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INTRODUCTION t ri  of 

Attlough millimeter wave radars «««^S^ "Ä 

the effect of millimeter waves on the cornea has been report j        ^^ 
ma'study did not use the pulsecmodof mfcneter ^ beWeen similar doses 
in such radars. Because we have discoverecI apparem amer |iminaIy experiments 

Tor lliovji          .      __rnea 'nXeSwäve' damage to the cornea. millimeier wave««...-»--- ,4 „„nHitinns 

Theirststepintheseexperim^^^^ 

June 1981 under DAMD17-80-G-9480, was o ncubatei ttM^ ^ e,evated 
elated temperatures in order to investigatthe*cof June 

imperature on the cornea. The th.rdistag* jported^n ^ , ^ Qf 
unXDAMD17-80-G-9480andDAMD17-82-CZOTB,w ultraviolet as 
Sated corneas to non-ionizing radiation, forwhicn « mi||imeter wave 
Art accessible in our laboratory, s,n« «»^ffi» wave irradiation 
Sation apparatus was «*£***g In 19B31£"^,onr*W»« 

t^r^^ss. «& (June 1983) for DAMD17-82'C-2018- 
ln the intedm period Kues -»-««« »"ÄSJ.^ 

Saton. The incident irradiation levels «£5«*»*£ ^150 mW reflected for the 
Switt, a total ff^Ä-W "latency period of •£»■£* 
10mW/onf condition■££*£££%£,, and the effects did not appear to be 
iST-SÜM mTal temperature elevations occurred. 

end ÄMrÄ-r-ÄffÄ™ 
a       SetandantennaarephÄ^^^ 
1      STATS'-^ - ^ using the AGA thermovision 

computerized camera. 



8 

4. 

5. 

8. 

A computerized pachometn, ^^^^t^^ ^ 
thickness to be obtained ^^^l^^Xst^mp biomicroscopy, and 
Photographic recording of corneahpp'^^J^^ with real-time video 

SSÄSSÄ • obtain a —■* vaiid 

measure of the m»«^^^^d^2E^; de-epitheliar.zation of areas or 



MAIEB!A!^NDiEti£DS 

n,,tiinp of Exr-"m*ntal Details- 

ftnimai Handling 

of Western Ontario ^^^'ÄÄ*«" -** "-"f*" " 
ftWRAIR). For in vivo irradiation attneWRAIR\.^„^(,heir oorneae (see details below), 
^mpun (xylazine) prior to and <W«B«-«S5Ä and when desired 
Corneal temperature was monto ^'"^'^Surtaoe. Irradiation was performed 
maintained »*^«^£^%Z^****o^t^«^ 
as described below. Following «adiatiorinvivo r       hometry examination. 
S» were reanesthetized (see details) ^J*^P

a^m. At the end ot the 
SSgesia was P"^»«£S^1%S£M 230 mg/kg. The eyes 
experiment, rabbits were killed by ^hanas* *™ P    fu, not t0 damage the epithetan 

Anesthesia 

temperature. 

Iijiatarials and Methods 
*   +«w ot thP I iniversitv of Western Ontario. Puisea 

The anesthesia conditions were tested ^e U«er wave exp0SUre chamber 
millimeter wave exposures took place at^HVm*m e condlt 

»elÄ^ ?eaV?r Ata, dose retired for percept., 
usea \\auv*   i     i* .      nreliminary way. Ä as MT^. P^nary wa, 

in uh/n Irradiation 

New Zealand white n* ^^^ZZT^^« 

special focusing antenna in "^ÄIEStoMPO- D durin9 *e 15 "" "?"?• 
parts which maintained their ^Jl^f^acI of «yrotoam by strong plastic 
of irradiation. The earner was

n^"^'° approximately coincided with the axis of 

Seir ^f.^ readina of a thermographlc 
lcl
 H     ,.«* -ru«.«,«»iein^ see below. 

tempeiaiuic vv»ö MI»«        - 
camera (AGA Thermovision), see below. 
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  i. oc r^u-7 xwhirh did not involve a 
These resufts represert the first "2***£*3£ Sects associated wfth 

contact applicator, and thus do not «*^P*?S Snaa would experience similar 
conSS applicators used in ^££££££S**^ source (^surface 

sssarsTÄs: SSSTä* «* --*—*rt was 

Ä**msthods for *e fo"own9: 

1.       Slit lamp biomicroscopic examination of the rabbfts and photographic records 

of the results. 
Anesthesia. using thermographic camera and 
Measurement of tempef ure 'of cornea uang ^     gg QHz waves 

calculation of SAR (f*^Snd feasibility). 

Reproducible examination of samples. 
Classification of types of damage. 
Quantification of damage using Zeiss videopian. 

2. 
3. 

4. 
5. 
6. 
7. 
8. 
9. 
10 

1 &» 1 amp HlpmicruaowMY 

We have used „is technigueto ^^J^EZST»^ 
Zeies-slit lamp biomicroscope o%~™a ™^h photography and pachometry 

2.       Anesthesia 2 **» iraau loom 

Experiments wHh anesthesia «^%'^^ZZ^I^ 
abolishedreproducibly "*2fi££a^?fc<*« returned slowly towards 

Figure 1 illustrates the rabbK head in ^J^^^JZe^ 

cornea was measured using an AGA^ne^°v.lr, disc0 20.1 system (Gesotec, Federa 
Computer analysis system progra^^^^ range of corneal 
Republic of Germany), for .mage «caOffifl   A relatively flat oblong plateau at the 
tem%ratures (Fig 3^^^ 
maximum temperature (32C> ^'^e top of the eye. 
the lower temperature at the bottom ana me xuH 
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Phantom SAR studies for millimeter wave irradiation t-nantuiu onu«« ■- 
«* +hQ tomnprature distribution immediately 

(a) spot size: ™«<*>*^^£££2fd^ were analyzed as an 
before andafter millimeterwave "2^i£S^«»-"«« *ril^'^ 
oblong rounded spot wrthin the center of the^WOT' ,    was used to analyse 
temperature elevation occurred (Fig. ^Computer ,magUP nnear-scan profiles) 
hethermographic subtraction magej^«J*J^ «^BWI tart « 
that was obtained following subtraction °'™^ ™™ d horizontal scan-line profiles 
£££» to the millimeter wave «£*£££™££ "urves with no apparent ho« 
that passed through the center of the spot "5'°?!.!,^ (Ro 5a b). The spot size of the 
TpTor sharp increases in **>™FZ£^g2$£*^ was defined by 
Son that experienced a «~Z**f££%£?EZ2 one half of the maximum 
using the width of the area where the »mperaturer» surfaoe was 

vaueof the peak temperatureirise. ^^^f^^Sfeplay with a heated metä 
estimated by calibrating the »ermographic ramerais spana     H y ra.t0.subject 
reYeTence object. This rectangula,-objed^£ ""£ d<during the millimeter wave SAR 
distance as the camera-to-cornead,stanc™^^'nmmMimm heat spot 

experiments. Using ».«PI^^^STST« «hen the phantom was surface 
on the phantom were found to be 0.7JJMrig. wj phantom surface was 
Phoned at the focal point of »«""J™^tte a*enn£s focal point, farther 
Dlaced at distances of 2.5 cm (Fig. 5d) and 5 cm iron twere L25 cm and 
&e axis of Propagation the ^"*^*ÄS spots were IJOBan 

SS Z SÄ.ÄTÄÄom the foca, point. A similar sized 
distance was increase u* « T"-"-- ,0« R 7x 
spot was estimated for the rabbit eye (Fig. 6,7). 

Peak SAR values for cornea and phantom 

Tbe peak SAR was ^^^SSSTSZ WAMSE 
oeak of the temperature plot. The ?l°J^^l^dlated obtects. Since the tissue 
^ProxTmafcnsforPthevalue of the,JPJ*>heä*^^ speciflc heat and 
o, tt,e cornea and the cucumber ^^l^dmatlon. the spatial peak SAR values 
mass density of water were used ^JfJ^age radiated power of 4W) were 1.1 
plated for the phantom (obtains' »* "J* n± 0.3 mWg per mW/sq cm of 
W/kg per Watt of average transmitted P™°r'5J™0f 0.38 W was used to obtain 
Sted power. For the rabbits," ««^'^SSttdSSr. or 1.43 ± 0.34 mw/g per 
an SAR value 1.1 W/kg per »^«—S*'OT of the cornea of the 
mW/sq cm of radiated power. Thes8W°J™* identical. For this reason, it appears 
St and in the phantom ('«"^™*  pSal amative to the sacrifice that use of a cucumber as phantom was a usewi an  P riments involv,ng the 

of rabbits. This is especially .^.'"^i/Xect being irradiated, and for the 
determination of the optimum>*^£j£S5*^-^* ™«*> 

ptÄrerd^^^^ 
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in turn, enabled higher signal to noise ratios 
thermographic data. 

4        Cnmnnl P**ri hY ^ Flow 

bottle containing water ^^^^Z^^Z rabbit eye, the relative humidrty o 
of released air (20°C appropriately) «""««£*< »d resulting in differential 
the air was 80% or greater. Several*JSÄ pump corresponding to 16.9 1/mm 
cooling. At a particular flow rate (10 P* P^"£ a

P„near ^notion of the radar* 

linearly with increased flow rate (Fig. 8). 

influence of power applied and * flow on oorneal heating 

Millimeterwaveheatingbyco—^^^ 

of air flow, increasing the P°"e'f^'^?a"nZ function of the applied power 
hottest point on the oorneal surface «h,ch was ^«" ^ addition 0, air cooling 
(Fig. 9). Wrthin the range of P°^u

n
pJ°2Jf07aXn level of radiated power used tar 

resulted in a lower increase m «^^J^9^earlier findings from the corneal 
heating the cornea. This seemed to ij»*" mi||imeter wave irradiation. As 
X^^™™\%^^7^pLr tevel, the amount of 
the air flow rate was increased for a °°^ r J in ^ observation mat the 
temperature rise decreased with ^r a* flow ™ ident|cal to ,hatwith 341/nran 
M^SOT'SS Provides cooling eguivalentto 1.5 

W/sq cm. 

D, A. Cullen has arranged "™S"*tt£^&2Z£ 

pTSloestimatedifferencesbetween.^ * and final 
to an accuracy of 1 »im. In later e^enm^n" :     For this reason it was decided 

^^^^^^ WMOh aff°rd " "^ 
for corneal swelling to occur. 

6       Fir?*'"" "* Corneas 

The cornea, epithelium -^raTÄÄÄ 
ESS SÄirTÄÄtÄ« a nicK to identify the nasal area.. 
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7       p*«- „> oni for ExajffloaBaiaLSiMJM^dTaa 

Figure 10 shows the diagram of dissection dJhe corneasJ^^»™** 

examirSn by Scanning ^^^^^^^^^^ 
Transmission B«mlJ^W^*^p

h , sma„ vial containing frxative 
opposing segments (1 & 3 or 2 & 4) are jflaceci togem ^      he||a| 

or oaoodVlata buffer. Where W^XfiSces The sections were processed 
surfaces, the sections 2 & 4 »£?£fi£$^ series and critical point drying 
in the usual manner for SEM <*^^te^K,er silver daube paint or nickel part, 
then afterwards attached to aluminum stubs wm «i equatorial zone was 
and spattered with gold P*dl^)- ^^aTed bv a dtegonal cut After both anterior 
put away as sample C. The nasal area was ^™2

a^9
strips were taken from the 

and posterior halves of tt>e cornea were «J^ ™ Jg, ^ tne central area. A, 
middle and labelled A and B. As before, *™&*%£ _ postfixed in 1% osmic 
B, C were processed asWV*fo-LM "£2JK£d*a h Ep°" °f ^ add for 2 hours, washed, dehydrated and prepared tor .^ , 
resin. After the IM stage of nan rt»afl°athe long ^P ^ pjeces ^ 
piece of dental wax and cut in 1.5 mm Mocks by a^sna p diag0nally out end. 
Sm embedded in numbered flat«*£*£TW*»*#I^0 ^.^ t0 be 

This enabled the location * ^ «J* P?^Twtere appropriate from alternate 

staining with uranyl acetate and lead citrate. 

8        Hapmriucible Frnr"'"3*1"" "* Samples 

rt       ByJffiM:    The corneas, dissected as »lusted '" ^^VlToot and 
UÄ" «* -* «T tKSÄ«5 Sid endothelial 

2000 m from the solera (See Fig. l°J^n
ni.^rtely Song these lines and 3 pictures 

surfaces.initiallyeachspeoimenwassoannedMmpletevaiio^g 500QX ^ 

taken at three randomly choosen spote oi this I"^ ™A' oocupied by lesions 
indicated by Dr. Michael Dougtfly. At lOffl^the^peroert:* me spared; at 1000X 
oouldbe assessed; at 500Xthe W"*»S^l^,,*^ photogn«*W «- 
the state of the oell border could be not*1 Ho«even ^ ^ the 3 ^g, nes 
very expensive. It was *"^£*dtoM» »P ä, ^ ^ consoious 
at 500X for epithelial and 1000X for jBnd™1^!"ca| „, ^ cell's condition at that view 
decision to photograph one sPe*/^Äg a computerized Zeiss videoplan 
line. The pictures thus obtained wenIMW« Standard deviation, as well as cell 

could be found and corneal comparisons made. 
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b)       i M and TEM Vrir^ «"H^Thin Sections 

9        Types of Damage Found 

a)       toÄisa^Ddit^: » will be notedI «*imostearly (tow J*™»*^*? 
trials had moist air flow over the °°.™£ « * £*£*£ done in June 1986 

that the moist airflow was damaging the cornea. 

.^gSSSXXZSXSSSZtXXSESS 
in the original notes. 

b)      sm: 0) Visual Ubrary: During the assessment -^™TnSÄ^ 
various degrees of damage were ***»£" ?*,* Aglets missing, appear 
given to indicate d^* ° J^^^^^^^ <*«was <Fi9-11); 

lifted whole from surface leaving cooked or «»9 f si   |e oe„s running 

whole area of 500X photo is damaged (Fig. 11d). 

(Ü) Videoplan assessment of percent damage as a Jur^onof area: This 

shows the pe?LagePof epithelial «™^^^^^^ 
cells visualized at a constant magnif.cat.on rf^^^^«,) onthecorneal 

222 'Z^^Z^VZ^Z^^ 1- ** - 
unSposedZ cornea acted as a good control to the experiment. 

exposure conditions at similar total input energy. 

c)       UarrtmtaroscQPXSf^^ 
of damage, presented in order of <"ae^^^:^^0m^ cells, the outer 
cells lifting off as shown by arrow; TVPe ^J'9-1^" ™Zl heavily damaged 
epithelial cells have groups of darkly '»^^^'S^^mxet^n cell 

Srffi^^r?c^J£KÄ=i- damage «Pig. 13). 

®-    KMÄW irradiation appears to be greater fl«r, for 
CW at'sÄ averse poweTs. (2) Äwest average power investigated produced a 
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different for pulsed as compared to CW irradiation. 
nomnarison of total dose in Joules between our work and that of Kues; e:a\ 

ESSAYS 5JÄSMÄ« 
detectable damage was found. 

.    ^ * nia «f QRopin rabbit 118 irradiated for 0.18 seconds (Figure 14), from me 
rradiated area of 9.5 O in raDDii i \o, mcXU™"=       QA *»r Severe damaae was caused 

C from the normal corneal temperature of 34.5° C. In otner experiment, a 

damage observed as great. 

in the irradiated area, damage observed by «^/fE^^fS?^ 
oval area positioned aoross the border betoveen quadrant rjnd* ™«vthe £* 

roL*s*räcran0lstÄ I^S^^Aly indUe the 

beam i??£ «Ä microscope, which produced a dimple in the bulge (Fig. 16). 

Bv licht microscopy of thick plastic sections in the oval area no epithelial cells were By ngnt microscopy u.UI,|£H ..     . th   borc|ers 0f the area finger-like 
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from tension, to form the underlying support of these cells, while retaining its layered 

structure (Fig. 17E). 

CONCLUSIONS 

This study has been an introductory survey of corneal effects of pulsed (R^ 35 
GHz m limeter waves and a comparison with damage by continuous wave (CW) at s m.lar 
aTera^e7owers and defined specific absorption rate (SAR) values. Based on these 
results it is recommended that animal handling be minimized and air flow be 5 psi or 
^Ü^cJSSS cornea (unirradiated) as control seems to be appropriate providing 
no damage occurs during animal handling. 

Several findings, although they require further confirmation, should be noted as 
potentiaImportant for safety standard revisions which may eventually be contemplated 
by regulatory authorities: 

(1) the damage observed using pulsed irradiation appears to be greater than for CW at 
similar average powers. 

(2) the damage appears to increase as the irradiation is modulated by pulsing at the 
same average power. 

(3) The threshold for CW irradiation at which damage was just discernable in 2 of 4 
rabbits exposed was 0.5 W/cm2 (SAR 550 mW/g). 

(4) the lowest dose rate at which damage has been detected in Prelimi^.e^^ 
is 0 03 W/cm2 (SAR 33 mW/g) for pulsed irradiation for 15 mm exposure The th eshoW 
value irnpS in the results above is below the safety threshold, when the usual safety 
factor of 10 is taken into account: 

The lowest average power investigated, which produced significant damage for 
pulsedlraSon was 043 W incident power (spatial peak SAR 33 ^l?^^f. ™" 
value exoressed äs power density over a 1.3 cm diameter spot is approximately 0.3/1.327 

body irradiation at this wavelength and also a factor of 4 above the local SAR (partial 
body exposure") safety limits. 

(5) The finding that damage appeared more extensive for pulsed (modulated) than CW 
irraSon at similar average powers suggested that our prevous findings o! m« 
damage from pulsed than CW irradiation also is true at 35 GHz as well as at 0.9181 GHz_ 
MoTe work is required to accurately quantify the factor by which the damage ,s increased 
because of modulation of the irradiation, and to explore the effect of pulse pa «nette, 
exposure duration average power, temperature elevation and air cooling on the effert 
SÄXi!£k is" needed to investigate the effect of lower powers on cornea, 
damage, to determine whether significant damage occurs at lower power levels, and 
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whether the threshold is different for pulsed as compared to CW irradiation. 

(6) Comparison of total dose in Joules between our work and that of Kuesi et:al 
1985) reveals a striking similarity between conditions he found damaging or pulsed 

microwaves (150 J/kg) and our exposures 54 J/kg at the minimum level at wh.ch 
detectable damage was found. 

(7) Although modelling (158 pulses) at approximately twice the threshold dose_over 
a 9 second period was expected to result in a similar temperature elevation (9.5 C) 
much less damage was observed for this period of irradiation. The damage observed 
when he same dose was delivered over approximately 0.18 seconds which woufcI be 
exoected to result in about the same temperature increase, was significantly increased, 
aswasthe IJS&a* effect, causing the animal even in stage 4 anesthesia to jump, close 
its eye and vocalize to avoid the discomfort elicited by the series of pulses. 

What could account for this difference in extent of damage and the nen^e^tem 
overcoming stage 4 anesthesia? Physiologists with whom we have consulted indicatei that 
the steepness of the slope of the temperature increase curve could have triggered a 
reflex responseResulting in the involuntary jerk of the rabbit head, just as a rapid reflex 
S™to a burn on a finger in a human causes us to involuntarily jerk ^ay because 

of the rapid temperature increase. A similar reflex eye closing, jumping and vocalizing in 
deep anesthesia has been reported, in response to the intraocular injection.ortop** 
appücation to the cornea of capsaicin, the active principle of red peppers (CamaBand 
Bto 1980). The reflex-stimulating injection was previously attributed to depletion of 
Substance P in nerve endings (Jessell, Iverson and Cuello, 1978). 

The effect of destruction of the corneal epithelium and the associated thermoelastic 
Tansduction-induced pressure wave are very reminiscent of the «^^J*«^« 
occurring in the now common operation to correct vision using ferner laser. In the latter 
case each excimer laser pulse also generates a pressure shock wave during the ablation 
oHhe corneal tissue, by the same process of thermoelastic transduction of energy, and 
as well causes localized heating of the corneal epithelium and stroma. 

This result suggests that it may be important to consider the actual duration of the 
exposure to pulsed millimeter radiation, since shortening the period over which the 
exposure is delivered may increase the damage even though the total energy delivered 
and the temperature elevation attained do not differ from longer durations of exposure. 

Summary of Overall Conclusions from Thesp Experiments 

1        The higher the wattage the greater the damage to the cornea. 
2. At higher wattages the damage area seems confirmed to the central region at 

which the millimeter waves are targeted. _ 
3. Millimeter waves modulated by pulsing seem to be more damaging than CW at 

similar average powers. 
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4. Handling of the animals should be kept at a minimum as damage results easily. 
5. The left cornea can be used as a control but there may be background damage 

due to handling which must be taken into account. 
6. The threshold exposure for 15 minute exposures occurs at a value of the SAR of 

550 mW/g for continuous wave millimeter waves, and at a much lower value for 
pulsed millimeter waves, 33 mW/g, a factor of approximately 15 fold difference 
between the two modes. 

7. The modelling of accidental exposure to millimeter waves indicates that the period 
over which the pulses are delivered may play a critical role, even though the 
temperature increase to 44.5°C is less than 10°C above the normal corneal 
temperature, a temperature which it is possible to encounter in terrestrial 
environments such as the heat waves occurring in India and Pakistan in the 
summer of 1995. 
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NOTES TO TABLE 1 

Columns.* (when blanks appear, data not available: SH signifies sham or N.D. or "X" - not done 

Rabbit Number. Gives number of rabbit. 

Air. If air was used, the number following the A expresses the air pressure in pounds/in2 (p.s.i.) used to cool the 
cornea. 10 psi gave a flow rate of 16.9 l/min. 

Time/W gives the time of irradiation multiplied by the average power in watts. 

E(total) Joules/kg gives the energy absorbed, calculated using the specific absorption rate calculated in the text: 
1 W irradiated power corresponds to a S.A.R. of 1.1 W/kg. 

Peak Power W gives the peak power of the source pulses at the transmitter. 

PW (Pulse Width) is the pulse duration in JI seconds. 

Peak SAR (Kw/Kg) gives the calculated SAR corresponding to the peak power measured at the transmitter. 

E/pulse Joules gives the energy in joules per pulse. 

AvSAR W/kg gives the average SAR over the time period used for irradiation. 

AT° C - When the measurement was available the increase in temperature (final - initial) on irradiation is recorded. 
Although all the data is stored on discs, financial and time constraints did not permit all termperature increases 
to be printed out for inclusion in the table. 

Damage/% - Indicates the grade of damage (when grading was performed) and % indicates the percent of the 
observed area which was damaged by observation. N.D. signifies not done, and X or blank signifies that data 
are not available. Grades Normal and l-IV are described with criteria in the text. 
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TABLES 

TABLE 2 

COMPARISON OF THRESHOLDS FOR SPECIFIC ABSORPTION RATES AND INCIDENT 
IRRADIATION LEVELS FOR MILLIMETER WAVE DAMAGE FOR PULSED AND 
CONTINUOUS WAVE IRRADIATION 

IRRADIATION 
CONDITIONS 

CONTINUOUS WAVE 
(CW) 

PULSED (P) 

EXPOSURE (SAR) 

0.5W/Cm2 (550mW/g) 

0.03 W/Cm2 (33mW/g) 

NUMBER OF RABBITS 
EXHIBITING CORNEAL 
CHANGES, OF TOTALfT) 

2 OF 4 

2 OF 4 



29 

FIGURE LEGENDS 

Fig. 1 Overview of rabbit in holder in front of antenna in exposure chamber. 

(a) View from front of antenna showing rabbit in carrier in front of round 
focusing antenna with eye positioned 2.5 cm behind focus of 
antenna. 

(b) View from side of antenna showing typical view of right side of rabbit 
head as visible using video camera and thermographic camera. 
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Fig. 2 Typical images and thermal profiles of rabbit head in region of the eye, 
obtained using different representative techniques. 

(a) Photography 
(b) Thermographic image using AGA Thermovision camera, range 20° 

Celcius. 
(c) Map of temperature profiles of right side of rabbit head in the region 

of the eye. The temperature profiles were obtained by graphing the 
temperatures along lines drawn at constant vertical intervals across 
the map of the rabbit head temperatures. 
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Fin 3 Typical images and thermal profiles of rabbit head in region of the eye, 
obtained using different representative techniques. 

nasal (front) third and the temporal (rear) two-th.rds of the eye 

(column 75). 

(b) 

(c) 
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Fig. 4 Temperature images and graphs of profiles of the heating of the corneal 
phantom by the focused beam of millimeter waves from the antenna. 

(a) Overall image using thermal profile plot of final-initial temperature 
subtraction image. The temperature differences (before irradiation 
subtracted from after irradiation) at each point of the thermographic 
image were plotted as a series of temperature profiles illustrating the 
spot heated by the millimeter wave beam at the beam focus. 
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Fig. 5 Temperature images and graphs of profiles from Fig. 4 above of the heating 
of the corneal phantom by the focused beam of millimeter waves from the 
antenna. 

(a) The horizontal profile of temperature differences (final-initial) through 
the peak at the maximum temperature reached when the cucumber 
at the position of the beam focus was heated by the beam at an 
average power of 4 W using 8 pulses of 100 jisec and 20,000 kw 
peak power for 2 sec total. 

(b) The vertical profile through the peak point of maximum temperature 
difference (final - initial) reached when the cucumber was heated by 
the millimeter wave beam as in (a) at an average power of 4 W. 

Distance (mm) 
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Fig. 6 Thermographic  images  and  graphs  of profiles  of the temperature 
differences (final - initial) of the rabbit cornea heated by the focused beam 
of millimeter waves from the antenna. 

(a) The temperature differences (before irradiation minus after 
irradiation) at each point of the thermographic image were plotted as 
a series of temperature profiles illustrating the spot heated by the 
millimeter wave beam at a position 2.5 cm back of the beam focus. 



Fig. 7 Thermographic images and graphs of profiles from Fig. 6 above of the 
temperature differences (final - initial) of the rabbit cornea heated by the 
focused beam of millimeter waves from the antenna. 

36 

(a) The horizontal profile of temperature differences (final - initial) 
through the peak at the maximum temperature reached when the 
rabbit eye at the position 2.5 cm back of the beam focus was heated 
by the beam at an average power of 3 W using pulses of 10 jjsec 
and 22 kw peak power for 1.5 min total. 

(b) The vertical profile through the peak point of maximum temperature 
difference (final - initial) reached when the rabbit eye was heated by 
the millimeter wave beam as in (a) at an average power of 3 W. 

(c) The vertical profile along a line 1/3 of the temporal-nasal distance 
across the rabbit eye following heating as in (b). 
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Fig. 8 Cooling of the cornea by air flow. Change of temperature (cooling) during 
the first ten seconds of cooling air flow at different air flow rates. 
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Fig. 9 Temperature as a function of power applied using continuous wave 
millimeter waves of frequency 35 GHz, and dependence of temperature on 
rates of air flow in cooling apparatus. 

(a) Dependence of temperature elevation at point of maximum 
temperature increase on power density in W/cm2. 

(b) Dependence of the temperature elevation on the air flow rate at 
constant power density. Note similar slopes of lines obtained for 
different! powers, showing similar decrease in temperature with 
increases in air flow rate. 
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Fig. 10 Dissection of cornea for SEM, and TEM after irradiation in diagramatic view. 

CORNEA 
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Fig. 11 Scanning electron microscopy visual library of corneal damage for millimeter 
wave treated rabbits. 

(a) Control cornea from the left eye of a rabbit after millimeter wave 
exposure only on the right eye but illustrating light (1) and dark (2) 
cells. Note the crater like spots normally found on the surface of all 
cells even in normal animals, (b-d) below show increasing degrees 
of damage to the corneal epithelial cells seen on the right eyes of 
three separate millimeter wave treated rabbits. 

(b) Type I - Epithelial damage in which a track-like array of single cell 
damage is observed. Cell damage appears due to both cell lifting 
and apparent heat coagulation (d). (Partial FSSD). 

(c) Type II - Area of epithelial damage is increased to include apparent 
groups fo cells (5-8 cell total). Similar heat coagulated as in (b). 
(Partial FSSD). 

(d) Type III - Extensive areas of epithelial damage and apparent heat 
coagulation are seen. Damage extends to cover standard screen 
area at standard 500X magnification (FSSD). 
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FIGURE 11 



Fig 12 Cross section of millimeter wave treated rabbit corneas showing varying 
degrees of damage in the epithelial layers (EP), the apparently normal 
underlying stroma (5) and where appropriate areas of degeneration (D). 

(a) Occasionally the lower epithelial layers appear darkly staining, 
indicating more degeneration (D) than in the outer epithelial layers 
(EP). 

42 
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Fig. 13 Cross section of millimeter wave treated rabbit corneas showing varying 
degrees of damage in the epithelial layers (EP), the apparently normal 
underlying stroma (5) and, where appropriate, areas of degeneration (D). 

(a) The outermost epithelial cells are lifting off singly as shown by 
arrows. 

(b) In addition to single cells lifting off (—>>), there are groups of 
darkly staining degenerating outer epithelial cells (D). 

(c) Larger areas of cornea are involved and varying degrees of 
degeneration of the epithelial layers is seen; in some areas varying 
numbers of epithelial cell layers are lost, at places exposing the 
stroma (EX). 
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Fig. 14 Thermographic images of modelling of accidental exposure to millimeter 
waves. 

(a-b) Thermographic imaging indicated a maximum increase in 
temperature in the irradiated area of 9.5°C, from the normal rabbit 
corneal temperature of approximately 34.5 °C. Severe damage was 
caused by the 0.18 sec exposure to 158 pulses of 20 /usec, at a 
spatial peak SAR of 22 KW/g. 

Each of 2 rabbits moved their heads and closed the irradiated eye 
after irradiation. Thermographic imaging indicated an increased 
temperature, to no more than 44° C, from the normal corneal 
temperature of 34.5° C. 

(a) Subtraction image of rabbit 118: control (of line) is subtracted 
from image at 0.1 sec of irradiation. 

(b) For subtraction image temperature of spot identified, by 
crossed lines at highest peak of temperature elevation. 



''.■■■  '.a' ■'■'''■;, ,'.'v. '•..;>■',':" 
■.f.j'>..i-/.V.(/:ti.'V.:.'i'; 

FIGURE 14 
45 



46 

Fig. 15 Scanning electron microscopy of the epithelium surface of the cornea 
damaged to simulate accidental exposure to millimeter waves. 

(a-c) In the irradiated area, damage occurred in an oval area positioned 
across the border between quadrant 1 and 4, with the border equally 
dividing the oval damaged area along its short axis. (Fig. ABC). 
Several other point areas of damage occurred at pits in adjacent 
areas, and peculiar tracks not found in unirradiated samples were 
also found. Magnifications are indicated on the scanning electron 
microsope pictures by the scale bar: 

epithelial surface (a) a portion of the large approximately oval area 
of damage from quadrant 1. 
(b) a higher magnification view of (1). 
(c) an area of pit damage in quadrant 1. 
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Fig. 16 Scanning electron microscopy of the endothelial surface of the cornea 
damaged to simulate accidental exposure to millimeter waves. 

At the endothelial surface an unusual bulge in the endothelial cellular sheet 
may indicate the force or pressure which was exerted by the exposure to 
the pulsed millimeter wave beam. That this is a bona fide bulge was shown 
by its behaviour on exposure to the electron beam in the scanning 
microscope, which produced a dimple in the bulge. 

(a) A portion of the approximately oval bulge from quadrant 2. 
(b) The same bulge shown in Fig. 5 after depression by the force of the 

electron beam. 
(c) The contour map of (6) illustrating its central depression caused by 

the electron beam. 
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Fig. 17 Light microscopy of damaged area fixed after exposure to millimeter waves 
irradiation as described in figures 15 and 16 above. 

(a-e) In the oval area no epithelial cells were seen covering the oval area, 
(Fig. A) while at the borders of the area finger-like projections of the 
corneal stroma covered with one layer of epithelial cells instead of 
the usually multilayered structure of the epithelium. The stroma has 
apparently been disrupted so that it appears to have flowed or 
snapped back, like a rubber band suddenly released from tension, 
to form the underlying support of these cells, while retaining its 
layered structure: 

A. Central region of lesion showing complete removal of 
epithelium from stromal surface. 

B. Montage of section through the strip at the border of the 
junction between quadrants 1 and 4, illustrating (top of 
montage) finger-like projections of the corneal stroma covered 
with one layer of epithelial cells instead of the usual 
multilayered structure of the epithelium. The stroma has 
apparently been disrupted so that it appears to have flowed 
or snapped back, like a rubber band suddenly released from 
tension, to form the underlying support of these cells, while 
retaining its layered structure. 

C. A higher magnification view of (8) showing the finger-like 
projection with its single layer of epithelium surrounding the 
disrupted layers of stroma. 

D. An area near the projections in (8) and (9) shows the 
multilayered epithelium which in places is thinned due to the 
outward projections of stromal material, and illustrates the 
large lakes of fluid of different refractive index from the 
surrounding stroma. These lakes would interfere significantly 
with vision because of the light scattering and reflections (due 
to differences in refractive index they would cause in the 
affected area of the cornea. 

E. The endothelial side shown below in this montage, also 
appears to have been damaged (layer disruption at left of 
photo), and projects outward from the stromal surface. 
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