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INTRODUCTION 

There is considerable potential significance, both clinically and with respect to 

dosimetry, in the reports of biologic effects of microwave radiation (MWR) at low 

levels of incident power density. "Low level" generally denotes energy levels below 

that at which acute thermal damage is evident, that is, of the order of 10-30 mW/ 

cm2 or less in the human. The evidence for such interactions ranges from difficult

to-analyze epidemiologic studies of chronic stress syndromes to more precisely con

trolled studies of biophysical and physiologic changes coincident with the irradia

tion.1·2 The mechanism for thes-e purported effects, and indeed their factual basis, 

continues to be examined. Recently, I have become particularly interested in reports 

that allude to signal, or cue, properties of M WR, 3•
4 that is, to the effects of this form 

of energy directly on the nervous system. Certainly, a wealth of implications and 

potential applications could be derived from a clear understanding of the 

mechanisms that underlie such experimental observations. We are at present equip

ping our laboratory for experimental work in this area, with our attention directed 

toward mechanisms for phasic influence of neural activity via modulated or pulsed 

continuous-wave MWR. In hopes of arriving at some. specific and testable 

hypotheses, I have taken a point of view that incorporates the relevant physiology of 

the nervous system, in addition to the known and projected biophysical effects of 

MWR. At the onset, it seemed rather remote to argue that voltages and currents at 

microwave frequencies could electrically perturb neural membrane to a significant 

degree; some intermediary mechanism would appear to be a necessary step. 

Perhaps, such a mechanism could be derived from nonlinear, or resonant, interac

tions with the complex molecular substrate of the tissue, from differential 

absorption of the MWR energy, or from one of several other possibilities that have 

been proposed but are clearly not sufficiently understood for quantitative 

consideration. Given that we do understand a great deal about other aspects of 

neural functioning, it may be more productive to consider instead whether there are 

mechanisms whereby ultrahigh frequency or microwave energy can be converted 

into forms of energy to which the nerve cells are normally, and perhaps quite 

efficiently responsive. 
A likely place to start, as I have discussed elsewhere, 18 is with the vestib

ulocochlear complex, a well-studied receptor system of extremely high sensitivity. 

Here, we have a set of highly specialized structures and associated neural sensory 

cells which together comprise a mechanical system that displays a sensitivity that 

approaches the theoretic limits for acceptable signal-to-noise ratio. There are 

several candidate mechanisms for the conversion of incident MWR into forces that 

could be detectable by this system. I will first briefly review one such mechanism, 

slow caloric or thermal stimulation of the vestibular apparatus. Several additional 
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mechanisms can be suggested whereby auditory and mixed audiovestibular effects 

might derive from weak, but modulation sensitive, electromechanical effects of in

cident MWR, namely, radiation pressure and dielectrophoresis. 

CALORIC VESTIBULAR STIMULATION 

With respect to thermal effects of microwave radiation, it has on occasion been 

stated that its consideration has nothing new to offer. This belief may be true from a 

thermodynamic or fundamental physics view, but it is an opinion that tends to dis

regard the almost bizarre receptor specializations of vertebrates. Snake infrared de

tectors permit detection and tracking of small mammals at a range of many feet, in 

total darkness. This fact illustrates that it is not so much a question of energy levels 

but rather whether the incident energy can be efficiently converted into neural 

signals. A closer look at the mammalian vestibulocochlear apparatus reveals that 

we have indeed not exhausted the possibilities for significant MWR interactions 

based on very simple thermal mechanisms. 
The semicircular canals are specialized to convert inertial torque on a ring of 

fluid, the endolymph, into minute displacement of a sensory specialization, the cu

pula, and thus into a sequence of action potentials from associated hair cells. There 

is a well-known clinical test in which warm or cool water, a few degrees different 

from body temperature, is poured into the auditory meatus to irrigate the external 

auditory canal down to the region of the tympanic membrane. Because the outer 

portion of the semicircular canal, not far from the tympanic membrane, has its 

temperature displaced from the normal, or core, temperature, a thermal gradient is 

set up through the canal. The convective torque thus induced in a vertical canal is 

sufficient to displace the cupula and give rise to appropriate sensations, in this 

instance of marked angular acceleration. Both the responsiveness to cranial angular 

acceleration and this ability to stimulate the system by slight thermal gradients de

rive from the very high degree of sensitivity of the relevant vestibular structures. If 
MWR could induce thermal gradients across the semicircular canals that were of 

comparable magnitude, a mechanism for microwave-induced "caloric vestibular 

stimulation" could be postulated. 
The model and its analysis are actually quite straightforward.5 The fluid-filled 

volume of the vestibulocochlear complex is enclosed by the temporal bone, which is 

a much less efficient absorber of MWR than the intralabyrinthine fluids. The latter 

possess high conductivity similar to intracellular or to cerebrospinal fl1Jid. Thus, I 

propose the following as a simplified but grossly accurate representation of the ves

tibular apparatus exposed to MWR. FIGURE 1 (left) shows an idealized anatomic 

cross section of the labyrinth through one semicircular canal. The solid outline indi

cates the shape of the osseous labyrinth, within which is suspended the membranous 

labyrinth. As discussed in detail by van Egmond and colleagues,6 the equation of 

motion of the endolymph is 

M = l(<iJ + ~) + Ff} + DO, 

where M is the torque on the endolymph, w denotes the angular acceleration of the 

skull, 0 represents the angular deviation of the endolymph (relative to the skull), / 

and Fare the moments of inertia and of friction, respectively, of the endolymph, and 

D specifies the directional moment caused by cupular deviation, all in the plane of 

the semicircular canal. If the external forces on the endolymph are derived from 

inertia only (a reaction torque), M = 0. Consider the case of a skull accelerated 
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FIGURE I. left. diagrammatic cross sections through plane of one vertical semicircular 

carial. Outer, solid outline represents sagittal view of the osseous labyrinth. Dotted outline indi

cates the inner, membranous labyrinth. Radius of curvature given by R; vestibule includes the 

membranous utricle (U) and saccule (S). Right, schematic equivalent of osseous canal and ves

tibule as a toroid intersecting a curved, coaxial cylinder. re is radius of the osseous canal, r. is 

radius of osseous vestibule. 

from rest. Let w = 0 for t < 0 and let w be a constant for t ~ 0; then, the approxi

mate solution for the cupular deviation in a canal initially at rest is 

8 = w[l - exp(t//F)], 

where the time constant F / I is found experimentally to be 10 sec. 7 Sensation is pro

portional to cupular deviation and therefore exponentially approaches the steady

state value given by 8 = "-'· Nystagmus is induced by angular acceleration on the 

order of 3° /sec2, that is, when 8 is on the order of 3° .6•
7 We can next employ these 

data to estimate the temperature differential across the labyrinth required for ca

loric vestibular effects. 
Imagine that skull and endolymph are at rest but that at t = 0, there is imposed 

a steady temperature differential between diametrically opposed sections of a 

vertical canal; the narrow semicircular canal is itself at temperature T0 , and the ves

tibule is at temperature T0 + /:J,.T. Assume that the entire vestibule is at this same 

temperature. If the total included angle of the vestibule is 90°, it can be shown that 

the equivalent perceived angular acceleration in response to the temperature 

differential /:J,. Tis 

· W4T = (:~ /:J,.T)G-180 (v2r2pR)-
1

, 

where [(ap/an /:J,.n is the density change in the endolymph, G is the acceleration of 

gravity and R is the radius of the semicircular canal. For man, this equation yields a 

caloric threshold for nystagmus of the order of 1 • C. The absolute detection 

threshold would be about one order of magnitude smaller. The question is, then, at 

what levels of incident MWR energy can a comparable thermal gradient be ex

pected'? 
In fact, the situation is not quite this simple, because the entire vestibule would 

not attain the same elevated temperature. Assume that the head is subject to uni

form MWR illumination. Note that the vestibular. apparatus is an assemblage that 

can lose heat only across its outer, osseous surface (i.e., across the periosteum). 

Since the surrounding bone mass is a relatively poor absorber of MWR, we will 
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assume that the temperature is constant over the periosteum. Our problem, in other 
words, can be restated as that of the internal temperature distribution due to volume 
heat production within a structure that comprises a toroid intersecting a cylinder 
(curved surfaces concentric; FIGURE 1, right). Within this composite structure, the 
temperature profile will be radially symmetric. More importantly, the thermal 
torque induced in the upper and lower portions of the toroid will cancel, and the 
problem becomes equivalent to that of calculating torque due to the differences be
tween the temperature profile established in the vestibule and that within the smaller 
cylindrical cross section of the canal opposite. I have performed the appropriate cal
culations elsewhere,5 and some results are provided in FIGURE 2. 

z 
0 

5 
a: 
Ill 
..J 
Ill 
c.J 
c.J 
< 
..J 
< ::, ... 
a: 
> 

z 
0 
;::: 
< a: 
Ill 
.J 
Ill 
c.J 
c.J 

0/sec2 

10.0 

1.0 

BT 

MAN 

Absorptio;Z,"oss Section: 330 cm2 

Averoge Heat Production 
at·. 10 mW /cm2 : 250,ucal/g•sec 

O.OI =~==;;....IOi......;.......,......,.;;.;;..;=IOL.i.0=..,.....~ ..... l"'ooo mW/cm 2 

INCIDENT MICROWAVE POWER DENSITY 

0/sec z 
10.0 

1.0 

< Br 
.J 

0 I ; ~;;:. ~.: :: ~ ~i~~ ~~i ;;: : :: : :: ~ ~i~~i~i~i~~ ~~~~I~~~~~~~~~~~~ ~~~~ii~~~~~~~~ < ::, ... 
a: 
> 

. ..::::::::::::=· .. :::::::::::::MONKEY:::::::::::::::::::::::: 
[E//='':,/Ab~-~~-pi·i~n Cross s~~i;;;;;:3a·~2E 
1:?:;itmm, ::~~0!:,:~, :~~:c~~~~Jil~lllllJ 

0.01 ······················ ······················ ······················ 
10 100 1000mW/cm2 

INCIDENT MICROWAVE POWER DENSITY 

FIGURE 2. Top, apparent or virtual angular acceleration as a function of incident power 
density. Average and local peak heat production (250 and 1000 µ.cal/g/sec, respectively) were 
obtained from Reference 8. The shaded zone below 0.2° /sec• indicates a region of subthreshold 
effects. Cross section and other parameters correspond to human adult cranium. Bottom. the 
same legend· applies here for a cross section that represents a small monkey cranium. 
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If the average rate of intracranial heat production due to 10 mW /cm 2 is taken as 

250 µcal/g • sec, 8 the threshold for vestibular sensation should be in the neighbor

hood of 35 mW /cm 2 average incident power density. Because of the smaller head 

size, and thus some intracranial resonance effects, the thermal effects on a small 

animal could be considerably larger. For example, Shapiro and associates8 calculate 

that the average rate of heat production due to 10 mW /cm 2 incident power density 

is 600 µcal/g • sec in the monkey. This value reduces the caloric vestibular threshold 

to 14 mW /cm 2 if we assume the same relative vestibular parameters and optimal 

frequency band. 
These estimates of the proposed caloric vestibular effect are only rough and re

quire direct experimental examination, both with respect to the "dose-response" 

relationships and with respect to the actual relationship between incident power 

density and average imposed intracranial thermal load. These are some of the first 

tasks in the experimental phase of my work. 

Several additional points can be raised relative to this hypothesis. First, there is 

the factor of resonance absorption due to skull size. Kritikos and Schwan,9 most 

recently, and others8 have discussed the expected resonance absorption when the 

wavelength of the incident radiation approaches that of the absorbing structure, in 

this case the skull. A factor of 4 increase in the magnitude of the proposeq effect 

might thus arise, which would push threshold levels for a MWR vestibular 

interaction down to 9 and 3 mW /cm 2 in man and the s nall monkey, respectively. 

However, only at very specific source-subject orientations and at particular incident 

wavelengths would this effect occur. Resonance absorption on a smaller scale seems 

a more likely basis for a general enhancement of the interaction I have proposed. 

That is, consider resonance absorption within the vestibular apparatus itself. 

The vestibule is approximately an ellipsoid, with major and minor-axes 0.5 and 

0. 15 cm in racjius, respectively. Because this structure in the temporal bone has only 

a thin overlying layer of skin and fatty tissue, even comparable wavelength radiation 

(of the order of l cm) would penetrate to the requisite depth with little attenuation, 

under favorable conditions. From the results of Anne and coworkers, 10 the 

absorption cross section of the vestibule would be three to four times its physical 

cross section at optimal wavelengths. This effect, coupled with a relatively reduced 

absorption cross section for the much thinner canal itself, could result in an order of 

magnitude net gain in sensitivity merely due to the favorable localized heating of one 

portion of the vestibular system by local resonance effects (see Equation 11 in 

Reference 5). Thus, at particular frequencies dictated by the geometry of the rele

vant labyrinthine components, the theoretic detection threshold could be of the 

order of 3 mW /cm 2 in man for this very prosaic vestibular interaction. 

I should be careful to point out that both mechanical and thermal time constants 

of the labyrinth are such as to make this phenomenon dependent only on average in

cident power. Thus, this mechanism, even when verified experimentally, is unlikely 

to account 'for reports of behavioral or perceptual effects that are related to the 

modulation of the incident energy. True enough, the saccule and utricle are struc

tures that seem able to mediate the perception of very low frequency sounds. Thus, 

caloric torque through the vestibule could perturb these structures sufficiently to 

give rise to poorly defined auditory or vibratory sensations. There would, however, 

be no simple explanation here for the perception of MWR modulation as such. 

In summary, caloric vestibular effects of MWR could give rise to sensations of 

angular acceleration mediated via the semicircular canals and perhaps to ill-defined 

vibratory or auditory sensations mediated via saccule and utricle by similar thermal 

mechanisms. The utility of the above argument is twofold. First, it shows that there 

are several potential mechanisms for a behavioral cue value in MWR at low levels of 
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incident power density, cues that can be derived from only basic thermal 
mechanisms plus the well-documented and exquisite sensitivity of inner ear struc
tures. Second, if sharp resonance absorption can be demonstrated, this microwave 
vestibular interaction offers the possibility of developing new clinical diagnostic 
tools, in particular, microwave-based tests of vestibular function. In the near future, 
I will be able to report on some experimental data in this connection. 

DIRECT AUDITORY EFFECTS OF MWR 

In considering further the basis for what now appears to be a valid phenomenon, 
auditory perception of M WR, it is useful to start with some anatomic localization. 
Could cortical effects be the primary basis for this phenomenon? Direct neural 
effects of microwave radiation have been suggested on the basis of frequency-specific 
interactions with complex biologic molecules. Resonance absorption and selective 
enzyme changes, for example, have also been proposed and given .:xperimental sup
port. Similarly, one could generate various hypotheses that relate to differential di
electric properties of the components of the nervous system. That is, protein-lipid 
membrane and the highly organized membrane pore structure upon which all 
neuroelectric activity depends could somehow be modulated by MWR. Frey has 
recently summarized much speculation in this regard. 19 Because many of these 
hypotheses are highly qualitative, with insufficient definition to permit a quantitative 
estimate of the net effect at microwave frequencies, it is not clear that the magnitude 
of such interactions could ever exceed background, or "noise," levels to the point of 
yielding regularly modulated neural activity, without concomitant and overriding 
thermal effects. 

In any event, a more fundamental criticism could be raised. Biophysically, there 
is no reason to suppose that the cortical areas associated with, for example, so
matosensory projections, vision, olfaction, or with motor integration differ in any 
way from the auditory cortex. It is therefore striking that subjects' reports are 
confined to auditory effects. This result could instantly change with new data, but I 
suspect that the origin of these effects lies outside the cortical and major subcortical 
zones associated with the auditory projections. 

What, then, about fiber pathways? Kamenskii" has presented data that indicate 
that low-level MWR can alter the amplitude and velocity of action potentials along 
a nerve. Although the former would be relevant only at the synapse, the latter could 
be the basis for global modulation of arrival times, that is, of the phase relationships 
among the numerous axons that comprise a corticopetal system. It is well known 
that significant information can be conveyed centrally by both the relative times of 
arrival and by the frequency and spatial distribution of arrival of action potentials 
over a multifiber pathway. Again, there is, however, not enough known about the 
quantitative aspects of this membrane effect to make a judgement. Furthermore, 
one arrives at the same problem, namely, the persistent association of MWR per
ceptual effects with the auditory system. Certainly, other sensory modalities have 
their long fiber tracts. It seems that in the peripheral receptor apparatus of the audi
tory system, one might better be able to account for a primarily auditory effect. 
Two phenomena are apparent as possibly relating to the experimental reports: 
radiation pressure and dielectrophoresis. 

A propagating electromagnetic wave possesses momentum. When this wave im
pinges on an absorbing or reflecting body, a portion of this momentum is trans
ferred. In other words, the radiation imparts a small pressure to the illuminated ob
ject. Such is the force that orients a comet's tail away from the sun. In general, this 
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radiation pressure is quite complex to calculate. If we are satisfied, however, with an 

estimate of the upper limit of this interaction as it might apply to biologic systems, 

the magnitude can be quickly calculated with either quantum mechanical or elec

tromagnetic relationships. In the latter format, (E x H) = W = pc, where (E x H) 

is the expression for the Poynting vector that gives W, the average incident power 

density, p represents the radiation pressure, and c is the speed of light. The relation

ship is valid if the impinging energy is totally absorbed. If fully reflected, we find 

twice as much radiation pressure: p = 2W/c. For incident power densities of, for 

example, 100 mW /cm 2, p = 0.67 x 10-• dyn/cm 2
• Although quite small, pressures 

at these levels are close to those known to be effective in eliciting the sensation of 

sound. 
The external ear can be viewed as a simple tube, open at one end and terminated 

by the tympanic membrane at the other. It is striking that more than two decades 

ago, Cullen 12 proposed and constructed a device for measuring microwave power 

that was simply a wave guide terminated by a reflecting, flexible diaphragm. Power 

was measured in terms of the net. deflection of that diaphragm. The analogy is ob

vious. If, in fact, at the frequencies of interest, the primate ear similarly acted as a 

tuned, terminated wave guide, a large fraction of the incident power could be 

reflected by the tympanic membrane. On this basis, because the hearing threshold is 

generally considered to be 0.2 x 10-3 dyn/cm 2, incident peak power of the order of 

300 mW /cm 2 should attain threshold. This value is near the level that Frey and 

Messenger determined experimentally for auditory perception of pulse-modulated 

MWR. 14 Note that, here, the mechanical time constants of the detector system are 

short, such that the peak values and modulation characteristics of the incident 

energy are of prime importance. 

It is intriguing that this estimate of threshold in terms of incident microwave 

energy approximates that determined experimentally, but this fact is perhaps not 

significant. At low pulse rep,etition rates, the ear is far ( 15-25 dB) from its most 

sensitive range, which is at 1000 Hz. Also, the external auditory canal, in view of the 

electrical properties of tissue, does not make a very good wave guide, any more than 

the tympanic membrane is likely to act as a perfect reflector of electromagnetic 

energy. In addition, this hypothesis seems to require tremendous precision if this up

per limit on efficiency of energy transfer is to be achieved. That is, tuning of the audi

tory canal as a "wave guide," orientation of that "wave guide" toward the source, 

optimum detection sensitivity, and so forth would each tend to make the detection 

process highly dependent on orientation and frequency of the radiation. Thus, 

though a useful and potential basis for auditory effects at some power level, the 

hypothesis may not be able to account for the experimental data now available. 

Perhaps, more complete data on the carrier frequency sensitivity of the perceptual 

effects, in individual subjects, will provide the needed basic information for better 

judgement of this hypothesis. 

Because bone conduction has been implicated as a possible intermediary between 

radiation pressure and auditory sensation, it is worthwhile to clarify relevant aspects 

of auditory physiology. The tympanic membrane and ossicular chain (middle ear) 

function as an impedance-matching device to efficiently couple the vibrations in air 

(low acoustic impedance) to the cochlear fluids (high acoustic impedance). The net 

pressure gain by this system is about 30 dB. 2° Furthermore, the acoustic efficiency 

of the middle ear system is quite high, so nearly all the incident acoustic energy is 

absorbed into the system. Since the same receptor process is being activated by 

either the tympanic or bone conduction route, the latter will be less sensitive by at 

least that 30 dB. Bone conduction is thus unlikely to mediate auditory perception by 



Lebovitz: Vestibulocochlear Apparatus· 189 

radiation pressure, except at levels far in excess of the threshold at the tympanic 

membrane. 
It is natural to consider whether other intracochlear structures could similarly 

be perturbed by radiation pressure of low magnitude. Although the organ of Corti 

(including the tectorial membrane and cilia of hair cells) is extremely sensitive to 

mechanical force, it is immersed in a highly conductive media, the endolymph. Thus, 

a simple incidence argument (as above) does not suffice. A more detailed analysis 

must account for: the dielectric properties of the hair cells, so as to determine the 

fraction of the arriving energy that is absorbed and therefore the magnitude of any 

net reaction force. Again, at particular frequencies, efficient coupling might occur. 

When considering this possibility of direct action on the primary receptor struc

tures of the vestibulocochlear complex, another more feasible mechanism comes to 

mind. This is dielectrophoresis, a phenomenon considered in some detail by Pohl. 15 

The interaction force of dielectrophoresis derives from the tendency for a neutral 

body in a nonuniform electric field to be forced toward the region of greatest field 

intensity. In addition, the force is independent of field polarity. That is, even in high

frequency fields, the force is in a constant direction and is proportional to the square 

of the instantaneous field gradient. If the mechanical time constant of a perturbed 

particle is sufficiently small, the relevant factor in calculating the displacement force 

would again be peak pulse, as opposed to average incident power density. The 

physics of this process has been discussed elsewhere, 16 and experimental results ap

pear to be in good agreement with the theory. Once again, the unusually high 

mechanical sensitivity and small time constants of portions of the cochlea and of the 

vestibular apparatus leads to the following considerations. 
Primary auditory receptor structures (cupula, otolith) consist of calcified pellets 

in a gelatinous mass, into which are embedded the cilia of hair cells, the neural 

transducers. Forces on the cupula are translated into electrical alterations in the 

hair cells themselves, which yield the receptor or generator potentials. From the re

sults of Oman and Young, 17 the threshold force on the cupula of the semicircular 

canal is F = 21r2p • Ka 2R 2fl = 4 x 10-5 dyn, where pis the density of the endolymph, 

K represents a physical constant of the system, a denotes the canal bore radius, R is 
the major (toroidal) radius of the canal, and n equals the threshold angular ac

celeration. If we can assume, for the moment, that the cupula behaves like an insu

lating spherical particle, Pohl's formulation can be used to estimate the required 

field gradient (A£) to yield this displacement force: · 

F = 211"b 3
t 0 (''v' E) 2[Ki(K2 - Ki)/(K2 + 2Ki)], 

where b is the particle radius, Eo represents free space permittivity, and K I and K 1 

are the relative dielectric constants of the particle and the surrounding medium, 

respectively. If we take b = I mm and K 1 = 2·K 1, the required field gradient can be 

calculated to be of the order of 5 Y/cm 2
• The field gradient thus derived is small as 

much for the reason that the suspended particle (cupula or otolith pellet) is rela

tively large, as due to the great sensitivity of the detector apparatus to lateral force. 

If we take peak pulse values of the local field at 300 mW /cm2 peak incident power 

density and consider the local field gradients that may arise due to resonance and/ 

or interface phenomena, it may be that highly localized field gradients of this 

intensity occur through the osseous surroundings of the vestibular apparatus.8 •9 

Thus, pulse-modulated MWR could induce synchronous pulsatory forces on these 

highly sensitive structures and thereby yield perceptable sensation. It is not clear 

what the character of this sensation would be, although similar receptor structures 
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in the saccule are supposed to mediate a crude perception of low-frequency vi
bration. 

DISCUSSION 

What I am trying to propose here is not, quite obviously, a detailed formal 
examination of intralabyrinthine-intracochlear forces due to MWR; I have, in part, 
accomplished this elsewhere.5

•
18 It seems important, though, to examine all 

mechanisms by which low levels of M WR, that is, levels that are not associated with 
acute thermal effects, can nevertheless mediate perceptible sensory effects. There is 
more than enough energy in even I mW /cm 2 incident power density to affect the 
nervous system, if the appropriate efficient transducer system could be specified. 
The cochlea and vestibular apparatus are likely sites at which to expect such trans
duction mechanisms to exist because of their exquisite mechanical sensitivity. I am 
far from satisfied that these preliminary models are accurate. In the future, 
however, I will be critically examining these points in the laboratory. In this sense, 
the above considerations have been useful in that they suggest particular lines of ex
perimentation with which to narrow down the:; locus and mechanism of the postu
lated vestibular effects and of the documented auditory effects of low-level micro
wave radiation. My vestibular hypothesis, for example, implies that the effect should 
be very much dependent on orientation of the head relative to the vertical axis (tilted 
forward slightly to obtain a maximal effect) but only weakly dependent on 
orientation relative to the source under nonresonance conditions. The proposed au
ditory hypothesis suggests that phasic displacement of the tympanic membrane (de
tectable via the Mossbauer effect 20

) should occur coincidently with pulse-modulated 
MWR. An extensive catalog of such experiments is not appropriate now. I would 
emphasize, however, that the hypotheses are based on known and quantified 
neurophysiologic data. Thus, detailed experimental verification is possible and, 
indeed, required. 

If one wanted to proceed to more highly speculative proposals, there is a range of 
hypotheses regarding the transducer action of cochlear and vestibular hair cells. 13 It 
is now accepted that the hair cells are basic to generation of cochlear microphonics 
and auditory sensation. Whether the former is a link in the causal chain that leads to 
the latter or only an epiphenomenon of the transducer process is not yet resolved. 13 

Because of the minute displacements involved, there is considerable difficulty in ar
riving at a viable mechanism, although it does seem clear now .that transduction is 
an active process, with considerable amplification at the receptor level. 21 Whatever 
the mechanism by which this process is accomplished, it is likely that a route by 
which MWR is effective could be postulated. The problem is, and will remain; to 
specify such hypotheses in sufficient detail and with sufficient attention to physio
logic realities to allow quantitative verification. 
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D1scuss10N 

DR. K. D. STRAUB: I was interested that there may be resonance effects due to 
mechanical resonance in the semicircular canal from compression forces. One 
might assume that if you induce a compression wave in that structure, and if it takes 
a certain time for the wave to go around it, you can induce mechanical standing 
waves in the canal, which would be a resonance phenomenon, and perhaps increase 
the sensitivity 10-fold over the normal compression forces necessitated by the 
standing wave reinforcement. Probably many other structures within the central 
nervous system could provide such interfaces, so that mechanical resonance could 
occur between them, and enhancement could occur, in turn. Have you analyzed this 
kind of mechanical resonance in the cochlear apparatus or other structures of the 
brain? 

DR. LEBOYITZ: I'm looking at a different problem. The possibility of mecharrical 
resonance implies that we could introduce a standing wave, and probably that this is 
related to the modulation characteristics of the incident MWR. The underlying 
mechanical processes (compression waves) have accordingly short time constants, 
several orders of magnitude shorter than the time constants (on the order of 
seconds) that seem to be characteristic of the caloric effects I have hypothesized 
here. In this caloric effect, the mechanical force is a convective, thermal force 
derived from the developing temperature differential across the semicircular canal. 
In addition, the mechanical time constant of the labyrinth is itself on the order of 
seconds. Actually, I am here referring to "resonance" absorption in an electrical 
sense. That is, electrical standing waves may develop when the wavelength of the 
radiation is comparable to the dimensions of the absorbing structure, here the ves
tibule. Enhanced energy absorption (that is, effective increase in the absorption 
cross section of the vestibule) would thereby enhance the vestibular caloric effect, 
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relative to that at nonresonant frequencies of radiation. There are very interesting 
and real possibilities of mechanical resonance based on radiation pressure, induced 
thermal expansion, or other electromechanical coupling between MWR and the 
head. In such, the modulation characteristics of the incident energy, more than the · 

carrier frequency or average power, _would be of fundamental importance. I have not 
yet considered these in detail. 

DR. H. WACHTEL: How do you intend to validate this model experimentally? 
Particularly, how will you measure a thermal gradient ofO. I °C/cm? 

DR. LEBOVITZ: One could perhaps measure the thermal gradients with 
differential thermocouple techniques, but there are many problems involved with 
such methods. We intend to verify this model not by measuring the thermal 
gradients directly but, instead, by looking for noticeable changes in output from ves
tibular and cochlear nerves that we can relate to the incident microwave radiation. 
In other words, we're letting the inner ear act as a detector. This technique certainly 
won't determine the mechanism precisely, however. 

DR. WACHTEL: But, that method won't reveal anything about the mechanism of 
transduction. 

DR. LEBOVITZ: You are quite correct. Demonstrating an acute vestibular 
response to MWR will not itself define the mechanism of .that interaction. More 
detailed experiments will have to be designed. That is, one can selectively destroy 
portions of the vestibular system or alter physical parameters, such as head 
orientation relative to gravity. These data, plus the characteristics of the vestibular 
response with respect to radiation parameters (carrier frequency, modulation, plane 
of polarization of the incident M WR) could be used to help delineate the underlying 
mechanism. However, the first step remains to be accomplished, namely, clear 
demonstration that an acute vestibular response does or does not occur. 

DR. A. H. FREY: I tend to agree with you that the radiation pressure against the 
eardrum is an unlikely possibility. I performed some studies along these lines, in
cluding working with deaf people who didn't have functional eardrums in ·the usual 
sense. They could hear microwaves with thresholds comparable to others. Further 
studies have shown that the 300-m W threshold level, which you mentioned, is 
decreased by one order of magnitude. 

DR. W. R. ADEY: If the radiation pressure hypothesis is testable, what effects do 
you think would relate to head orientation, polarization, and other characteristics of 
the incident energy? 

DR. LEBOVITZ: I expect that these factors would have major overriding effects. 
This is why, as I'm sure Dr. Frey also concluded, there is some difficulty, in addition 
to the absolute power level, with the great specificity of head orientation or fre
quency that would be required by this hypothesis. In explaining current experimental 
data, radiation pressure doesn't seem to work very well. However, it does offer al
ternate possibilities for stimulating the auditory system that may have some 
eventual use. . 

DR. K. R. FOSTER (Naval Medical Research Institute. Bethesda. Md.): In con
nection with microwave stimulation of the auditory system, I should point out that 
with a sensitive hydrophone, we have recorded very large acoustic transients in 
water exposed to microwave radiation. We've also theoretically"described this trans
duction mechanism. It involves creating a fairly rapid thermal expansion in the fluid 
that emits sound waves due to a piston effect. Our theory predicts sound intensity 
values that agree with reported threshold measurements. Dr. Frey's recent paper in 
Science demonstrated that loudness of the microwave hearing sensation depends 
upon pulse intensity, provided that the pulse is of a certain width. Dr. Guy's recent 
work indicates that threshold is independent of pulse height and depends only upon 
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pulse energy for relatively short pulse widths. We've been able to measure sound 

intensities in a model of the head irradiated with microwaves at energy levels that 

correspond to the threshold for microwave hearing. We have observed peak sound 

intensities of approximately 100 dB. A fairly elementary consideration indicates that 

this value should be close lo the threshold for hearing by bone conduction. Further

more, after processing the audible signal through various band-pass filters, we've 

been able to reproduce both Dr. Frey's loudness curve in its general functional be

havior and also the observation of Dr. Guy that the loudness of the effect is indepen

dent of pulse parameters for very short pulse widths. We've verified our theory by 

changing the water temperature. According to our hypothesis, the sound intensity 

should be directly related to the thermal expansion coefficient of the fluid. By 

reducing the temperature of our model system to 4° C, where this thermal expansion 

coefficient vanishes, the microwave sound effect vanishes, and at temperatures be

tween O and 4° C, we obtain a negative phase change in the sound. To summarize, I 

think there is fairly strong circumstantial evidence that this microwave hearing 

effect is simply due to a thermal acoustic stimulation in the head produced by a 

fairly trivial physical process. 
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