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Abgtract

Damagetto rat lensesin vitro caused by continuous
(CW) and 24 kW, microwave pulsed (PW) wave radiation
fitsamodel correlating damage to specific absorption (SA),
aproduct of the specific absorption rate (SAR) and exposure
time. This model was extended to include new exposure
conditions: higher peak powersof PW radiation at additional
pulse durations. The overall model related damage to the
SA/dose of radiation. Increasing damage occurred at low
doses as the pulse duration increased from 2 to 20 psec or
the peak power of the pulsesincreased from 24 to 600 kka.
The enhancement relative to CW irradiation was about 80
timesgreater at thelowest dose tested when 20 pisec pul ses
of 600 kka microwaveswereused. Atal10umdeeplayer of
damage in the periphery of the lens, the SAR values for
damage were significantly below currently accepted SAR
valuesfor theAmerican National Standard I nstitute (ANSI)
safety standard. Consistent with increased damage,
experiments using a virtual cathode transmitter delivering
100-200 MW peak power pulsesof similar total energy per
pulse showed damage after only 10 pulses. The relative
biological effect is analogous to that of heavy ion
bombardment of the eyelensin experimental cataracts. This
new data suggest the need for further exploration into the
possibility and the mechanism of accumulative damagefrom
chronic exposure to pulsed microwaves.
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Introduction

The induction of cataracts by microwaves has
traditionally been thought to depend only on the
temperature el evation occurring in the microwave-exposed
eye lens as a function of the average power absorbed
(Cleary, 1980). Therate of microwave energy deposition or
specific absorption rate (SAR) inthe lensisrelated but not
identical to the elevation of lens temperature during
exposure. Different viewpoints on this concept have been
expressed. Kramar et al. (1975) found that the microwave-
induced lens pathology occurred at athreshold temperature
of 41°C (SAR 150 W/kg, for 100 minutes exposure).
Additionally, Carpenter et al. (1977) concluded that
elevation of lens temperature in vivo is a necessary
condition for the production of microwave cataracts but
that microwave exposure increased the degree of damage
markedly.

The initial papers by our group discussed in vitro
results (Stewart-DeHaan et al ., 1981, 1983) which indicated
damage, equivalent to that caused by a 30 minute
temperature elevation, was caused by continuous wave
(CW) power aloneat 0.915 GHz in the absence of any lens
temperature elevation. For exposure, thelenswasplacedin
ad4.5 ccglasscell filled with standard (STD) physiol ogical
saline. Temperature elevation waslimited tolessthan 0.5°C
by circulating thermostatically regulated saline solution
around the exposed lens. Inthe next paper, first in aseries,
our further experiments (Stewart-DeHaan et al., 1985)
indicated that damage from pulsed or CW microwaveswas
related to total dose (SA) or energy deposited in the lens.
Since the dose rate and the time required to produce a
defined amount of damage were reciprocally related, the
question raised was whether microwave damage might be
cumulative over alonger period of time if the reciprocity
extended beyond one hour, thelongest period studied. The
observations also suggested that pulsed exposure caused
more damage than continuous wave (CW) exposure when
given at the same average power and for identical timesand
temperatures. Although the question of reciprocity for
longer periods of time is still unanswered, further
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Figurel. Illustration of waveguideirradiation cell for 600
kW irradiation in waveguide by Cober.

comparisons of damage described in the second paper
(Creighton et al., 1987) indicated that two additional factors
influencing the amount of damage observed by scanning
electron microscopy were; (1) the ratio of peak to average
power of the pulses and (2) the pulse duration in psec. A
first evaluation of the damage dataindicated that repetitive,
10 psec (sec = seconds) duration pulsed irradiation at 24
kW, (net peak power) is 4.8 times as damaging as CW
irradiation for the same average power level. Comparisons
were made for a number of different reciprocally related
combinations of average power and exposure duration, all
involving the sametotal microwave energy delivered tothe
lens under study. This damage was tentatively ascribed to
microwaveinduced thermoacoustic effects (Guo et al ., 1984)
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caused by thermoel astic expansion (TEE).

Inthis paper, to explorefurther the effects of different
peak power and pulse durations, experimentation and
modelling were extended to investigate pul se durations of
2,10, and 20 pisec and net peak powersof 48 and 600 kW at
the same average power levels, aswell as a brief series of
testsof avirtual cathodetransmitter (Transformer Engaged
Megavolt Pulsed Output, TEMPO; Raslan et al ., 1993) with
a peak power approximately 100 times greater than that
possible with the most powerful transmitter used for the
other exposures. These experiments indicated that at the
same average power level, the relative damage caused by
certain pulsed high-peak power microwaves was as much
as 80 times more extensive than CW irradiation with the
sameaverage power, and the TEM PO exposureswere even
more damaging. An additional concern isthat theratio of
relative damage level increases as the total energy in the
lens decreases, i.e., therelative biologica effect increases
as the dose is lowered. This paper integrates the new
microwave results and data obtained in the course of these
latest investigationsinto agreatly extended overall model.

Materialsand M ethods
Biological

Lensesof Sprague-Dawley (Walter Reed strain) rats,
180-200 g average weight, were dissected and exposed to
microwave energy invitro asdescribed previoudly (Stewart-
DeHaan et al., 1983). Immediately following irradiation,
lenseswere fixed using Karnovsky’sfixative (Graham and
Karnovsky, 1960) and prepared for scanning electron
microscopy (Stewart-DeHaan et al ., 1983) or semi-thinplastic
sectioning (Creighton et al., 1987) asdescribed. Theextent
of damage was evaluated by measuring the depth of
granular degeneration and foam and changed morphol ogy
occurring in the subcapsular region. For semi-thin plastic
sections, the morphology was compared to normal
morphology observed in unirradiated controls and sham-
irradiated controlsto alow for any experimental variation
associated with the conditions used in the irradiation
chamber, and in the preparation of the samplefor scanning
microscopy. Thustheonly experimental variation between
sham-exposed lenses and the experimentally irradiated
lenseswastheirradiation given. Theunirradiated controls
were used to assess any possible damage caused to the
sham-irradiated controls by thelensexposure system. When
abnormalities were visible, these would be selected for
further examination and photography or storageasadigital
image.

For irradiation at 600 kka peak power, a circular
glass cell wasinserted into awaveguide irradiation port in
WR 650 waveguide similar to that described previously
(Creighton et al., 1987), except that the cell wascircular and
of larger volume (Fig. 1). The design of the waveguide
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exposure system permitted tuning to maximum microwave
absorption by thelensand saline-filled cell. Thevolume of
phosphate-buffered salinein the cell when filled to the top
of theinlet and exit tubeswas87.7 ml.

Specific absorption ratesfor thelens sampleslocated
in the cell were determined as previously described
(Creighton et al., 1987) except that instead of thefiber optic
temperature probe (Luxtron, SantaClara, CA; responsetime
0.01 seconds) being placed in saline at the position of the
lens, it was surgically inserted to a depth of 1-2 mm in the
cortex of thelens. Using the actual experimental conditions
for SAR determination minimizes theoretical concerns
regarding possible changes in SAR distribution raised by
Moten et al. (1989, 1991) for short pul sesin disperse planar
dielectrics. Thetime-averaged SAR valuesinthelenswere
determined at 37°C, with the circul ating pump shut off, after
temperature equilibration at two different frequenciesusing
thefollowing exposure conditions: () at 915 MHz, 20 kW
peak power, pulse duration 20 ps, repetition frequency 50
Hz and average power 20 W, which was the same average
power used for the con-tinuous wave (CW) dosimetry; (b)
at 1250 MHz, 10 kW pesak power, pulse duration 20 ps,
repetition frequency 100 Hz, and average power 20 W, which
was the same average power used for the continuous wave
dosimetry at this frequency (detailsin Appendix 1). Each
lens was irradiated four times with pulsed microwaves
followed by four CW microwave exposures, and for the
next lens, this order wasreversed. A total of 6 lenseswere
exposed, and the six average values of the four deter-
minations for pulsed or for CW exposures were analysed
statistically to obtain the mean SAR + SE (standard error).
Only small differences, which were not statistically
significant, were seen between the SAR values determined
using pulsed or CW exposures. Theresulting SAR values
stated in W/kg per W incident power were: (a) at 1.250 Ghz
(Caober, Norwalk, CT, transmitter source, 600 kW peak power),
6.46 + 0.98 W/kg per W incident pulsed power and6.26 + 1.1
W/kg per W incident CW power, and (b) at 0.915 Ghz (Lucas
Epsco Inc., Hopkinton, MA, transmitter source, 24 and 48
kW peak power, and for CW), 10.01 + 1.50 W/kg per W
incident pulsed power and 9.81 + 2.10 W/kg per W incident
CW power. These values are dlightly less than those we
determined previoudly at afrequency of 918 MHz with the
probe immersed in the saline at the position of the lensin
theirradiation cell (Creightonet al., 1987): 11.5W/kg per W
incident power. They compare favorably to the previous
data, which assumed the specific heat of the tissue to be
equal tothat of water. Sincethat time, Foster et al. (1982a,b)
pointed out that the lens water content varies greatly
(Philipson, 1969), since protein distributions within the
normal adult rat lensvary from 0.30 (cortex) to 0.90 (center
of the nucleus) g/cm?, mostly water forming the remainder.
Taking 1.3 g/cm?® for the density of protein, water weight
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fractionsrangefrom 0.72 (cortex) to 0.26 (nucleus), yielding
heat capacities of 0.83 to 0.55 cal/g°C respectively. The
appropriate valueto use in these experimentsisthat for the
lens cortex “average” value, since the pathology observed
isall measured from the capsular surface inward asadepth
of penetration of damage. ThisisC_=0.83 cal/g°C, being
the best choice short of measuring the lens thermal
propertiesdirectly (detailsin Appendix 2).

The formula used for the specific absorption rate
calculations by both methods is:

SAR (W/kg) =
k*4.186 Jca* (AT in°C)/(Atins)*C,cal/g°C

wherek =the conversion factor (W/kg = 10° m\W/g)/ (incident
P.0) andthe SAR | (peak) W/kg=SAR * P (peak power).

Theaverage powersand exposuretimeswerevaried,
as previously reported (Creighton et al., 1987), to give a
number of reciprocal combinations which resulted in the
same total dose being absorbed by the lens. The temporal
peak SAR for 600 kW, irrediation was3.876 MW/kginthe
lenscortical region.

Irradiation appar atus

The irradiation apparatus and conditions for
irradiation with CW and pulsed irradiation at 24 and 48 kW
peak power levelsat 0.918 GHz were described previously
(Creighton et al., 1987). Separate serieswere run for each
pulse duration (2, 10 or 20 psec) since pulse duration was
used asone of thevariablesin the overall model. For each
pulse duration, as reported previously (Creighton et al.,
1987), the dose rate was varied by changing the pulse
repetition rate, sincethe average power per pulsewasknown.

For the 600 kka peak power system, pulsed
microwaveswere generated by amodified Cober transmitter
withapulsemodulated 1 MW klystronamplifier. A frequency
of 1.25 GHz was used for the pulse widths of 2, 10, and 20
psec. The volume of saline contained in the portion of the
cell below thetop of the 1.25 GHz waveguide was 58.4 ml
(Fig. 1). Thisdiffered fromthe44.5 ml salinevolume of the
previous cell used in the CW, 24 kka and 48 kka
irradiationsat 0.915 GHz (Creighton et al., 1987). Virtually
all of the power incident on the cell was absorbed due to
careful impedance matching in the exposure system. During
al irradiations, the lens sample was cooled by circulating
phosphate-buffered saline through the cell using the same
specially built thermo-regulated system (Fig. 1).

To test the hypothesis that extremely high peak
power pulses, even of short duration, could cause
observable damageto thelensat nonthermal average power
levels, an experiment was performed using a unique new
transmitter. Thetransmitter, TEMPO (Raslear et al., 1993)
used a special virtual cathode oscillator which generated
incident peak power levelsof 100-200 MW and 10-20 nsec
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Table 1. Mean depth of damage at 600 kW peak power by SAR, Timeand PW.
Tablela. Depthof damagefor pulsewidth =10 psec.

SAR (W/kg) |O (Sham) |3.23 6.46 16.15 323 64.6 1938
Exposure | Power (W) 0 0.5 1 2.5 5 10 30
Duration
6 minutes | Mean 11.7 10.3 220 14.0 175.0 33.0 35.3
Count 2 3 6 2 1 2 1
SD 9.4 21.6 224 7.1 0 6.6 0
20 minutes | Mean 10.7 20.5 18.2 9.8 85.3 84.3 53.9
Count 2 2 4 2 1 1
SD 4.5 17.2 18.9 1.1 6.7 0 0
60 minutes | Mean 7.3 79.2 55.0 10.4 83.8 119.4 104.4
Count 9 2 7 2 2 2 2
SD 43 34.1 584 0.9 8.8 225 37.2
Table1b. Depth of damagefor pulsewidth =20 pisec.
O (Sham) |3.23 6.46 16.15 323 64.6 193.8
SAR (W/kg)
Exposure | Power 0 0.5 1 2.5 5 10 30
Duration (W)
6 minutes | Mean 59 26.1 5.5 60.8 67.5 16.7 28.6
Count 3 2 4 4 1 2 2
SD 2.6 3.0 4.0 221 0 6.5 7.4
20 minutes | Mean 20.9 345 32.1 65.7 59.8 353 419
Count 6 1 4 4 2 2 2
SD 10.6 0 18.2 38.6 11.7 7.5 2.7
60 minutes | Mean 22.0 383 27.6 67.3 50.0 41.9 54.2
Count 6 1 4 4 1 2 2
SD 9.2 0 17.7 333 0 20.4 8.3

duration at afrequency range of 3000 + 200 MHz. For these
experiments, lenseswere placed in phosphate buffered saline
for irradiation at adistance of 2m from the antenna source.
The total duration of exposure for the lenses varied from
approximately 1 minutefor thelens exposed to 10 pulsesto
less than 10 minutes for the lens exposed to 80 pulses,
following which the lenses were fixed immediately. The
peak SAR found for rat eye at the position at which the
lenses were exposed was 5 MW/kg for rat and 15 MW/kg
for exposure of amonkey head. If thisresult wasapplied as
an approximate indication of the average dose per pulse, it
could be calculated to be 0.1 to 0.3 Jkg per pulse
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respectively, or for a series of 10 pulses, 1to 3 Jkg. The
corresponding SAR would be (for 10 pulsesin one minute)
0.0167 W/kg or (for 80 pulsesin 10 minutes) 0.013 W/kg.

Although 15 kev ionizing radiation was also present
at the site of irradiation at a level of 1 milliroentgen per
pulse, the total energy absorbed from this source would
not be damaging based on previous experience (Rosset al .,
1983, 1990) inwhichrat lenseswere exposed to higher energy
y-irradiation from ®Co.

Satigtical analysisof SEM data
To find the lowest SAR that produces lens damage
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Table?2. P-valuesfrom 3-way ANOVA onthe 600 kW series.

Table 3. InteractionsANCOVA analysis.

Factor P<
SAR 0.001
TIME 0.005
Pulse Width (PW) 0.26
SARXTIME 005
SARXPW 0.001
TIMEX PW 022
SARXTIMEX PW 0.69

significantly different from that observed in“ sham-exposed”
lenses, lenseswere placed in the standard waveguide/saline
cell system without microwaveirradiation. Themean depth
of damage was measured in samples which had received
timeaveraged SAR'sof 3.23, 6.46, 16.15, 32.3,64.0, and 193.8
W/kg (600 kka peak power). Damage was compared with
that observed in “fresh” and “sham” exposed lenses
prepared during this series. The comparisons were made
using the modified Tukey method of multiple comparisons
(Winer, 1971).

Effectsof SAR, timeand pulsedurationin the600
kW, series When the observations from the 600 kW
peak power series were included for each SAR level, data
wereavailableat thesix levelsof average SAR cited above.
For each SAR level three exposuretimes (6, 20, 60 minutes)
and three pulsewidths (2, 10, and 20 psec), wereused. Also
datawere obtained for sham exposed lenses. A threefactor
analysisof variance (ANOVA) was appliedtothe 7x 3x 2
factorial design with unequal numbers of observations at
the various combinations of seven specific absorption rates
(including 0 W/kg shams), at the three exposure durations
(TIME), and two pulse widths (PW). In thisanalysis, the
main effects of each factor were assessed with the other
two factorsheld constant. Similarly, thetwo and three-way
interactions were assessed with all main effects and
interactions of lower order held constant. This means, for
example, that thetest for the main effect of SAR was based
onthevariation attributable only to SAR after thevariation
attributable to TIME and PW had been removed.

ANCOVA (Analysisof covariance) analysisof data
for 24, 48, and 600 kW peak This analysis included
exposuretimes (6, 20, and 60 minutes, pulse widths (2, 10,
and 20 pisec) and peak powers (24, 48, and 600 kW peak) as
factors. The SAR factor was treated as a covariant. The
data are unbalanced, because for pulse peak power 24 kW
only datafor 10 psec pulseswere available. The software
used (SAS/GLM, SASInstitute, 1984) isunableto estimate
means adjusted for SAR levels when al interactions are
included in the model. For this reason, a model with no
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Factor DF (Degrees Significance

of freedom) levels
(P-values)

SAR 1 0.0001

SAR*RPP 2 0.0001

SAR*RTIME 2 0.0250

PP 2 0.0010

TIME 2 0.0001

PW 2 0.0001

PP*RTIME 4 0.0006

interactions between pulse width and other factors was fit
to the data.

General model Asdescribedin our previous paper
(Creighton et al., 1987), thedatawerefit to alog-linear model.
A general model based on our earlier study was devel oped
to expressthedepth of damage (DEP) asafunction of power
(P) and SAR X TIME (specific absorption, SA) for CW and
pulses (at 24, 48, and 600 kka). The model was obtained
by fitting all databy multipleregression. Theestimatesfor
the coefficients were obtained by transforming the model
toitslog-linear form with log (P) set equal to zero for CW
data (Fig. 3). This model allowed for the possibility of
interaction between the reciprocal effect of SAR x TIME
and peak pulse power (PPpk): that is, the hypothesis, that
the effect of SAR x TIME was the same for each level of
PP_ , wastested in the process of fitting the model.

pk’

Results

For lenses fixed immediately after exposure, the
damage observed by SEM was similar to that previously
described (Creighton et al., 1987), which was of several
types: (1) holes within the fiber cells, especialy in the
equatorial region of thelens; (2) capsular effects of surface
granulation or pitting; (3) globular degeneration starting
firstin the equatorial region and sometimesin the anterior
and posterior subcapsular regions; (4) foam or bladder cells
(swollen cells of the lens epithelium often observed in
cataractous lenses; Yanoff and Fine, 1989) located
subcapsularly; and (5) granular appearance of fibre cell
surfaces. Thedamage noted in lensesfixed immediately is
less than the damage developing in lenses that were fixed
after 48 hours incubation of the lens; in the latter, more
extensive globular degeneration and foam were seen.

Typica patterns of damage produced by the 600
kka exposures (Fig. 2) aresimilar to that observed with 24
kka 10 psec pulses shown previously (Creighton et al.,
1987). In vitro exposure at 48 kW, (not shown) caused
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Figure2. Scanning electron micrographsof lensesexposedin vitro to 0.6 MW peak power pulsed microwaves: 10 psec pulse
durationwasused. Irradiation conditionsto obtain SAR’sindicated are described in thetext. All lenseswerefixed immediately
after exposurein Karnovsky'sfixative and prepared for SEM as described. Lenseswere exposed asfollows: (A) Unirradiated
control showing lens capsule subcapsular region and fiber cells. (B) SAR 6.5 W/kg for 60 minutes, showing zonular attachment,
subcapsular foam (bladder cells), and at higher magnification (inset), the granular cellular surface. (C) SAR 6.5 W/kg for 6
minutes, showing subcapsular foam. (D) SAR 6.5 W/kg for 60 minutes, showing capsule, subcapsular foam, and underlying
fiber cells. (E) SAR 16.2 W/kg for 6 minutes, showing capsule, subcapsular foam bladder cells, and holes and vacuole in
underlying fiber cells. (F) SAR 16.2 W/kg for 60 minutes, illustrating subcapsular foam and holesin exposed cell surfaces of
underlying fiber cells. (G) SAR 193.8 W/kg for 6 minutes, showing capsule and subcapsular foam. (H) SAR 193.8 W/kg for 60
minutes, showing capsule, subcapsular foam and “melted” cells, underlying which appear to have fused as aresult of the
irradiation.

similar damage. minutes. Until the SAR equalsor exceeds 32.3 W/kg, there
Effectsof SAR, TIME and pulsewidth in the600kW isno consistent difference between depth of damage at the
series ’ two pulse widths (10 and 20 psec), while above this level

Thedatafor the 600 kka exposuresaretabulated in these pulse widths show consistent differences.

Table 1. For the major effectsand interactions of ANOVA ANCOVA usingmodel without inter actionsbetween
analysis, the p-values (Table 2) suggest that effects of pulse pulsewidth and other factors

width (PW, the common factor), TIME x PW, and SAR X As can be seen from the analysis of variance table
TIME x PW are not statistically significant. SAR had a (Table 3), al factors have significant p-values (p < 0.05),
significant effect, however it appearsthat thereisnoincrease however the adjusted means suggest that the dependence

in DEP beyond a time-averaged SAR of 32.3 W/kg. The on peak power isless significant when thelevel of SARis
significant interaction between SAR and TIME is due to takeninto account. The SAR values(Table4) were positively
thelargevalueof DEPat aSAR=32.3W/kgand TIME =6 associated with the depth of damage (i.e., the higher the
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Tableda. Microwavereciprocity study (depth of damage) at 24 kW peak power.

SAR 20 60 200 650
(Wikg)
Exposure Power (W) |2 watts 6 watts 20 watts 65 watts
Duration
6 minutes Mean 0.625 21.433 42.475 51.560
Count 4 3 4 5
Sum 2.5 64.3 169.9 257.8
SD 0.750 4.704 1.394 6.140
20 minutes Mean 33.500 39.813 54.638 180.000
Count 4 4 4 4
Sum 134.000 159.250 218.550 720.000
SD 2.656 2.095 1.775 8.416
60 minutes Mean 41.620 51.112 185.625 203.750
Count 5 4 4 2
Sum 208.100 204.450 742.500 407.500
SD 1.702 1.288 8.985 1.768
Table4b. Microwavereciprocity study (depth of damage) at 48 kW peak power.
SAR 20 60 200 650
(Wkg)
Exposure Power (W) |2 watts 6 watts 20 watts 65 watts
Duration
6 minutes Mean 9.775 45.750 49.750 76.600
Count 4 4 4 4
Sum 39.100 183.000 199.000 306.400
SD 4.862 22.456 7.377 38.066
20 minutes Mean 17.625 60.000 75.625 91.875
Count 4 3 4 4
Sum 70.500 180.000 302.500 367.500
SD 6.028 6.614 17.452 9331
60 minutes Mean 51.625 75.000 133.667 82.500
Count 4 4 3 1
Sum 206.500 300.000 401.000 82.500
SD 6.625 10.206 5.132 0
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Depth of Damage for Continuous Waves and
Pulsed Waves at 24, 48, and 600 Kw for Pulse Width 10
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Figure 3. Overall equations for the depth of damage at different pulse durations and peak pul se powers fit to the model at
pulse peak powers CW, 24, 48 and 600 kW asdiscussed inthetext. (A) Curvesfor 10 psec pulses; (B) (on facing page) curves

for 20 psec pulses.

SAR, thegreater the depth of damage, regression coefficient
=0.115, or the depth of damage increases by 0.115 pum for
each unit increaseinthe SAR). Thisisan overal estimate
of the effect of the SAR, however, this effect varies with
respect to peak power and time, as indicated by the
significant interactions. The overall effect of adjustment
for SAR with respect to the other factors would be to
decrease the mean depth of damage for a group that was
run at higher than average SAR, and increase the mean for
agroup that was run at lower than average SAR.

Genera modd fitting depth of damage

The general model wasfit to the complete data for
CW, and for pulsed 24, 48 and 600 kW o EXposures (Table5).
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Four datapoints out of 309 werefound to be outliers, points
grester than 3.5 standard errorsfrom thefitted surface. These
observationswereall from the 600 kka seriesand all with
DEP=0. It wasdecided to fit the model to areduced data
set of 305 observations(i.e., withthefour outliersremoved).
The results are shown in Table 5 and are illustrated
graphically in Figures 3A and 3B.

The model accounted for 74% of the total variation
in DEP. The enhancement ratio of pulsed vs CW can be
calculated. Thisratioisdefined astheratio of the depth of
damagefor aspecific pulsed exposure of alensvsthe depth
of damage induced by a CW exposure at a given average
SAR. The pulsed vs CW enhancement ratio was shown to
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~ Depth of Damage for Continuous Waves and

Pulsed Waves at 48 and 600 Kw for Pulse Width 20

LOG DEPTH OF DAMAGE ( »)

1 M 1 B I

A Cont. Wave

beafunction of pulsewidth. 1nthe 48 and 600 kka series,
the enhancement ratio also varied with (SAR x TIME), the
product of SAR and TIME. The general model equations
were used to determine thefit of the model to the statistical
mean depth of damage for each set of conditions (i.e., each
cell mean depth of damage) for the four seriesand each PW
inlogarithmic form. The cell meansfor the full set of data
used for constructing the model are given in Table 6.
Formulasfor thelogarithmic form of themodel aregivenin
Figures 3A and 3B, and Table 7. Table 8 contains estimates
of the pulsed vs CW enhancement ratio as a function of
PP, PWand SARXTIME.

Higher ratios of depth of damage are observed as
the total energy deposited in the lens decreases. The
highest pulsed to CW enhancement ratio (Table 8) occurs
at 20 psec pulseduration and SAR x TIME (minutes) of 20
W-mm/kg. Theratio of damage calculated at PW 20 psecis
80.9, when compared to CW at the same average power.

4 6
LOG [SAR(MW/G) X TIME (MIN) ]
+ PP = 48
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10 12

4 PP = 600

Satistical analysis: Threshold values

(1) Using ANOVA analysisto determine 600 kka
thresholds at which damage is first observed:

Pooling the datafor the group containing sham and
controls together gave a mean which differed from that of
any of the exposed groups (Table 9). The mean depth of
damage for lenses irradiated at an SAR of 32.3 W/kg was
significantly higher than those receiving SAR 3.2, 6.4 and
16.2 W/kg but not different from thosereceiving SAR 64.6
or 194 W/kg.

(2) Extrapolation of curves to defined levels of
damage: 0, 10, 20, 50, 100 pm (corresponding to depthsof (O,
3-4, 6-8, 15-20, and 30-40 cells underlying the capsule-
epithelium).

As an alternative method of threshold comparison
of radiation levelsat which finite damageis predicted from
the equations based on the statistical model, the point of
intersection of the damage curve with the lines
corresponding to 10, 20, 50 and 100 mm damage, proceeding
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Table5. Estimates of parametersfor the general model.

a(SARx TIME)' for continuouswave

ax b (PW):(SARX TIME)' for PP=24
MODEL: DEP=

axc(PW)*(SARX TIME)™for PP=48

ax d (PW):(SARx TIME)"* for PP=600

Parameter Estimate F

a 003 0.003*

b 249 0.50*

c 107.12 7.92*

d 22747 15.68*

e 028 005

f 0.77 005

g -042 0.06

h -0.56 0.06
R?-0.74

*These standard errors have been converted from the log
scale to give the same t-value for significance testing and
should not be used in the construction of confidence
intervals.

inward from the capsul e-epithelium were compared for the
setsof variousirradiation conditions. Theoverall equation
calculated for each of CW, 24 kW, 48 kW and 600 kW peak
power wasused. The average powers at which each curve
showed defined levels of damage were calculated (Table
10). Thisgives an aternative way of calculating damage
thresholds, using the model. Average energy levelsin the
model (SAR x TIME) at which adefined depth of damage
occursor adefined number of cell layersisaffected, may be
compared. For 10 mm (3-4 cell depth) and 60 minutes
exposure, theaveragetotal dose: SAR (mW/g) x TIME (sec)
varied from 149 Jg (CW) t0 0.044 Jg (0.6 MW, 20 ms pul ses).
For 20 mm depth (6-8 cells), the dosesranged from 345 J/g
to 1.01 Jg for 0.6 MW, 20 ms pulses. The corresponding
SAR vauesfor a60 minute exposure to cause 10 mm deep
damage are41.3 W/kg (confidencelimits, CL, 31-54.4 W/
kg) for CW or 0.0123 W/kg (CL 0.00417 - 0.247 W/kg) for 20
ms 600 kW pulses. Theratio of these SAR values causing
comparabledamageis3357, whichisasofoundif equivalent
damage after 6 minutes is compared. For 20 mm deep
damage, the CW SAR vauefor 60 minutesexposureis95.7
W/kg (CL 68.3 - 134.0 W/kg), as compared to 20 ms 0.60
MW pulses, an SAR of 0.28 W/kg (CL 0.076 - 1.03W/kg).
Theratio of these SAR valuesis 342.
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Figure4. Thick plastic section showing bow region of a60
minute Sham-irradiated lens. (A) Thesham-irradiated lens
looks very much like the fresh control lens. The bow area
nuclei are elongated and show the characteristic
configuration. The fibers also show a very orderly
arrangement. (B) Higher magnification of (A). Note the
typical elongated nuclei, regular capsule and small extent of
vacuol ation.

Semi-thin plastic sections
A more sensitive analysis of thresholds of damage

was performed by examination of histopathology of thick
plastic sections of the exposed lenses. Compared to
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Table 6. Mean depth of damage by exposure (expo.) time (in minutes) and SAR (in W/kg) for continuous waves and pulsed

wavesat 24, 28 and 600 kW.

Table 6a. Mean depth for continuous waves.

SAR 5 10 20 60 200 650
Expo. Power 05 1 2 6 20 65
(min) (W)
6 Mean 0 0 075 1444
n 4 3 3 4
SD 0 0 066 4.18
20 Mean 081 1150 17.25
n 4 4 4
SD 055 482 506
60 Mean 0.5 10.69 14.00 15.63
n 3 4 2 4
SD 05 284 424 281
Table6b. Mean depthfor PP=24 kW.
SAR 20 60 200 650
Expo-
sure Power 2 6 20 65
(min) (W)
6 Mean 0.63 21.43 4248  51.56
n 4 3 4 5
sSD 0.75 4.70 1.39 6.14
20 Mean 33.50 39.81 54.64  180.00
n 4 4 4 4
SD 2.66 2.10 1.78 8.42
60 Mean 41.62 51.11 185.62 203.75
n 5 4 4 2
SD 1.70 1.29 8.99 177

controlsof Figure 3, theselenses (Figs. 4-6) showedirregular
pycnotic nuclel inthe equatorial area, along with increased
vacuolation of the equatorial fiber cells at average SAR
values of 0.646 W/kg at a peak power of 600 kW after
exposureto asfew as8 pulsesin 6 minutes (0.25W average
power).

At ahigher average SAR 1.615W/kg (Figs. 6 and 7),
600 kka pulsed irradiation resulted in more extensive
vacuol ation, disorganization of the equatorial lensfiber cells,
and production of a pronounced equatoria pucker in the
capsule.

Similar damage was observed in preliminary
experiments at high peak powers using a virtual cathode
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Table 6¢c. Mean depth for PP = 48 kW.

SAR 10 30 100 300
Expo-
sure Power 1 3 10 30
(min.) (W)
6 Mean 14.60 30.58 42.03 64.88
n 12 12 12 12
D 6.95 15.69 20.24 26.84
20 Mean 40.86 59.93 71.50 88.21
n 12 7 12 12
D 34.58 14.25 31.63 22.31
60 Mean 67.63 73.38 99.00 93.00
n 12 12 11 6
D 40.52 16.01 36.36 39.00

Table 6d. Mean depth for PP = 600 kW.

SAR 1.62 3.23 6.46 16.2 32.3 64.6 193.8

Expo-

sure Power

(min)(W) 0.25 0.5 1 25 5 10 30

6 Mean O 34.60 15.39 45.18 121.25 34.83 30.80
n 1 5 10 6 2 4 3
D 0 17.33 18.87 29.78 76.01 21.60 6.54

20 Mean 25.13 20.66 47.07 72.50 51.63 45.90
n 3 8 6 4 3 3
D 14.61 17.34 41.61 16.65 28.78 7.18

35 Mean 63.80
n 2
D 8.91

60 Mean 65.57 45.04 4829 72.50 80.65 79.28
n 3 11 6 3 4 4
D 33.74 48.23 39.08 20.46 48.05 36.41

oscillator (TEMPO) (Figs. 8and 9) which generated energies
per pulse of similar magnitude to that generated by the
transmitter emitting 0.6 MW peak power pulses, but at peak
powers of 100-200 MW, almost two orders of magnitude
more. The damage observed included formation of many
vacuoles in the epithelial and fiber cells, which were not
seen in control lenses. Separation of epithelia cells from
the capsule (Fig. 8), and of fiber cells from the epithelial
layer and from each other (Fig. 9) was seen, along with
distinctly darker staining of the nuclel inirradiated lenses,
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Figure5. Thick plastic section showing bow region of a
lens exposed at 0.6 W/kg (0.1 W average power) for 60
minutes. 30 pulses of peak SAR 2.4 MW/kg (peak power
600 kW). The capsule becomesvery fragile and breaks can
be seen (CB). (A) Lower magnification view: the nuclear
arrangement in the bow region is disturbed (ND) and the
nuclei become rounded, darker and pyknotic. (B) Higher
magnification. There is obvious vacuolation (V) of the
epithelial layer not seen in sham-irradiated controls. The
regular arrangement of fibersisalso absent on the posterior
side of the bow (*).

Table7. Logarithmicform of general model.

Logarithmicform

For continuous waves:
-3.62+0.77log (SARX TIME)

For PP=24KkW:

-2.71+0.28log (PW) +0.77log (SARX TIME)

log (DEP) =

For PP=48KkW:

0.72+0.28log (PW) +0.35l0g (SARX TIME)
For PP=600kW:

1.61+0.28log (PW) +0.2110og (SARX TIME)

consistent with damage to the nuclei of the fiber cells.
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Figure 6. Thick plastic section showing bow region of a
lensexposed to SAR 3.2 W/kg (average power 0.25 W) for
6 minutes: 8 pulses of peak SAR 2.4 MW/kg (peak power
600 kW). (A General view showing disturbance of nuclear
and fiber arrangement especially inthe outer fiber cells (*).
Note marked vacuolation in the epithelia cells(V). (B) Part
of (A), enlarged to show the changes more clearly, same
magnification as (C), (C) Anocther section from the same
lens showing a group of lens fibers unattached to the
capsule (arrowhead).

Discussion

As our previous work suggested, the possibility of
enhanced damage to the lens exists, arising from exposure
by high peak power pulsed microwave fields versus CW
fields with the same average power density. However, the
generally accepted view of microwave radiation isthat the
hazard potential may depend only on the average power of
thefield. A newer appreciation for the pulsed phenomena,
i.e., thermoelastic expansion effects, may result in added
hazards. The results reported here confirm our previous
findingsthat, at low SAR, additional in vitro damage occurs
in isolated lenses as peak power increases for a constant
average power. Also, at low values of average power, the
ratio of pulsed to CW damage is higher. At a constant
average power, theratio of pulsed to CW damageincreases
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Table 8. 95% confidenceintervalsfor pulsed to CW enhancement ratio, for pulsed waves of variouswidths, peak power and
combinations of SAR by exposuretime.

Table8a. Peak Power =24 k\W.

Pulse Width Pulsed to CW Confidence
Enhancement Ratio  Limits
(Estimate)

2 301 2.20-4.11

10 474 3.63-6.18

2 5.76 4.37-7.59

Table8b. Peak Power =48 kW.

Pulse Width (usec)
2 psec 10 psec 20 psec
Energy SAR x Pulse Confidence EST |Confidence EST Confidence
Absorbed | TIME vs CW Limmts Lumits Limits
kl/kg
1.2 20 26.4 153-453 415  |24.7-69.7 50.4 29.8-85.23
48 80 147 9.75-22.0 231 158-337 28.0 19.0-418
12 200 9.94 7.13-1386 157 |11.7-211 19.0 13.9-26.0
36 600 6.24 4.7-8.19 983 |7.78-12.42 12.0 9.30-15.4
72 1200 4.66 360-6.03 733 |588-9.14 8.91 7.0-11.4
144 2400 347 265-455 547  |431-693 6.64 51-859
432 7200 2.18 1.57-3.03 343 |2.52-467 417 3.02-58
Table8c. Pesk Power = 600 kW.
Pulse Width (psec)
2 psec 10 psec 20 psec
Energy SAR x Pulse Confidence |EST Confidence |EST Confidence
Absorbed TIME vs CW Limts Limts Limits
klkg
1.2 20 422 252-709 |66.5 41.1-107.6 |80.9 50.0 - 130.9
48 80 19.4 131-288 |305 21.6-43.0 |37.1 263-523
12 200 11.6 83-162 182 139-240 (222 16.8-29.1
36 600 6.2 46-858 9.83 7.7-125 11.9 9.4-151
72 1200 42 31-58 6.66 5.17-8.57 8.09 6.28 - 10.4
144 2400 2.9 20-41 4.51 3.36-6.04 5.48 4.09-7.34
432 7200 1.54 1.0-24 2.43 1.65-3.58 3.0 2.00- 435
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Table9. Comparison of fresh and sham lenseswith irradiated lenses at variouslevels of SAR in the 600 kW series.

SAR (Wrkg)
SAR(W/kg) |Control |Sham |6.46 |323 [1615 |1938  |64.6 323
Power (W) 1 05 |25 30 10 5
Mean 3% 12.2 304 405 |468 547 56.1 833
SD 38 92 348 [258 [34.9 308 37.8 373
n 6 40 3] 11 18 10 11 9

Groups connected by the same underline are not different at the 0.05 significance level.
“Thismean was also not significantly different from those for SAR 3.23 and 6.46 because of the small samplesize.

asthe pulse duration increases up to 20 psec. For example,
2 psec pulses produce a depth of damage of one-third or
less than that observed for 20 psec pulses deposited in the
lens. At the highest levels of deposited energy which were
studied, theratio of pulsed to CW damagefor 2 usec pulses
was approximately one-half of theratio for 20 psec pulsesat
the same average power. This data, obtained for two
microwave frequencies (918 and 1250 MHz), each with a
differentirradiation cell, confirmsour earlier hypothesisthat
low total doses of pulsed radiation at low duty factors cause
very largeincreasesintherelativebiological effect, resulting
in massive additional damage compared to CW irradiation
at the same average power. The SAR values for 600 kW
peak power pulses sufficient to cause damage at the 10 pm
level (SAR0.01 W/kg) and 20 umlevel (SAR 0.28 W/kg) are
both below the threshold of 0.4 W/kg assumed in the
accepted safety standard of 4 W/kg (thisincludesthefactor
of 10 usually used for safety above the minimum biological
effect).

This type of enhanced relative biological
effectiveness shown by high peak power pulsed
microwaves, has also been shown by Worgul’'s group
(Worgul, 1988), for cataracts caused by irradiation by heavy
ions, or more recently, by neutron irradiation (Worgul et
al., 1996). Inour studies, asimilar relative biological effect
enhancement has been shown, suggesting the possibility
of similar mechanismsbeinginvolved. Asacrude physical
model, it might be suggested that if one hit by aheavy ion
or neutron would be enough to damage acell, multiple hits
would not cause more damage, and thus higher doseswould
only result in lower relative biological effect (RBE).
Therefore, 10 or 100 hits per cell would still result in cell
damage but the RBE would be reduced by factorsof 10 and
100, resulting in an apparent increasein RBE at lower doses.

Lenses exposed to 30 pulses in 6 minutes (0.5 W
incident, time averaged SAR = 3.23 W/kg) sustained
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(Figures 7 and 8 on facing page)

Figure 7. Thick plastic section showing bow region of a
lensexposed to SAR 1.6 W/kg (average power, 0.25W) for
60 minutes: 75 pulses of peak SAR 2.4 MW/kg (peak power
600 kW). (A) General view showing changes in the
subcapsular bow area. Some superficial nuclel arerounded
and darkly stained with a gradual transition to the normal
elongated appearance of the nuclel occurring towards the
center of the lens. (B) Higher magnification view of
equatorial areaof (A). Theepithelial nuclei arealso darker
thannormal. Attheequatorial depression (ED), theepithelial
cells show disorganization and vacuolation.

Figure 8. Lenses exposed to TEMPO source in vitro as
described in the text. (A) Fresh lens showing intact lens
capsule(c) and aregular arrangement of the epithelium (ep)
and the lens fibers below. (B) Even the lens exposed to
only 10 pulses shows detachment of capsule (c) from the
lens epithelium below. Also note the presence of holes (h)
in outermost lensfibers.

significant damage as observed with the scanning electron
microscope. Theexamination of semi-thin plastic sections
offered adightly more sensitive measure of damage. Using
this technique, it was possible to visualize pathological
changesin lenses exposed at an average SAR of 0.172 W/
kg (incident power 0.026 W), which received in 6 minutesas
few as eight 20 psec pulses of 600 kka peak power
microwaves. ThisSAR asoissignificantly below the SAR
(0.4 W/kg) assumed in the safety standard. Moreextensive
changes were observed in the lenses exposed to 75 pulses
of 20 psec in 60 minutes. These changesto epithelial cells
and subcapsular fiber cellsare similar in location and type
to those we have observed in precataractous damage
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Table 10. Levelsof SAR(W/Kg) predicted to cause defined depth of damage.

Peal Depth of Damage | 6 minutes 60 minutes Confidence 60 minutes
Power (um) or (number | SAR (W/kg) | SAR (W/kg) | Limuts

of cells) 6 minutes
CwW 10 (3-4 cells) 413 41.3 313 - 544 31-544

20 (6-8 cells) 957 95.7 683 - 1339 683-134

50 (15-20 cells) | 3031 303.1 1942 - 4730 194.2 - 473

100 (32-40 cells) | 7364 736.4 4292 - 12636 4292 -126 4
24 kW 2 psec, 60 Confidence 10 psec Confidence 20 psec Confidence
Depth mmutes SAR Limits SAR (W/kg) | Limuts SAR (W/kg) | Limuts
(pum) (Wikg)
10 9.88 7.00-13.9 5.48 4.00 - 7.51 425 299-6.03
20 22.88 16.7-31.3 12.68 9.05-16.4 9.85 740-13.1
50 72.47 52.3-100.4 40.2 321-504 312 245-398
100 176.1 121-2558 97.65 752 -126.1 76.8 58.2-986
48 kW 2 nsec Confidence 10 psec Confidence 20 psec Confidence
Depth SAR (W/kg) Limits SAR (W/kg) | Limuts SAR (W/kg) | Limuts
(pum)
10 1.18 052-27 0.319 0.125-0.814 181 0.062 - 0.526
20 7.637 429-13.6 2.06 1.12-36.5 1.17 0555-2.47
50 99 58.61-167.4 |26.7 19.6 -36.5 152 082-235
100 712.1 335-1513 192.1 119 - 308 109 66.8 - 170
600 kW |2 usec Confidence 10 psec Confidence 20 psec Confidence

SAR (W/kg) Limits SAR (W/kg) | Limuits SAR (W/kg) | Limuts
10 pm 0.283 0.058-1.39 0.032 0.00417-0.247 | 0.0123 0.00117-0.136
20 pun 6.38 2.03-20.1 0.717 0.264 -1.95 0.28 0.076-1.03
50 pum 459.5 59.5-3551 51.6 1783 -149.2 20.12 9.02 - 44.86
100 pm | 12372 526-290,617 |1389 155-12438 541.7 85.4-3437

induced by ionizing radiation (Ross et al., 1983, 1990),
suggesting the possibility of an oxidative component in
cataractogenesis induced by microwaves.

Severa explanations of the damage observed in
cataracts may be correct, and in fact severa different
mechanisms may all contribute to the damage.

Themost probable explanation of thisdamageisthe
mechanism of TEE (Lin, 1978). In this mechanism, the
incoming microwave pulse inducesa transient heating
which resultsin expansion of thewater leading to apressure
wavein thebiological tissue. If TEEisinvolved asapossible
cause of the damage, what mechanism could produce such
oxidative damage? Pressure pulses associated with
ultrasound have been shown (Crum and Fowlkes, 1986)
experimentally to cause cavitation and free radical
production. Microwave pulses were shown to result in
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Figure 9 (on facing page). Lenses exposed to TEMPO
sourceinvitro described inthetext. (A) Thelensexposed
to 30 pulses shows greater damage than the lens which
received 10 pulses. Notethe greater number of larger holes
(h) intheouter lensfibers. Thereisalso aseparation of lens
fiber bundles from the epithelium c (ep). (B) Part of 7A,
magnified to show thevariety in size and shape of the holes
in the lens fibers. (C) Lens exposed to 80 pulses shows
changes which are similar to the lens receiving 30 pulses,
with greater separation of thelensfiber bundles. Notealso
the darker degenerating nuclei in the epithelium and the
lensfibers.
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acoustic pressure waves (Brown and Wyeth, 1983; Guo et
al., 1984). Each pulse (up to 48 kW peak power
corresponding to peak SAR 480 kW/kg) caused 5 um
physical displacement of anirradiated lens (Wyeth, 1987).
Thisphysical displacement isindicative of astrong pressure
wave associated with each individual pulse. Just asin the
production of free radicals during cavitation induced by
ultrasound pressure pulses, it is possible that free radical
formation may also occur as aresult of cavitation during
irradiation by microwave pulses. Such freeradicals could
act asinitiators of the cascade of oxidative events, causing
the biological damage observed, as also suggested by
Liburdy and Vanek (1985) for continuous microwave
exposures. Consistent with this, Somosy et al. (1991b) have
shown damage similar to that reported here, in 3T3 cells
exposed to pulsed microwaves, but not in cells exposed to
CW irradiation at the same average power. This group
previously reported damage similar to that found for PW in
3T3 cells exposed to ionizing radiation (Somosy et al.,
19914), supporting apossiblerolefor freeradicalsin damage
caused by pulsed microwaves.

Recent studies by Phelan et al. (1992) and Liburdy
and Vanek (1985) support theinvolvement of freeradicals
in some phase of microwave-induced alterations in
membrane properties. Theformer study showed superoxide
dismutase protection against the changes in membrane
ordering, while the latter study indicated that microwave
irradiation of rabbit erythrocytes increased permeability,
resulting in sodium influx, and this was prevented by
antioxidants such as ascorbate or mercaptoethanol. The
effect of antioxidants is similar to that found in model
diabetic and radiation cataracts in our studies (Ross et al.,
1982, 1983) in preventing opacity, which recent studieshave
related to calciuminflux (Kilic, 1995); calciuminflux probably
occurs coincident with the sodium influx, and al so appears
to be prevented by ascorbate. These data suggest that
antioxidant prophylaxisof microwave-induced damage may
be possible.

In addition to this damage induced by freeradicals,
the pressure wave (capable of causing a 5 um lens
displacement; Brown and Wyeth, 1983) could beresponsible
for physical damageto thelenscellsby breaking, stressing,
stretching or fracturing the cell membrane (Webber et al .,
1980). We previously reported damage to the lens capsule
consistent with stretching and breaking of the lens capsule
basement membranefibers (Stewart-DeHaan et al., 1985).
Such disruption, even if much smaller in magnitude than
the damage we observed, could lead to stretch-activation
of ion channelswhichwould admit calcium or sodium to the
lensepithelial and fiber cells(Strangeet al., 1996); calcium
in particular could lead to the formation of globular
degeneration (Fagerholm, 1979; Srivastava et al., 1994,
Bhatnagar et al., 1995). Blackman (1991) has aso noted
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calcium changesinduced in biological systemsby low doses
of modulated microwave irradiation, and oxidative stress
may influence such alterations in calcium concentration.
Calcium-induced disruption of the actin microfilament
structure could lead to supercontraction of actin
microfilaments and globular degeneration. Calcium
activation of calpain could result in proteol ytic digestion of
the essential cytoskeletal protein fodrin (Kilic, 1995).
Disruption of membrane structure either mechanically or
electromagnetically could form or release lipoperoxides by
exposing polyunsaturated fatty acids in the disrupted
membraneto oxygen. Release of iron from mito-chondriaor
disruption of cellular membrane structure would potentiate
free radical reactions by the Haber- Weiss and Fenton
reactions, leading to production of the dangerous hydroxyl
radicalsfrom theiron-catal ysed reaction of superoxideanion
and hydrogen peroxide (Fee and Valentine, 1977). We
previoudly illustrated, using the inhibitor cytochalasin D
(Mousaet al., 1979), that disruption of actin microfilament
structure could lead to formation of globular degeneration
and cataracts. The process was reversible up to 2 hours
but after thistime other processes preventeditsreversal. It
isintriguing to suppose that the irreversibility was due to
the processes set in motion early after cytochalasin
treatment, which could be reversed, if the damage caused
were not too severe.

Thus both free radical production associated with
the pressure waves and physical stretching, deformation,
and tearing of themembranes of thelenscellsmay contribute
to the initiation of a cascade of damaging events, or to the
damageitself.

Acknowledgements

We thank Dr. S. Lu for helpful discussions. This
work was supported by the U.S. Army Medical Research
and Development Command under contract DAMD 86-C-
6084 and performed at the Walter Reed Army Institute of
Research, Department of Microwave Research. Theviews
of the author may not reflect the position of the Department
of theArmy (Para4-3AR 360-5).

Thiswork was performed under protocolsapproved
by theWRAIR Laboratory Animal Careand Use Committee
and guidelines of the “Guide for the Care and Use of
Laboratory Animals of the Institute of Laboratory Animal
Resources National Research Council.”

Appendix 1: LensSAR Computation
Using Foster Approximation

Experimental results of the Cober in vitro exposure
of rat lens are recalculated by two methods and compared
to previously recorded data. Lensextracted from 180-200g
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rats are placed in a 58.4 ml cylindrical holder filled with
standard physiological salinewhichiscirculated for thermal
regulation under normal (non-dosimetric) exposures. The
rates of temperature change (_T) are the slopes taken the
first 5 to 10 seconds after the application of RF. These
valuesare utilized in two approximations of the experimental
medium comprised of saline solution and therat lens. The
first assumesthelensdiel ectric propertiesare similar enough
tothe physiologic saline (> 99% water, C(H,0) = 0.997 cal/
g°C) that it makes an effective model of the lens complex
aqueoustissue. Animproved model, provided by K. Foster
references a correlation function (Cooper and Trezek,
Aerospace Medicine, Jan. 1971):

C.=w(H,0) +0.4(1-w(H,0)

where C, = the heat capacity at constant pressure and
W(H,0) isthe mass fraction of water. Thisis based on an
“average” value:

C. (non-water content tissue) = 0.4 cal/g°C

using the C(fat) = 0.55, the C(protein) = 0.26 and the
C.(water) = 1.0 cal/g°C, comparatively. Various tissue
specimenswere shown to fit the model quite well with less
than 5% scatter in their data points.

Composition of ocular tissue variesgrestly in water
content (Philipson, 1969), while protein distributionswithin
thenormal adult rat lensvary from 0.30 (cortex) to 0.90 (center
of the nucleus) g/cm?, mostly water forming the remainder.
Taking 1.3 g/cm® for the density of protein, water weight
fractionsrangefrom 0.72 (cortex) to 0.26 (nucleus), yielding
heat capacities of 0.83 to 0.55 cal/g°C respectively. The
“average’ value C, = 0.69 ca/g°Cisthebest choice short of
measuring the lensthermal propertiesdirectly.

The formula used for the specific absorption rate
(SAR) calculations by both methods:

SAR (W/kg/W) =
k*4.186 Jcal* (AT in°C)/(Atinsec)*C_ca/g°C

wherek = the conversion factor (W/kg = 10° W/g)/(incident
P, adthe SAR  (peak) W/kg=SAR * P_ (peak power).
ave pl n p

Appendix 2: Experimental M ethods

Rat lens SAR dosimetry involved the measurement
of therate of temperature changein the saline-lens medium
using the Luxtron (SantaClara, CA) model 2000 fiber-optic
thermometer. Theexposurecell (Fig. 1) with thelensplaced
inthebottom of theinlet tubeand filled (58.4 ml) to thetop
of the tubeswith STD physiologic saline. Thisisinserted
inaWR650 waveguide fixture with a RF transparent block
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for positioning the top of the cell just inside the guide and
thebottom of theinlet tubeat the mid-plane. All temperatures
were taken within the inlet tube at Luxtron probe sensor
positions referenced (inches above) that of the lens and at
the lens location without the lens. For the actual lens
measurements, the probe was surgically implanted in the
lensbefore placingitin thecell.

Pulsed microwave energy was produced by a
modified Cober L-band (1.25 Ghz), klystron output
transmitter, delivering a600 kka 10 psec pulseat 38 Hz to
thewaveguidefixture.
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Discussion with Reviewer

Z.Somosy: Describethegeneral model moreclearly. 1sone
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equation fit to each set of data (i.e., one equation for CW
SAR vs DEP, asecond equation for 40 kka SARVSDEP?
Authors: Damage was ranked as the depth of visible
damage, granular or globular degeneration (holesin cellsor
cell surfaces), in the scanning el ectron microscope (SEM).
This measurement was the maximum depth of penetration
at the apex, the wedge-shaped area of damage, usually seen
at thelensequator. The depth of damagefor various pulsed
regimens and CW irradiation was compared using two
techniques: (1) by one-way analysisof variancefor the CW
and pulsed samples, and (2) by using an overall model tofit
thedata. Prediction of the SAR at which identical depths of
damage would occur for the different peak power pulses
and CW irradiation was also possible using the model.
Severd depths of damage were compared using thisstrategy.

The similaritiesin damage observed for heavy ion-
induced cataracts and our previous studies of radiation-
induced cataracts, suggest the possibility that high energy
pulsed microwavesmay result in oxidative damageto tissue
similar tothat observed for ionizing radiation. Such oxidative
damage could be a result of production of the superoxide
anion which may occur when thermoelastic expansion in
biological tissues induces high pressure pulses. These
pulses may cause cavitation, similar to that observed for
ultrasound pulses.

Z. Somosy: |s there any practical reason why the pulse
modulation chosen was used from the point of environmental
radiation hygiene or for theoretical reasons?

Authors: The Cober radar transmitter used for the high
peak power pulsed work at peak powers of 600 kW was
modified from amilitary unit available to the Walter Reed
Army Ingtitute of Research withwhom wewere collaborating.
The frequency used was that used in the previous radar
applications although the pul se durations used were chosen
theoretically based on the work of Lin (1978) to have
maximum thermoacoustic effects. Theextrapolation of these
effectsto shorter pulse durationsusually found in radarsis
possibleusing the overall model becausethe pulsedurations
werevaried over aten-fold range.
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