, the disadvantages are
microchip. Conversely, when considering choroidal blood flohe extremely large computer memory requirements and com-
corresponding to the case of blood flow rates that are suchpotational times necessary to perform simulations characterized
maintain the temperature of the choroid at a steadyG3& re- by a suitable resolution of the computational mesh.
duced maximum rise induced by SAR of 0.041occurs.
The largest temperature increase associated with the opera-
tion of the retinal prosthesis has been shown to be due to th . _
dissipated bv the stimulator IC. which has been evaluate 1] S.C. DeMarco, S. M. Clements, and W. Liu, “A 60 channel implantable
power .ISSIpa ed by . imu - s whi - Vi u. neuro-stimulator for an epi-retinal visual prosthesis,”, unpublished.
under different operational conditions, corresponding to various[2] P.R. Troyk and M. A. K. Schwan, “Closed-loop class E transcutaneous
degrees of damage of the patient’s retina, and different choroidal ~ Power and data link for microimplants£EE Trans. Biomed. Engvol.
blood flow assumptions. A temperature rise of 0.61€23n the 39, pp. 589-599, June 1992.
00 ' > p > p : [3] W. K. Noell, V. S. Walker, and B. S. Kangt al, “Retinal damage by
eye with the implant in the absence of blood flow and a re-  lightin rats,”Inv. Ophthalmol. Visual Sgivol. 5, p. 450, 1966.
. . . damaging effects of radiant energyitch. Ophthalmol. vol. 80, pp.
been recorded when computing the temperature increase in the g5 579" 1968,
midvitreous above the implanted microchip. It should be noted,[5] L. M. Parver, C. Auker, and D. O. Carpenter, “Choroidal blood flow as
however, that temperature increase induced on the retina, the 2heatdissipatingmechanism in the macufarier. J. Ophthaimalvol.
delicat i the h | thaf©.2 89, pp. 641-646, 1980.
most delicate organ in the human eye, was lower than@©. [6] J.T.Ernest, “Choroidal circulation,” iReting 2 ed, S. J. Ryan, Ed.  St.

when the implanted microchip was collocated in the center of  Louis, MO: Mosby-Yearbook, 1994, vol. 1, Basic Science and Inherited
the eyeball. Retina Disease, pp. 76-80.

c d | llel . | [7] P. W. V.Peter W. V. Gurney, “Is our ‘inverted’ retina really a ‘bad de-
omputed results appear to parallel recent experimental re*" gy, » creation Ex Nihilg vol. 13, no. 1, 1999.

sults in animals, especially for the case of absence of choroidajg] L. M. Parver, C. Auker, and D. O. Carpenter, “Choroidal blood flow: Ill.
blood flow. However, we should note that the proposed two-di-  Reflexive control in the humanArch. Ophthalmol.vol. 101, p. 1604,

. ) 1983.
mensional methods and models can characterize the temper

: - e ) ) - L. M. Parver, “Temperature modulating action of choroidal blood flow,”
ture increase in the midvitreous above the implanted microchip, = Eye vol. 5, p. 181, 1991.
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