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Caloric Vestibular Stimulation via 
UHF-Microwave Irradiation 

ROBERT M. LEBOVITZ 

Abstract-Reports of behavioral and electrophysiological changes in 
response to low-level UHF-microwave irradiation are not easily recon-_ 
ciled with known biophysical mechanisms. Effects at incident power_ 
densities on the order of 10 mW/cm2 or less would imply either ens 
hanced sensitivity of the nervous system to induced thermal loads or 
the existence of stronger nonthermal modes of interaction than hitherto 
proposed. -In this paper, a hypothesis is developed that accounts for a 
class of such reportedly nonthermal effects. It is proposed that ab
sorbed electromagnetic (EM) radiation yields thermal gradients within 
the semicircular canals of the labyrinth. The intravestibular convective 
torque induced thereby would mimic natural vestibular simulation. 
Detection and nystagmus thresholds with corresponding response 

· latencies for human adults and for monkeys are derived in terms of in
cident power density. For the Cornier, the detection threshold is esti
mated to be 35 mW/cm2

; the threshold may be significantly lower 
when the possibility of resonance absorption exists, as with cranial radii 
on the order of 5 cm or less (immature human or small animal}. These 
results imply the existence of a significant caloric vestibular cue at inci
dent power densities that are not otherwise associated with gross ther
mal effects. 

Manuscripi received April 20, 1972. _ 
The author is with the _Department of I'.hysiology, University of Texas. 

Southwestern :Medical School, Dallas, Tex. 7 5235. · 

INTRODUCTION 

T w_ o __ particularly unique aspects of the threat presented to 
those in the vicinity of high-power RF currents relate to 
1) imposition of a volume thermal load while being con

strained .to surface heat loss, and 2) elevat_ion of the internal . 
temperature at sites that are poorly endowed with thermosen
sitive receptors. Injurious thermal loads may thereby be gen
erated in internal organs or muscle masses without giving rise 
to pain and/or alerting sensations that usually coexist with 
thermal injury to superficial tissue. The penetrating thermo
genie nature of high-frequency radiation had been noted since 
the early days of "diathermic" therapy [I] , but received 
serious study only comparatively recently. Development of· 
powerful sources of collimated -electromagnetic (EM) radiation 
(for example, RADAR and UHF communications) under
scored the need to understand the detailed nature of interac
tions between EM radiation and biolqgical tissue [2] -[ 4] . 
This understanding, although now immensely enlarged, still 
appears to fall short of that needed to deal comfortably with 
_the. expected future proliferation of UHF and microwave d~-
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· vices. Of particular interest to the neuiophysiologist is the 
putative extraordinary sensitivity of the central nervous sys
tem to penetrating UHF and microwave radiation (MWR). If 
valid, this specific sensitivity must reflect a more subtle inter
action than so far has been examined directly in the labora
tory arid would open another aspect of the radiation safety 
problem. 

At UHF and micrqwave frequencies, the absorption charac
teristics of biological tissue have been interpreted by many 
scientists in this country as consistent with a safety standard · 
of 10-mW/cm2 incident power density. This figure was de
rived originally from very broad assumptions of total body 
(average) acceptable heat load (5]; there was little reason to, 
consider system-specific effects. Expanded in terms of fre
quency and exposure interval in response to extensive experi- , 
mental work [4], this guideline is presently in force in the 
form of the Radiation Control Act PL 90-602 (1968). Giving 
some concern are persistent reports, especially· in the Russian 
and East European literature, of significant nonthermal modes 

. of interaction of UHF and MWR with biological tissue [6]. 
One implication of such an interaction might be the need for 
tightening our current MWR exposure standards; the corre
sponding standards in the Eastern block countries are one or 
two orders of magnitude more stringent than our own [7] , al
though there is a recent trend towards convergence of these 
standards. On the other hand, the putative interaction may be 
benign or even useful. The dilemma is that, with some excep
tions, it is difficult to take the Russian reports at face value; 
few of their findings regarding nonthermal effects have yet 
been verified. The failings of many such reports are well 

·. known and need not be taken up here (8]. Nevertheless, we 
cannot completely disregard such reports; indeed, there are' 
several groups of investigators, both here and abroad, whose 
reports and techniques are more accessible and who concur 

. that there are significant behavioral and neurophysiological re
sponses to MWR at levels unassociated with significant thermal 
loads [9]-[12] (see the section entitled Discussion). Rather 
than approaching these reports, which seem to be at odds with 
current data on MWR-biological interactions [I 3], via further 
critique of methods and observations, we have attempted to . · 
find another interpretation of the data. We believe we have 
such an interpretation in the form of a vestibular mechanism 
that could yield behavioral and direct neurophysiological ef
fects related to MWR at incide.it power intensities several 

· orders of magnitude below that necessary for unacceptable 
thermal loads. 

The proposed mechanism relates . to the phenomenon of 
caloric vestibular stimulation, a well-known clinical technique 
for the examination of vestibular function [14]. As generally 
performed, the maneuver consists of irrigating the aural canal 
with water several degrees centigrade different from body tem
perature. The resultant vertigo, ocular nystagmus, and other 
vestibular effects arise from convective forces that are gen
erated by sustained temperature differentials imposed across 
the semicircular canals. Because of the geometry of the laby
rinth and because incident MWR at the appropriate frequencies 
imposes a volume heat load upon the labyrinth, we find_it 
feasible that intravestibular convective forces may also be in-

osseous 
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r, 
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Fig. I. (a) Diagramatic cross section through plane of a semicircular 
canal. Outer solid outline represents sagittal view of a portion of the 
complex cavities within the temporal bones that comprise the osseous 
labyrinth. Dotted outline represents the main sensory complex and 
the membranous labyrinth. R represents the radius of curvature of 
the osseous canal; U represents the utricle; S represents the saccule. · 
(b) Schematic equivalent of osseous canal and labyrinth as a toroid 
intersecting a curved coaxial cylinder. Relative position of labyrinth 
arbitrarily taken to be centered on the horizontal to yield maximal 
net thermal torque. r c represents the radius of the osseous canal; 
'" represents the radius of the osseous labyrinth. 

duced whe'l the head is illuminated by uniform EM r~diation. 
This paper presents an analysis of the steady-state. caloric ef
fects of UHF-MWR in this context. The expected detection 
threshold and latency of such a phenomenon are derived uti
lizing available data on the human vestibular apparatus. The 
f~asibility of using the monkey as an experimental preparation 
with which to verify the vestibular interaction and its relation 
to human vestibular sensitivity is nbted. Particularly relevant 
to our analysis are results from recent theoretical studies [15]., 
[16], which show that nonuniformities in the intracranial heat 
load may result from uniform illumination in the range 250-
3000 MHz, especially with cranial radii on the order of 5 cm, 
as in a small child or inf ant~ Our results are discussed in terms 
of their utility in explaining several classes of .. non thermal" 
effects of MWR on the nervous system, including the implica
tion of a significant vestibular cue in behavioral experiments 
using UHF-MWR as the conditioned stimulus. · 

ANALYSIS. 

Gross Temperature Differentials-Caloric Nystagmus 

Fig. I (a) shows an idealized anatomical cross section of the 
labyrinth through one semicircular canal. The solid outline in
dicates the shape of the osseous labyrinth. Within the boney 
outline is suspended the membranous labyrinth. It is impor
tant to note that detection of angular acceleration is mediated 
by; forces on and movement of the_ endolymph within the 
membranous labyrinth. As discussed in detail by van Egmond 
et al. [I 7], the equation of motion of the endolymph is that 
of the torsion pendulum: 
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LEBO\\!TZ: CALORIC VESTIBULAR STIMULATION 

M=I[w +01 +Fe +D0 (1) 

where M is the torque on the endolymph; w is the angular ac
celeration of the sk.-ull; 0 is the angular deviation of the endo
lymph (relative to the skull); / is the moment of inertia of 
the endolymph; F is its moment of friction; and D is the 
directional moment caused by cupular deviation, all in the 
plane of the semicir~ular canal. If the external forces on the 
endolymph are derived from inertia only (a reaction torque), 
then M = 0. Consider the case of the skull accelerated from 

· rest. Let w = 0 for t < 0 and let w be a constant for t > O; 
then the approximate solution for the cupular deviation in a 
canal initially at rest is [ 17] 

8 = w [I- exp (tl/F)] (2) 
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where w1:,.r now is the perceived angular acceleration (in de
grees per second squared) resulting from an intravestibular 
temperature differential AT. For man, p = l, op/oT = 4.4 X 
10-4

, and R = 0.3; also g = 980, all in CGS units [19]. For 
AT= 1 °C, the equivalent (perceived) cranial angular accelera
tion is 18 .5° /s2 

; thus it is sufficient to yield obvious vestibular 
signs such as nystagrrius. This is consistent with the results of 
clinical caloric stimulation in which aural irrigation with fluid 
having a temperature only a few degrees different from normal 
body temperature yields marked optokinetic signs and subjec
tive vertigo. However, caloric temperature differentials pro
duced by absorption of weak MWR would be·expected to be 
on a much smaller scale, and therefore require the more de
tailed analysis which follows. 

Small Temperature Differentials 
where the time constant I/Fis approximately 10 s [18]. Sen
sation is found to be proportional to cupular deviation and 

I . therefore exponentially approaches the steady-state value given 
by 0 = w. Nystagmus is induced by angular acceleration (w) 

Consider again the labyrinth as shown in diagrammatic cross 
section in Fig. 1. The convective torque on the ring of 
endolymph is 

I 
on the order of 3° /s2

, i.e., when 0 is on the order of 3° [l 7], 
[18]. We can use these data to estimate the temperature dif- ; 
fcrential across the labyrinth required for caloric vestibular 
effects. . 

(6) 

I 
Imagine that the skull and endolymph are at rest, but 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 To and the vestibule 

where now we consider a · volume integral through the mem
branous labyrinth upon which is imposed a volume tempera
ture profile t:.T(v). Assume that the head is subject to MWR 
at a wavelength sufficiently long to penetrate to the labyrinth 
without significant attenuation. Then the rate of internal heat 
generation wiH be directly related to incident power density. 
To determine the intravestibular temperature distribution thus 
induced, we must· establish proper boundary conditions. Note 
that the vestibular apparatus consists of cavities and canals 
carved into the temporal bone. The assemblage can lose heat 
only across its outer osseous surface (i.e., across periosteum). 

I 'is at temperature T0 + AT. Assume that the entire vestibule 
is at this same temperature so that the net thermal torque on 
the endolymph [Fig. l(b)] can be written simply as 

I JL · . (3 ) 
M 1:,. r = 

0 

cos ex 
0
~ t:.T grrr-:n R dz (3) 

I Since the surrounding bone mass is large and since the bone 
. where Lis the intersected length of the vestibule in the plane absorbs UHF-MWR poorly [B], we will assume that the tern-
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of the canal, cx is the angle relative to the horizontal, (op/31) · · perature is constant over the periosteum. Our problem, in 
AT is the net density change of the endolymph,g is the accel- other words, can be restated as that of the internal tempera
eration of gravity, rm is the radius of the membranous canal, R ture distribution due to volume heat production within a 
is the radius of curvature of the canal, and dz is the incre- structure comprising a toroid intersecting a cylinder (curved 
mental axial length of the canal. If we assume that the total surfaces concentric). We set T= constarit (T = 0, say, for the 
included angle of the vestibule is 90° (rr/2), then we can substi- purposes of deducing temperature differentials) over the 
tut~ dz= Rdcx, and the net thermal torque on endolymph in curved surface; as wellas over the exposed outer half of the 
the plane of one canal may be written ends of the cylinder representing the vestibule. 

Jrr/4 .. (op ) 
M1:,.T=2 0 coscx aTAT grrr~1R

2 
dcx 

·~(ap ·)· 2 2 =v.t; -· AT grrrm R . 
oT . 

(4) 

The equivalent cranial acceleration, i.e., that necessary to gen
erate this same intravestibular torque, would be given by 
wA T = MAr/1. Since the moment of inertia of the toroid is 
2rr2 pR 3r~n, we find · · 

Within this composite structure the temperature profile will 
be radially symmetric. More important, the thermal torque 
induced in the upper arid lower portions of the toroid will can
cel and the problem becomes equivalent (Fig. 2) to that of cal· 
culating torque due to the differences between the tempera
ture profile generated in the vestibule and that induced within 
the smaller .cylindrical cross section of the canal opposite .. For 
the purpose of temperature calculations (below), we negkct 
the radius of curvature of the canal and vestibule. In the cal
culation of torque, however, this curvature must be included. 

Except for end effects due to the larger cylinder (vestibule), 
the contribution to net torque due to density changes in canal 
segments just above and below the vestibule is cancelled by 

. segments diametrically opposite, Neglecting such end.effects 
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Fig. 2. Physical approximations used in estimating temperature differ
ential between membranous semicircular canal and its projection 
through the larger vestibule opposite. Shown are (top) the actual 
thermal boundary conditions and (bottom) those consistent with the 
approximation of neglecting end effects of the vestibule on contigu
ous sections of canal. Net torque (8) will be calculated by subtracting 
volume temperature integral over the canal segment (right) from vol
ume temperature integral over the equivalent central volume of the 
vestibule opposite (left). · 

gm1tly simplifies the analysis (Fig. 2, lower) to that of the in
ternal temperature profiles in cylinders of dissimilar radius but 
equal volume rates of heating. Since this simplification will 
decrease our estimate of net torque, it is an acceptable ap
proximation. Because we have suppressed end effects, the ap
propriate boundary conditions now include T = 0 uniformly 
over the ends of the equivalent cylinders, not merely, as wa~ 
the case of the representation of the vestibule, over the ex
posed outer half beyond the canal radius. 

The convective torque produced by a temperature (density) 
· gradient in one such cylinder is, from (6), 

.M!).T = 2rrg( op) R: 2 JL la t:.T(r,z) r cos o: drdz (7) 
oT Lt2 o 

where a is the radius of the cylinder ai·· a cos o: reflects the 
· radius of curvature of its axis. Howeve1. ', the torque relation 
. (1) pertains only to that portion of the f.uid within the mem

branous canal plus its projection ( of equal cross section) 
through the vestibule [20]. Hence, the inner integral is over 
rm for both the canai and vestibule. We arrive at a net torque 

· on the endolymph given by 

op f L [irm · ]·· ' ·Mc.7 =4rrgR- . rcoso:(!iT11 -!iTc)dr dz (8) 
oT L/2 o .· _ · 

where t;;.T11 is the temperature profile within the vestibule 
(larger equivalent cylinder) and !iTc is the temperature profile 
within the canal opposite {smaller equivalent cylinder). Car
slaw and Jaeger have meticulously compiled .solutions t.o a 
variety of heat flow problems including [21, p. 224] the ex
pression for steady-state temperature profile in a finite cylin
der wiih uniform internal heat generation and fixed (T = 0) 
surface temperature: 

_ = Q0 [(L -z\ '-- 4L
2 ~ 10 ({Jr) sin ,!3z ·] 

tiT (r, ,_) K . 2 n3 ~o (2n + 1)3 lo (f3i) 
(9) 

where Q0 is the rate of internal heat generation, K is the ther
mal coITductivity, r is the cylinder radius, L is its axial length, 

10 is .the modified Bessel function of zero order, and t3 = 
(211 + l)rrL -I. Inserting (9) into .(8), we note .that the first. 
term in the brackets docs not depend on the cylinder radius, 
and therefore cancels out. Whereas the torque of interest is 
generated in the endolymph (canal radius rm), the entire 
vestibular and cannular volume, perilymph as well as endo
lymph, is subject to tinifonn volume heat production. The 
equivalent cylinder radii, r in (9), for the thermal calcula
tions must therefore be the osseous radii. Performing the in- . 
ner integral we have 

. [To1 (~r11)-lo1 (t3rc)l JL cosa:sin~zdz] (10) 
L/2 . 

where r II and r c now are the equivalent cylinder radii of the · 
osseous vestibule and the canal [Fig. l(b)]. Since the summa
tion goes as (2n + I )4; only a minor error (less than three per
cent) will be introduced if we take just the first term, viz., 
n = 0. With z = aR (where a: here is in radians), the integral 
then becomes 

rrR2 
( L) 

7cos 2R 

(rrR)2 

I- -
L 

We can relate thermal torque qn the endolymph to equivalent 
cranial acceleration as before, so that 

. · · 2 ( L) · L cos ·-. 8g op Qo 2R 
wAr =- 114 oT pK . (. (rrR)2) 

· r I- -
. m L 

where w t.T now is that steady-state cranial acceleration that 
would produce react.ion torque equivalent to that induced by 
uniform internal heat generation at the rate Q0 • It should, in 
other words, represent the magnitude of perceived but illusory 
cranial angular acceleratibn when subjected to the incident 
field; The minus sign merely means that a convective torque 
in one direction is equivalent to a cranial acceleration in the 
opposite direction. 

NUl\!ERICAL RESULTS 

Our problem concerns the effects of volume Goule) heating 
of intralabyrinthine fluid by an incident. cranial Bl field. The . 
temperature differential and, thereby, the convective torque 
imposed on the endolymphin a vertically oriented canal stem 
from the relatively larger volume-surface ratio of the vestibule 
as compared with the semicircular canal. For a fluid-filled 

. cavity the size of the vestibule (50-80 mm3 ), the them1al time 
constant is on the order of 1-2 s. Thus if UHF-MWR is ap
plied for an interval longer than several seconds, the thermal 
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LEDQ\;!TZ: CALORIC VESTIBULAR STIMULATION 

TABLE.I 
DIMENSIONAL CONSTANTS OF VESTIBULAR Al'PA!{ATUS (MAN) 

•. osseous canal radius r • 0 3 cm 
C 

mem!:-ranous canal radius rm .02 cm 

vestibule radius (minor axis) rv .15 cm 

ve5tibule height (major axis) L • 5 ·cm 

_canal, radius of curvature R • 3 cm 

gradient and, hence, the convective torque on the ring of cndo
lymph through the canal and the vestibule should attain their 
final maximal value; this has been derived above (8). It is con
venient to refer to this convective torque in terms of the cra
nial acceleration that would produce an equivalent reaction 
(inertial) torque, viz., (I 1 ). 

We shall evaluate the latter relation using parameters ap
propriate to the human vestibular apparatus, listed in Table I 
[14], [17]-[19]. With K=L4X 10-3 and other physica] 
constants as noted above (all in CGS units), we find 

. I 2 W.c.r=4 · Qo (rads) (I 2) 

or 

W.c.r = 230 · Qo (
0 /s2

) (13} 

where the rate of volume heat production Q0 is in calories per 
gram per second. Note that our derivation has been in terms 
of rate of heat production, hence incident power density, The 
fact that the ·vestibular apparatus approximates a stagnant 
fluid-filled cavity, with heat Joss confined to its periosteal sur
face, relieves us of the need to include complex blood-flow de-

... pendent heat loss terms. 
. To estimate Q0 in the vicinity of the labyrinth, there are the 
results of a recent theoretical study by Shapiro et al. [I 5] . 
Their multilayer spherical model indicates that the average rate 
of internal heat production is 250 µcal/g/s for an incident 
power density of 10 mW/cm2

• In addition to.the relation be
tween incident power density and average heat generation, 
their model suggests that significant localized intracranial ther
mal peaks may occur. Radiation at 2.5 GHz, for example, 
yields peak heat generation in the outer cerebrospinal fluid 
layer of their model that is 3-5 times the average rate. The 
basal rate of heat production in neural tissue is on the order of 
I 000-6000' µcal/g/s [22] ; therefore, average or even local peak 
heat generation of the above magnitudes appears insufficient· 
to yield direct thermal effects of any consequence. Our hy
pothesis, however, suggests a mechanism for sensible transduc
tion of small volume heat loads, even when on the orderof the 
endogenous rate of heat production, as we shall now show. 
. Assuming a constant proportionality between the incident 

power and the intracranial heat generation, we can plot equiv
alent ( or "virtual") acceleration (13) as a function of incident 
power density; see Fig. 3. Results for both average and peak 
heat oeneration arc shown. The threshold for detection of b O . angular acceleration is on the order of 0.2 /s2

; the threshold 
for the onset of nystagrnus is considerably higher: 3° /s2 l I 7], 
[I 8]. Oqr analysis implies, therefore, that indirect detection 
of MWR via vestibular effects should be possible at a minimal 

0/sec2 

MAN 10,0 -
2 Absorption Cross Seclion: 330 cm 

Average Heat Production 
01' 10 mW/cm2 :250µcol/gsec 
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Fig. 3. Apparent (or "irtual) angular a·cceleration as a function of inci
dent UHF-MWR power density. Average (250 µcal/g/s) and local 
peak (1000 µcal/g/s) rates of heat production taken from Shapiro 
et al. [15). Cross section and other parameters correspond to human 
cranium for which peak heat production occurs in outer CSF lamina 
of their model, a region that could include the vestibular apparatus. 
Shaded area below. _0.2° /s2 (8 r) indicates region of subthrcshold effects. 

. power density of from 35 m\V/cm2 down to 9 mW/cm2
, de

pending on whether the vestibular apparatus is postulated to 
be subject to the average rate of heat generation or in the 
vicinity of an intracranial p~ak. Onset of nystagmus should be 
observed at an incident power density of from 400 to I 00. 
mW/cm2

, again depending upon the intracranial absorption 
profile and its relation to the vestibular apparatus.· 

The vestibular sensation could theoretically provide an acute 
clue to the presence of low to moderate levels of incident 
MWR. However, the required power densities for experi
mental verification in human subjects exceed current MWR 
safety standards. It would therefore be useful to have a reli
able animal analog. Several species of monkey have a cranium 
that is of the same general proportions and configuration as 
the human. Subhuman primates would thus seem to be ac
ceptable experimental subjects for verifying the postulates and 
assumptions of the above analysis. Shapiro et al. [l 5] have 

• calculated the average and peak intracranial heat generations 
for monkey cranium assuming an absorption cross section ap
proximately one tenth that of the human head (38 versus 
330 cm2

). The average heat production at I0-m\V/cm2 inci
dent power density is found to be 600 µcal/g/s, or approxi
mately one fifth the endogenous heat production of neural 
tissue. Local peaks in heat production are calculated to be 
more pronounced with the smaller cranium, exceeding the av
erage by a factor of 3-5 or as high as 3000 µcal/g/s at 2.5 GHz . 
The corresponding relation between virtual acceleration and. 
incident M\VR power density is as shown in Fig. 4. 

In man, the vestibular appa~atus is nearly full size at birth 
[ 14]; thus in infants and children, whose small skull size may 
allow significant intracranial focal heating [ l 6] ,we would ex
pect the higher sensiiivity illustrated in Fig. 4 as compared 
with Fig. 3. For the mature monkey, however, labyrinthine 
dii11ensions are probably scaled to head size, and (12) and (13) 
need to be modified to reflect the different labyrinthine pa-

:I 
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· Fig. 4. As Fig. 3, except here for ~ smaller (mo!lkey) cranium of ap
. proximately one tenth the absorption cross section of ma~. The ~elations here represented may better correspond to cxpect_cd mteract10ns in labvrinth of a small child or infant (see text for details), Threshold 

level (e ,) is again taken to be 0.2° /s2
• 

rameters. Dimensional analysis of the relation for equivalent 
o~ virtual cranial acceleration (11) shows a first-order depen
dence on linear dimensions of the labyrinth. Although we do 
not have precise data on macaque labyrinthine sensitivity, we 
might simply scale the labyrinthine geometrical parameters in 
proportion to the square root of absorption cross section. As
suming angular acceleration thresholds comparable to man, 
the relations shown in Fig. 4 therefore shift downward by a 
factor of three. Thresholds for nystagmus and for the detec
tion of apparent angular acceleration in response to uniform 
MWR illumination are thereby estimated to be comparable in 
the two primates. A monkey, macaque, for example,would 
thus be suitable for direct behavioral or neurophysiological · 
studies of radiation-mediated vestibular effects. 

In the above steady-state analysis, we have assumed that in
cident MWR is constant for an interval significantly longer 
than the 1-2-s thermal time constant of the vestibular appa
ratus. However, the semicircular canal has a mechanical time 
constant of its own, as noted in the approximate solution for 
cupular deflection in response to constant angula: acc.~leration 
(2). Since endolymph flow is highly damped (w > 0), (2) is 
also the approximate solution of (l) when a constant torque is 
applied (Mt:.r)- If the minimal cupular deflection for detec-
tion of anQU]ar acceleration is 0min; then (2) yields . 0 . 

lmin =- -In 1- ---. F ( 0min ) 
· I 230 · Qo 

(14) 

where t min is the detection latency, Ff!= 10 s, and, as before, 
0min = 0.2°. Numerical data from (14) are plotted in Fig. 5 
for the adult human. The significance of these curves is to il
lustrate a sizable lag in the vestibular effect. At power densi, 
ties less than I 00 mW/cm2

, one would need to be subjected to 
the radiation for several seconds before the hypothesized ves
tibular effects would be perceived. In the case of a radar beam 
with the pulse repetition rate in the usual range (I 00-1000/s), 
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Fig. 5. Detection latency as a function ofineident MWR power density. Threshold incident power densities assuming local peak and average 
rates of heat production arc shown as asymptotes (dotted lines). De
tection latency at an incident power density of twice threshold is approximately 5 s. 

the average and not the peak power is clearly the. relevant· pa
rameter. ·· If, however, the beam is blanked or otherwise peri
odic on the time scale of seconds (for example, a revolving 
beam such that subject's head is illuminated for only a portion 
of each cycle), then the effect would be proportionately re
duced from that calculated above. Note that the detection 
latency at an input power density that is twice the threshold is 
approximately 5 s. If the calculated latency is much longer 

, than this, say greater than 20-30 s as when very near to thresh
old, adaptation within the vestibular system may occtir. We 
have not included adaptational effects in our analysis. 

At the other extreme (high inciden·t power densities), the 
thermal time constant of the labyrinth (several seconds) be
comes significant and would tend to slightly raise the right
most portions of the curves plotted in Fig. 5. 

DISCUSSION 

Several factors are omitted or deempl,asized in this treat
ment of caloric nystagmus as induced by Joule absorption of. 
incident EM energy. Foremost among these is our neglect of 

, convective flow within the semicircular canal and vestibi1le, an 
omission that tends to overestimate the calculated convective 
torque. However, this error should be minor, first, because of 
the narrow bore of the canal, and, second, because the canal is 
effectively sealed off at the cupula such that a continuous flow 
is not possible. Another source of error derives from the possi
bility of microcurrents (i.e., local mixing) in, say, the vestibule. 
However, the membranous separation between the endolymph 
and perilymph precludes a great deal of such mixing. lt would 
be appropriate to include this factor in subsequent and more-

. detailed treatments. Likewise, an experimentally based error 
analysis of. the analytical assumptions is also required (geo
metrical approximations and boundary conditions). 

On a more practical level, ori;mtation of the head, and hence 
of the plane ofa semicircular canal relative to the horizontal, 
is also of key importance .. We have assur11ed that the plane of 
the· semicircular canal was vertical. This can generally be ar-
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ranged for a given pair of canals by appropriate head orienta-
. tion. • In an unrestrained human or animal subject, the cou

pling hetween MWR and a particular pair of canals would be 
reduced by a factor sin (3, where /3 is the angle between the 
plane of the canal and the horizontal. 
. Also needed is a more complete understanding of the intra

cranial absorbed power density as a function of incident wave 
frequency. Nonuniformities in the absorption profile on the 
scale of the vestibular dimensions, as would be possible by 
virtue of a cavity resonance effect [23], could dramatically in
crease the magnitude of the proposed interactions. A recent 
theoretical report from Schwan's laborat<;>ry [ I 6] extends the 

• resonance argument and shows that incident frequencies in the 
range 250-2500 MHz could be associated with "hot spots" of 
local intracranial heat production at several times the average 
when the skull radius is on the order of 5 cm. Shapiro et al. 
[15] , using a more complex multilayer spherical model, have 
also found that such intracranial hot spots are plausible. It 
would seem that there would be an angle of incidence and an 
h1cident wavelength such as to maximize coupling to the ves
tibular apparatus, especially in animals with head radii on the 
order of 5 cm or less. Any experimental verification of MWR
mediated .vestibular effects must therefore be performed with 
careful attention to actual perivestibular thermal load. This 
line of thought clearly bears on another aspect of experimental 
work. with microwaves, viz., study of putative nonthermal 

. _interactions; 
Reports [9] -[ l 2] that indicate that humans and other 

animals are behaviorally sensitive to MWR at incident power 
densities on the order of 10 mW/cm2 or less are perhaps un
convincirig, but are not devoid of interest. Frey [9] and, more 
recently, King et al. [12] have reviewed evidence in support of 
such an interaction and have offered further evidence of their 
own. These workers are obviously aware of the interpretive 

. difficulties of t}leir work that derive from lack of a viable 
· mechanism to account for their behavioral or neurophysiologi
cal data. That is, explanations other than nonspecific thermal 
effects, some errors in measurement or lapses in technique, 
have no independent support. Indeed, negative reports are fre
quent and equally impressive [ I 3] . 

It would be an error, nonethejess, to dismiss such reports of 
· positive low-level (and presumably nonthermal) UHF effects 
without carefui evaluation of all candidate explanations. In 
their attempt to make such an exhaustive review, Schwan and 

· his collaborators [13] have considered numerous mechanisms 
of nonthermal interactions of MWR ,vith biological tissue. We 
can conclude that a major aspect of the controversy is quan
titative, in that ilonthermal mechanisms are demonstrable but 
do not appear to be strong enough to account for reported 
observations. (There is no need to consider reports in which 
incident power levels were either improperly or inadequately 
reported and/or monitored such that significant thermal ef-

. fccts \Vere in-all likelihood present.) 
· We have now developed a basis for an intermediate position 
in which we suggest that the nervous system n1ay have signifi
cant UHF sensitivity via classical but subtle thermal effects in 
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fluid-filled· cavities, especially where these are associated with 
neural receptor structures. It .is well known that peripheral 
receptor structures often show exquisitely refined sensitiYity 
to particular modes ofencrgy input. On the basis of our theo
retical results, we suspect that the vestibular apparatus in par
ticular may be responsive to low-level MWR as a secondary 
consequence of its highly developed mechanism for the detec
tion of cranial angular acceleration. MWR-mediated caloric 
vestibular stimulation would thus form the basis of a suitable 
candidate mechanism for explaining many of the reported be
havioral effects of "nonthermal" MWR. It remains to experi
mentally attack this hypothesis. 

The recent report of behavioral conditioning via MWR 
(UHF) by King et al. [ 12] is presented as including adequate 
control for gross thermal effects, which it does. Their study 
typifies the more reasoned and careful of such experiments. 
However, as the above shows, whole body temperature eleva
tion is not the only means by which the thermal effects of 
MWR may be manifest. Moreover, we now see that intracra
nial temperature variations are also not sufficient observations . 
from which to rule out a convective vestibular effect. Our pro
posal of significant UHF-vestibular coupling emphasizes the 
same lesson demonstrated by McAfee [24}, viz., peripheral 
thermal effects of MWR can produce central changes which, 
when in ignorance of the mechanism of such transducer action, 
can mimic a direct centraleffect. 

Nystagmus is one of the several sequelae attendant upon 
moderate to intense microwave irradiation of primates [25]. 
To our knowledge, there are no studies that have considered 
vestibular effects of MWR with the requisite precision and con
trols to clearly relate to low-level effects. Oblique support 
comes from studies. that indicate that birds yield vestibular 
signs at weak power densities (on the order of 10 m\V/cm2

) 
[26]. This latter finding could relate as much to a resonance 
effect, considering the small skull size of the birds used. Frey's 
reports of MWR-mediated auditory sensations [9] also de
serves reconsideration in view of our results. Although not 
satisfactorily verified in the hands of others (however, see his 
review- [27)), his data could relate in a most interesting way 
to our general proposal of MWR mediation by peculiarities in 
receptor specializations. The cochlea and labyrinth are of 
similar construction, viz., fluid-filled, stagnant, and including 
an exquisitely sensitive receptor structure. It would seem 
feasible that results such as those presented by Frey could be 
derived from convective forces set up in the cochlea by the in
cident MWR. Increased intracochle:u pressure is known to give 
rise to auditory sensations, such as tinnitus. This hypothesis 
would not, however, accbunt for the need for modulated M\\'R 
that Frey reports. Additional experimental data are needed 
before proceeding further along these lines. 
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