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J. ll-:TRODUCTIOK

Liff' on earth has €\'Ol\'ed in the pre::;pnce of an unceasing flux of natural
electrnmagnetic fields. The::;e arise mostly from ::;olar n1cliation, supplemented 
substantially at ::;ome frequencies by terrestrial elect romagnelit di�t urbance::; . 
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including thunderstonm:;. In the last 50 _vears there has been an exponential 
)!l"l>\\·th of man-made Plectromagrwtir fi,,lds, assoeiatt>d ,vith c·ornmunieation 
systems that now blanket the earth and ,rith a vast and P\"er-inrreasing ndwork 
of electric power distribution systems(� 17). It is therefore curious that although 
man_\' of the most important fundamental observatinn;; on physical effects of 
light anrl oth!'r nonionizing electromagnetic raoiations were made more than 100 
y(•ars ago. knowledge of their biological effects has n•mained minimal (215). It is 
only recently that selectiYe imposition of these fields at radio and mic-ro\\·ave 
frequ£>nries has been recognized as a possibly unique tool in understanding 
as1w(·ts of thl' molecular biolog:,· of normal and abnormal growth (150, 175). cell
nwdiatC'd immune responses (423), and in intrinsic process�s of communication· 
het,n•pn brain rl'lls (4). At thP same time, heightened public awarerwss of 
potentially hazardous aspects of donwst ic and industrial sources of these fielrl,:; 
has only ser\'(•rl to underline the biologist's meager understanding of physical 
and ('hemical ,;uh,;trates of bioc·ff eels other than those induced by strong thermal 
interactions. It has been commonly held that field interactions occur only with a 
thermal p<•rt 11rhation that directly increases cell nwtabolic levels (2911). This 
,n,uld prec:lud(• the occurrence of rn-called "nonth<•rrnal" effects, now widely 
n·ported in experiments with tissue dosimetric controls lacking a decade ago. 
Th(• question of adequate controls in experiments "·ith lo\,·-le\·el electro
magnetic field,;. particularly in some pioneering studies two dec;.ides ago, is 
oftell difficult to e,·aluate. Therefore much of the earlier research is no,\· being 
repeated, \\·it h careful attention to absorbed tissue dosage; to the possibilitie� of 
foc::il "hot spot:'" attributable to structural phase discontinuities within org::in 
system,; (258) anrl to the organism's physiral geometry with respect to wave
length and pol;irization of the imposed field (82. 154); and to time-dependent 
aspects (] Hi, 1%, 278) of bi<•logical responses to a virtually infinite matrix of 
field intensity. frequenc:,·. and modulation parameters. 

Rese;irch in this field began \\·ith the clear desire to better understand 
physical proce:-:ses underlying biological interactions with natural and artificial. 
electromagnetir ( El\1) fields (378). This continues to be a majo1· and substantially 
uncompleted task. There is a ne,\· a"·areness. however, that manipulation of 
the EM em·ironment of tissues with nonionizing energ_v sources has discloseo 

_new classes of molecular e\"ents of fundamental importance in broao areas of 
cell biology (373). These are cooperati\'e processes, characterized by extreme 
nonlinearit:,· in the often-catastrophic le\'el of response elicited by a far weaker 
stimulus. Transductive coupling of weak EM stimuli at the neuronal membrane 
surface (238) or at the lymphocyte surface (118) may involve these processes. 
It is�in-the essence of r9operativity that nonequilibrium processes are involved, 
\\·ith energy exchanges circumscribed within relatively narrow inten�ity and 
frequency bands. Familiar biological doctrines of excitatory processes based on 
ionic shifts to\\·ard or away from equilibrium conditions do not pertain in these 
models (144. 148, 149; 172, 173, 207, 221), even though the sequence of 
excitatory events beyond the first transductive coupling can be so described. 
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So far this research field has remained outsirlP the genernl interest of 
biologi:-ts. Only recently have sufficient experimeutal data accumulat('d on 
interactions with the nen·ous system to permit even a qualitative approach to 
models of observed "nonthermal" interactions. Quantitative models that can be 
evaluated in rigorous experimental testing must await future research. This is 
an important point, emphasizing that biological observations, biophysical 
concepts. anci engineering methociologies are all at an early stage in a common 
approach to understanding the molecular basis of electromagnetic (EM) 
bioeff ects. 

This revie\\· emphasizes EM field interactions with nervous tissue. It draws 
significantly on recent research in the molecular biology of immunology, 
hematology. and oncology, where related EM field research has helped to 
de\·elop unifying concepts (92, 191, 216, 430, 435) . The cumulati\'(• evidence 
suggests that the brain ancl certain other regions of the nervous system may be 
more sensitive than other major organ systems, certainly in the context of short
term, re\·ersibh- interactions. At the same time, these nenous interactions 
with IO\\·-le\·el fields have stimulated a search for comparable sensitivities in 
other systems. 

11. BIOPHYSICAL CONSIDERATIONS

The natural EM ell\·ironment covers a very wicle frequency sp('ct1·um, from 
essentially stearl>•-stale electric and magnetic fields to very energetic y-ray:-: of 
extraterrestrial origin at frequencies of 10�·1Hz. The higher frequencies of X rays 
and y-radiation can cfo-rupl atomic structure with release of charged and 
uncharged subatomic pa1-ticles. These bands o( frequencies are thus ;;ources of 
ionizing radiation. ;1 property that can also be inlerpreteci in terms of particle 
.theories of EM radiation as an attribute of high photon energies. At lower 
frequencies (and longer wavelengths), atomic destruction does not occur, ancl 
morles of energy transfer are modeled on a Yariety of frequency-dependent 
processes in molecules and portions of molecules. Again, in the idiom of 
particle theorie,; of radiation, these lower frequencies have lower photon 
energies than in an ionizing field (316). This review considers bioeffects of 
no.nionizing electromagnetic fields in the spectrum from zero frequency to the 
far infrared. Otll" knowledge of the physical electrodynamics of ·these inter
actions rests on the monument.al studies of Maxwell (286), who a:-:cribed 
prope11ies of both particles and waves to propag.ating EM waves. Feynman et al. 
(132) ha\'e remarked that. "from a long view of the history of mankind-seen 
from. say. ten thou;;;and years from now-there can be little doubt that the most 
significant event of the 19th centm·y will be judged as Maxwell's discovery of the 
laws of electrodynamics. The American Civil War will pale into provincial 
insignificance in compariso_n with this important scientific event of the same 
decarle." 
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A. Cm,crpfs if Stendy-Slafe Elecfro11rng11etic Fields

Thl' basis of an el<•tlric fit'ld in assotiation \\"il h unequal spatial distrihu
tion of ell'ctric rhargcs is a familiar intuitive corwept. An electric field is said 
to t•xi:-:t in a n•g·ion of spate if a charg<• al rest experiences a force of eledrical 
origin. A mo,·ing charged particle produces a magnetic field al right angleg to its 
diredion of 111<1tion. 

Electric fil'lcls alter molecular and atomic configurations in clielectrir sub
stance,-;. All atoms polarize ,,·hc>n plan•d in an elertric fip)cl. Jf we envisage thl' 
atom as a positi,·c> nurleus at the centl' r of a sphe1·ical rloud of negati,·e charges, 
tlw <'1•11ter oft his cloud is coincident wilh the nucleus, ancl there is no net nega
ti\"P charge al points outside the atom. In the presence ofan electric field, how
ever. the atom of a dielectric substance is polariz!:'d. with the positi\"e nucleus 
and th<' negative electron cloud now slightly clisplaee1l by the imprpssecl field. 
Tlw atom thus llPhaves as a dipole . .Molecules may ha\"e permanent dipoll's 
lwt ,,·e<'n their constituent atoms. and external electric fi(_,lcls then exert a torque 
011 tlw,-;t• clipoh•s. To th<• extent that thC'rmal motion allows, tlwy will then ali)!"n 
thems!'h·es with the i111presse<l field. Whereas this polarization of the electron 
elourl-nueleu,-: syst<•m is essentially temperatun· indepl•nrll'nt. this is not till' 
casp for polarization of molPl'lllPs with perrnant'nt dipPll•,-;. Tlwrrnal m11lion 
caUSl'=-' them to remain more or less randomly oril•ntt>d, in the high-T limit. 

Magne>t ic prnpertil's of matter can lw traced lo l'harg1· motion, "·hrther nYn 
long rlistances. a,-; in the flow of rnnduction electron,-:, or in charge motions elosE:' 
to or within an atom or molecule (65). Each orbital electron can be consiclerecl 
as prm·iding- its own rnaJ:!netic moment to the atom. An orhital electron also 
possesses an intrinsic magnetic moment, since it can be considered as a charg-e 
spinning about it,-; axis. The nuclei of most atoms also ha\"(' mag11!'lic moment,-;, 
\\"hich are ahout one-thousandth as large as th(' orbital ancl spin magnetic 
moments. The magnetic moment of an atom as a \\"hole is the sum of these three *
moments. An imposed magnet iC' fie lei tt•tHls to cause tne magiiutk' loops ,,·1th in 
each atom and molecull- to align \\"ith the imposPrl field. This paramagnc>tic 
eff Pct of alignnH'nt in the presence of an external magnetic field is then•fort> 
grPater at lo"· tt>mperatures. On the other hand. thermal motion tends to dis
align them. Normally c:ipole moments are exactly opposite between orbital 
elpctron pairs, so that there is no pa1·amagnetic effect from this source in atoms 
with ,111 e\'ell nurnher of electrons. Atoms with an odrl number of electrons do 
nut ha\"e exact cancellation. For most nonferromagnetic substances. their 
presenre in a magnetic field changes the imposed magnetic field :-is a result of 
alignment of moving c�argt>s by only 1 part in 10�·. By contrast, the transition 
elements, including iron, nickel, and cobalt, ha\·e a complex arrangement of 
electrons in two incompletely filled outer shells. The usual cancellation of 
electron spin magnetic moments does not occur. anrl these atoms therefore 
�ave unusually large m;ign(•tic dipole moments. They becomp alignC'd in small 
r(:'gions (domains) with m.ignetic moments all in the same di-rection. They 
belong to the class of diamagnetic substances. 
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The preponderance of paramagnetic material in living tissues therefore 
minimizes interactions between stationar ob· eels and steady magnetic fields. 
The situation changes sharply for oving o �eel particularly in the presence 
of artificial fields that may be IO'· times e earth's natural field. Whereas this 
background level is about 0.00003 T, steady magnetic fields in projected public 
transportation systems would expose the public to fields in the range of 0.05 T. 
Projecterl electric power storage in toroiclal superconducting mairnets would 
have leakc1ge fields as high as 8.0 Tin their immediate vicinity. A migrating 
bird flying diagonally in the horizontal component of the earth's magnetic fie lei 
at a speecl of 20 mis would inrluee a gradjent of only IO · 7 V/crn in ib tissues. 
Even this srnc1ll gradient appears to pro\·ide cues for navigation and spatial 
oriental ion (241-243, 246, 411 ). Far bigger fielcls in the vicinity of super
conducting mc1grwts induce g-raciienls as large as 10-J V/cm with normal burly 
movement and leacl to 1-e111-ory nervous effects and changes in vector cardiogram 
ancl aortic blood flo\\" (47). 

R. Concepts of o.�cillafi11g Electric a 11d Magnetic Fields

It is convenit>nt tu con�ide1· electric and maJ!netil" fields separ;ildy in tht•ir
effect.� on objeets located in them when the fields are static or oscillating at \'ery 
low frequencies. Thi� is justified for these fields since little or nu energy is lost 
from the system 1,y radiation. I neffkiency of radiation from artifirial generator� 
at these frequenl'ies is related to the extremely long- wavelengths invoh·ecl. 
A 10-Hz oscillc1tion has a wavelength of 30,000 km. Aecording to the .Max\\'ell 
equations, an efficient radiator should approach a half wave in length at the 
f requency of excitation. Only the longest overhead power lines exeiterl at 60 
Hz, for example. l·,·en begin to approach these· dimension�. In conductors sub
stantially shortC'r than a half wave, as current rises and fall,: in the conductor, 
surroupcling- electric and magnetic fields collapse back into it. Energy is not 
lost from the crmrluctor by radiation but is transmitteci along it (403). The 
importance of thi,: concept can be seen in the proposed U.S. Navy Seafarer 
submarine communication system. With a buried antenna grid covering more 
than 10.000 kmt arid an input power of mega,rntts at 76 Hz, the actual radiated 
P<!wer would be less than 100 W. Also chai'-acteristic phase relations are pre
ser\'ed bet ween.electric and magnetic fielcls in a radiated wave, with propagat
ing electric an<l magnetic fields displaced 90° with respect to each other. These 
relations are difficult to define in the nea1· field extending from 10 to 50 wa\"e
lengths from a radiating antenna. We consider effet'ls of a conducting bocly 
on an electric field surrouncling it and current flow induced by thii; field in 
that body. 

1. Disfortio11 of a II elect ri_c field swTom1.di11g a co11d ucfiug body

A hocly in an otherwisP uniform electric field distorts thP ffold so that
electric gradients at the surface of the body are markedly increasl'd. 
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For humans in the erect position close lo the �rouncl in a vertically orienl<•cl 
field, this enhancement is maximal around the hl'ad (104, l05). Thu:-; the IJocly 
presents an equivalent area at the head substantially larger than its physical 
cross section. This is associaterl with an increa:-;e in the clispla('ement charg-e pl'r 
unit area in the field surrounding the head. The capacilatwt• lo ground is 
maximized when the person stands on the ground and minimized when he is 
suspenrleri far from the ground. In the latter situation, a solution of Lapla('e's 
equation desrribei- potential distribution about the body surface (31, 403). 
Electrical gra<lienls al the body surface are determined by the capacitance lo 
free spare, which is a function of tht:' body's size and shape. For a spheroidal 
model of radius r (31), this capacitance (C) far from ground is 

C = 41T1: 11r 

where E., is tlw dielectric rwrmitti\"ity of free spac<'. This gi\"es a capacitance of 
about 50 pF for r = 0.5 m. A third i-ituation is that of the linesman working in 
actual cont;1d with a Ji\·e high-voltage transmission line at a distance 
abo\·e ground. 

2. C1n-rr.11f i,1dur1'd i11 n hf/dy c.rpos<'d to 011
oscillati11g electric field

Shepparrl and Eisenbud (403) ha\·e modeled current flowing in the IJody in 
th£> three situations desrribed above. ('Jose to the g-rouncl, total current/ is 
determined hy fielcl strength E, bocly capacitance C, and effective height a hove 
grouncl h. The product E · h gives the potential V., to which the body current ii-

where w is lht• an�ular frequency of the field. Fur a man standing on thE> 
ground in a 10-kV/m, 60-Hz external field, the induced current would be about 

200 µA, or an approximate current density of 1.0 mA/m2 through the trunk, 
and an internal electric fielcl of 8.0 m Vim, assuming an internal resistivity of 

· 5 O · cm- 1
• For a man suspended in the same field, the total current drops to 65

µA. with a current density through the trunk of 0.52 mA/m2 and an internal
eledric field of2.6 mV/m. For a person in contact with a conductor at 200 kV
and 60 Hz, the total current is about 3 mA (31 ).

3. Dielectric beha11io1· of tissue elements

The cellular nature of tisi-ues establishei- a vast number of dielectric 
partitions that separate strongly conducting intracellular anct extracellular 

. compartmenti-. Thus cells are enclosed by poorly conducting membranes with 
a typical resistance of 5,000 n · cm- 2 (89) and lie within an extracellular space 
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with a specific r<'sistance as low as 4 fl ·cm· 1 (322). In this respect, tissues may 
be mocieled in accorciance with M:1xwell's experiment with nonconducting 
sea urchin eggs as the ciisperi-ed phase in a bucket of seawater (88). Mem
brane structures contribute complexly to the observed dielectric behavior of 
fo;sues, anci water itself is an important additional factor. 

The dielectric properties of tissues, cell suspensions, and macromolecules 
have been extensively stucliprJ (378-384). The dielectric properties of tissues 
indicate that polarization from induced charges exceeds contributions from 
permanent dipoles. Dielectric dispersion i-tudies indicate that most tissue water 
is in the free st:1te. Schwan (378, 381) h:ts idenlifieci three major dispersions: 
o, /3, ancl y. E:1ch dispersion is fairly well defined by either a single relaxa
tion time or a small i-pectrum of relaxation times: 

J) a-Dispersion: dielectric relaxation of free water (frequency near 20 GHz, 
dielectric constant 10-50). 

2) {:1-DispPr�ion: Maxwe11-Wagner type of 1·elaxation resulting from the 
charging- of cell membranes (frequency near 1.0 MHz, dielectric constant 
of 102 

- 10') . 
. ./) y-Dispersion: variability with frequency of the app:1rent outer eell 

membrane capacitance (frequency near 100 Hz, dielectric constant around 10:•). 
Schwan sug�ests that this frequency dependence of membrane capacitance 
may result from i-everal causes: a frequency-dependent access lo inner 
membrane strurtures that connect with the outer membrane (130); a fre
quency-dependent surface admittance, tangential to the cell membrane caused 
by counterion di�µlacement f rom fixed- sites on membrane surface 
macromolecules; a capacitance related ·v potential and in series 
with the membrane capacitance; an frequency-de dent intrinsic mem-
brane capacitanr.e arising in ionic gar currents (378, , 428). 

Secondary dispersions may rei-ult m Maxwell-Wag, relaxation effects 
in membranes of organelles. from Deb. type 1·elaxaf caused by pular 
moment� in proteins, and in relaxation of pr ter (164, 345. 382). 
lnterac.tion� of oscillating electric fieldi- with bw 
been extensivply studied (333, 426). Calculation of dispersions of dielectric 
con$tants of ice. protein-bound water. and free water shows that ice 
relaxes at audio frequencies, bound water between 100 and 1,000 MHz, and 
free water near _20 GHz (385). These data have been interpreted as indicating 
that the major fraction of a11 biopolymers is surrounded by nonstructured 
or freE' water. The measurements have been made with tissue field levels 
that provide an exce11ent model for an understanding of tissue heating 
induced by thei-e fields. However, the techniques may not be adequate to reveal 
small amounts of structured bound waler, as, for example, in intimate contact 
with the surface of macromolecules (272). From measurements at IO MHz. 
Grant O 65) conrlucled that hemoglobin may have such a layer of"highly viscous" 
water at it$ surface. Thou·gh difficult to detect, the existehce of water in this 
spedal relationship to macromolecular .!-Ubstrates (114) may be important in 
the transductive coupling of weak EM fields. For example, binding of calcium 
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TA BLF. I. USSR sfn11dards for ci11ilia11 microwave r.rpcisure 

Long ><·ave. 30-300 kHz 
MPnium wave. 0.3-3.0 MHz 
Short waq•_ 3:rn MHz 
l'llra �hnrl w�ve. 30-300 MHz 
Microwa,·e� (24-h exposure), 300 MHz-300 GHz 

Ra�en on Sh�mfala (401). 

Mu.imum All,,..., :.ihlr L+'Yf'I 

(J)omt"Jlltir F::1po1-Urf'l 

20 \'/m 
10 Vtm 
4 Vim 
2 \'Im 
5 µWtcm' 

The models appPar to offer no basis for telepathy, on a head-to-head ba�i�. 
On the other hand, there is evidence for central ner\'OUS system (CNS) interac
tion::: with much stronger artificial fields at these frequencies (!l). 

There is a continuous spectrum of natural environmental EI\I fields of ter
restrial origin from DC to about 3 kHz (252). Some change markedly with 
altPrPd weatht->r patterns. Others are related to the earth's geomagnetic field 
(35�). This is influenced by particle radiation reaching the ionosphere from 
solar flares during years of high sunspot activity in the JI-yr solar cycle (97). In 
fair weather, the steady atmospheric electric field is .touut 150 Vim (432) but 
may increase to 10 kVlm iT_J thunderstorms (112). The amplitude of natural 
oscillating electric gradients decreases logarithmically at frequencies up to 
3 kHz, averaging 10-2 Vim at 1 Hz and 10- 6 Vim at 3 kHz (253). Thunderstorm 
acti\'ity and ground currents associated with disturbed g-eomagnetic fields 
produce electric field oscillations as high as 10· 2 Vim at frequencies bet ween 
1 and 10 Hi. The earth's magnetic field of O.p G may be increased se,·eralfold 
during these storms, particulal'ly at high latitudes. Then• is a series of 
resonances in this background spectrum at frequencies between 8 and 32 Hz. 
These Schumann (377) resonances arise as a ca,·ity resonance between the 
earth's surface and the concentric conducting shell of ionospheric particles· 
at heights between 80 and 200 km (240, 352). 

2. Mnn-made EM fields

Background levels in urban domestic and industrial environments have
increa�e<l exponentially in the last half century with the advent of electric power 
and EM communication systems. Ambient 60-Hz field levels of 1-10 Vim and 
le\'els as high as 250 Vim in the vicinity of electric blankets are typical in 
American homes (436) .. Hair dryers, electric shavers, and electric hand tools 
may expose the user to 60-t{z magnetic fields of 5-25 G, 20-75 times above 
natural DC background levels. High-voltage DC and 60-Hz O\'erhead power 
.Jines have electric gradients of IO kV Im to ground under them. These fields in
_duce big chargps on large ungrounded metal objects, such as trucks and vans, in 
their vicinity. Short-circuit currents between these objects and ground range 
from 1 to 5 mA. Accidental contact by a human subject produces painful shock. 
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Rapirl growth of radio, television, and radar source� has raised issues of 
public health and en\'ironmental quality associaterl with current exposure 
guidelines. Current occupational standards for micro\\'ave frequencies permit 
an incident field of 10 m W/cm2 for 0.1 h in any 1 h and a maximum continuous 
exposure of 1.0 mW/cm2

• (The significance of these units in relation to linear 
electric gradients used so far in this review is discussed below.) Existing 
stanrlards for civilian microwave exposure in most Soviet bloc countries cur
rently permit only 0.01 mW/cm2 . and a further downward revision is proposed 
to 0.005 mW/cm7 for the USSR, based on animal models with immunological, 
hematological, and reproductive end points (401). 

Surveys in the United Stales by the Environmental Protection Agency ha\·e 
shown that for a population group representing 18% of the total U. S. popula
tion, there is a median exposure of 0.000005 m W/cm2 time-averaged power 
density. Less than I% of the population are potentially exposed to levels above 
0.001 mW/cm 2 (I µ.W/cm7) (431). At least 99% of the population are not exposed 
to levels above the very stringent safety standards proposed for the USSR in 
1974 (]ti]). The FM radio broadcast service (88-108 MHz) is responsible for 
most of the continuous illumination of the general population (212). 

S. Concept.s of incident field power density and correlated
environmental and t.issue electric gradients

The amplitude of a radiated EM field decreases linea,:ly with distance 
from the source. In the context of the introductory quotation from Maxwell, this 
decrement might be interpreted in terms of an "ether" that would fill all 
space and thus offer an impedance to EM wave propagation. The concept of 
an ether, which so vexed the modeling of Maxwell and Hertz and their con
temporaries, has long been discarded. However, there is a residual concept, 
the characteristic impedance of free space, that addresses the same general 
problem. From it we may also derive the electric gradient associated with a 
particu la,· incident field density. 

The electric vector E and magnetic vector H may be expressed in terms of the 
electrical permittivity E

0 
and magnetic permeability µ.0 for an electromagnetic 

field propagatin� in a vacuum 

E/H ± Vµ.0
IE

0 

The electric and magnetic fields are therefore in a constant ratio to one 
another. On numerical substitution 

EIH = 377 0 

This is the characteristic impedance of free space. It is the impedance of each 
1.0 m of medium traversed by the incident field. For an incident field of 1.0 
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mW/cm1 (10 V!:irn1 ), the electric gradient E may be expressed in terms of the 
power dem,ity W and the characteristic impedanct' R

Thus the ell:'ctric gnidienl in a vacuum for an incident field of 1.0 mW/cm? is 
61.4 Vim, alld values in dry air will be 1dmilar. 

The electric graclienl inducl:'cl in tissue by an en\'irunmental oscillating 
field will be determined by the electrital coupling of the Ol'J!:anism lo its sur
roundings. As ciiscussecl abo\'e in connection with the distortion a body causes 
in an environmental field, the eletlric �i·aclienl:-; at the body i::urfare are clrtl:'r
minecl by its capacitance to free·spaee. This is a fund ion of the hod�·•s size and 
shapt•. For a l,ocly of fixecl size, inclurecl tissue current:-; will therefore innease 
as the field f rpquency increases below the condition of \\·hole-body resonance, 
since the capacitive reaclance ( 1/C .,,) ciecreases linE•arly with frequene�· and 
capacitance. A<::- cliscussecl he low, energy absorption is proportional to the 
square• of fn-'<pwncy or higher for radio fre4uencies dose to but below body 
resonance. 1111'.t!-'llred gracliPnts for a 7-Hz IO-V/111 fa,Jcl in a phantom monkt> ,\' 
he,1<! ;ire ;iruund 10-; V/cm (437), whereas a 10-V/m field at 4G!l l\1Hz indun•,
:1 measured irrarlient of about 10- 2 V/cm in the brain of a eat C:34). Tll(' .1,tu.11 
level at a particular locus will bc> determiner! by arlditional factors. including 
skin effects that limit depth of field penetration and local "hot spots" n•sult
ing from resonances arisin� in the physical gPumet ry of the (JJ"J!anism. 
These are discussed below (17G, 258). 

E. ]\'11f11rr <f /11lrmcfirJ11s <f J1.:011io11i.:i11y �lrcfrn11111y11<'1ic Fields 

\\'ith Biu1110/cculnr Sy.�t,•111:-. 

In a n.•rent comprehensivP n•vip,,·, Illin)!t'I' (208) ha,- c>rnln;iterl the 
colli,dunal ba,-i,-; of molecular interaetions with microwa,·e :rnrl far-inf rarPd 
fa,Jd,-;. Crurial to the furn1 of the dielectric respon,-;e function (complPx per

"mitti\'ity) of a molecule al the field frequency in tht> prl:'senct' of collisional 
pert urbalion;, and to the attenuation function that clesci-ib<•s i11t era ct ion with 
tlw field, is tht' duration of the collisional perlurhation in n•latiun to tlw 
period of thf' fielci (142. 439). Where the collisional perturbation:-: an• ver�· 
brief for one periocl of the imp1·e8�ecl EM field, every collision i:-: effeetin, in 
interrupting the absor.ption-emission process. In a fluid with many collisions 
per unit time. a colli�ion-brnadenecl 1·elaxation-typt• spectrum re�ult:-: (20G). 
Con\'ersely, \\"here collisional pe1-turbations arf' very lonir compan•d to the 

. period of thc> EM field, there is a re:-:onant-type spPctrum. evpn in a Ouid whert' 
. there ;ire nnmc>rous colli,-;ions per unit time. Sine<' the duration of a typical 
collision in a molecular fluid is fixed al a g-iven temperature· and pn.•ssure, 



April 1981 ELECTROMAGNETIC fIELD EffECTS OY TISSUES 447 

the field frequency determines whether there is a relaxation or resonance 
spectrum. lllinger concludes that no compelling evi<IC'nce exists for resonant 
adsorption in ordinary molecular fluids below 3,000 GHz (163, 208). On these 
general grounds, the dielectric respon:,e function, as expressed in the complex 
permitti\'ity, woulcl be expected to have a relaxation. spectrum from zero fre
quency to the far-infrared region. Attenuation of microwave field::- in biological 
fluids is dominated by the ubiquitous distribution of waler. Gaps in these data 
for the millimetPr-\\·a,·e region ha\'e recently been filh•cl by mea::-urements with 
a high-loss trawling-wave technique at 70 GHz (16;,). Accurate spectroscopy 
at these frequencies taxes current electromechanical technology. The broad 
attenuation due lo water at these f requencic:, also ::-hielch; other possible 
biomoh•cular absorption processes, including quasi-lattice vibrations in 
biupol.rn1ers and till' \'ibrations of hyclrog-en-bondpcl hrid1:yheacls (207). 

Structural watl•r, as oppo::-ecl lo f ree water in the bulk spacp, plays an 
important role in the stabilit�• of biopol�·rners and in their tertiary con
formation changes (346,373). Strnctural waler is closely related to phase transi
tion,; in biopolymer:, that are kno"·n to be cooperatin' processes (3!ll), as di�
cussed below. The EM field interactions with brain tissue have been ascribed 
to cooperative transitions in transducti\'e coupling to neuronal membranes (9). 

Q. Jntcractio11 of 1ceak EM fi.elds 16th bio111olcc11lar systems

It is clear from the preceding section that enhanced sensitivities of 
biomolPcular systems through resonant interaction" with EM fields al fre
quencies helm\· 3,000 GHz in the far infrared are unlikely. On the othl'r hand, 
there is uneqt}ivocal expel"imental evidence ·(cited below) that fields from 
ELF to UHF (10 Hz-450 MHz) internet directly with brain tissue. A striking 
feature of some of l he:::e observed interactions with \reak raclio-f req 11ency 1R F) 
fields js their n·lalion:::hif). to modulation freguenrie� in the ELF ranl!e and not 
to the radio carrier frequency. This !;;uggest� the importance of a search for 
umquely orgamzed macromolecular systems as substrates for cooperative 
processes. 

a) Possible lii111nolec1i/ar substrates of i11teractio11s u:ith 1ceok EM fields.
Prior to later detailed consideration, it is desirable to set out the known or 
probable levels ·of induced tissue electric gradients associated with confirmed 
physiological or behadoral effects and to compare these with gradients 
ai;sociated with cellular events in excitation. The disparities emphasize the 
importance of understanding molecular mechanisms in transductiw coupling of 
weak extracellular fields·. Thus ELF fields in the range of the order of 10- 1 

V/cm are used in orientation, navigation, and prey attack in marine verte
brates (66, 227-230, 273, 274), in bird navigation (241-243, 245, 246, 410, 
413-416), and in mammalian biorhythms (157, 159, 448, 454). Similar ELF
fiek!s modify calcium binning in cat ancl chick cerebral tissue (38). At higher
tissue gradients around 100 m V/cm induced by RF fields with low�frequency
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modulation, there are altered pattern!> in "spontaneou1," ELF field potentials 
(400). in EEG wave trains evoked as conditional responses (40), and in the 
release of calcium from cerebral tissue (39, 41, 42. 58). By contrast, the 
gradient of typical membrane potential!> is about 10� V/cm and membrane 
depolarization associated with 1,ynaptic excitation shifts the membrane 
polC'ntial by about 10" V/cm. The EEG gradient in extracellular fluid at 
cellular ciimensions is only 20-50 mV/cm (124). Moreover, because of differ
ential condurtivities. transmembrane cleri\'ati\'<.'S of extracellular current flo"· 
will bP !>mailer by about 3 orders of magnitude. Thus without specialized \
molecular organization ha,·ing an amplification mPrhanism, cellular sensing of 

Ithe weak intrinsic EEG field or of imposed en\'ironmental fields of similar 
magnitude appears unlikely. 

There is much e\'iclence that the molecu Jar org;mizat ion in biological sy:::tpms 
nePcled lo perform this sensing of weak 1,timuli, \\hether thermal, chemical, 
or eln-trical. may reside in joint functions of molecular assemblit•s or subs!'!s 
of thes<• assemblies (2:��)- Katchalsky (2:W) has rHiewed the historic de,·elup
ment from t ht• time of Heraclitus (540-4�0 B. C.) of concepts of dynamic 
paltPrns that d1•,·elop in a population of elPments as a result of their compl!·x 
flow patterns. These flow patterns can undergo sudden transitions tu n(•\,:...---
self-maintai11ing arrangements tlwt "·ill he relati\"t·I�- slablt> U\'t.'I' timt>. Trano-:
forrnation of complex flo\,. patterns into largPr hierarchical patterns· is 
saltator,\·, as in the appearance of large crystals from small ones in a super
s,ilurated soluLion (:�96). Because these dynamie patlerns are initiated ancl 
sustained b�· rnntinuing inputs of energy, thpy are classed as "dissipat iH?" 
prsir.�es. For this reason they occur far from equilibrium with i:·espeet to at 
least one ii-npori.ant parameter in thP system (2:37). A':'- nonequilihrium 
processes, they may be characterized by r�onant or \\·indo,\·ed phenomena. 
an important aspect of thPir occurrenre in cerebral tissue int('ntctions with 
weak E:M fil'lds (4, JO). Also two or more quite di':'-tinrt nwchanisms can J.!"iH• 
rise to the sanw dyrrnmic pattern. A gi,·en pattern therefore need not r(')ate. 
lo a unique mechanism; conversely, different mechanisms may generate a 
common pattern (337-3:�!l). To neurobiologists aecustomt•d from their 
earli,,st traininl-!" to consider cellular excitatory phenonwna in tffms of 
equilibrium pro<.:esst•s, these conrepls, though quite old in some an•as uf 
·modern physics and chemistry (366), offer interesting ne"· in':'-ights on possible
substrates fo,: initial events in excitatory transductive coupling.

I,) Concepts of coopr.rntive processes. A strong theme running through
many of these functional linkages bet ween participating element':'- of a dynamic
pattPrn is cuuprmfirity, ciefinecl here as the ways in whirh components of a
mact·omolerule. or a s�:stem ·of macromolecules. art togetht>r to switch from
one stable state of a molecule lo anothPr. The1-e joint action"' frequently invoh·e
phas!:' transitions, hysteresis, and a\'alanche effects in input-output relation-

. ships (373. 462, 463). T1·igger 1,ignals to cooperati\'e processes may be \\'('ak 
:ind lhl' amplified response onlprs of magnitude largl'r, as in th/largP gl'rwra
tion of cyclic AMP by glueagon bindini-: to plasma membrane ren·plors (:HiK). 
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in the amplification of the immune respom;e (119), and in swimming behavior 
of bacteria elicited by a small concentration gradient of an attractant (21, 254). 
The sharply nonlinear release of ◄:•CaH from bindin� sites in cerebral tissue 
by arlded Ca ions (222) strongly suggests a cooperative interaction. Dense 
interactions of neurons in some brain centers have lecl to conceph of domains 
of cooperative neural acth·ity (135). Detection of weak electrical fields by the 
brain is also consistent with highly cooperative effects (4). 

Amplification effects in cooperative events raise questions about thresholds 
and the minimum size of an effective triggering stimulus. In studies of co
operativity in biolog-ical systems. attention is usually focused on the effect of a 
chang(• in an external parameter on the e·quilibrium constant for a gfven reac
tion (391). Although the sharp tran:::ition from one highly stable state to anolhPr 
such stale that i:-: rharacleristit' of a cooperative pro<:ess can also be ad1ie\·ed 
hy noncoopcrative means, much larger transition energies would he required 
and the transition would occur more slowly. Sharp and fa.c;t cooperative transi
tions characteristic of many biological systems thus involve cooperative 
interactions, such as the inrlividually weak forces in a series of hydrogen 
bonds or hydrophobic reactions (128, 389, 392, 394 ). In considering possible 
cooperativity in electrical excitation of nerve membranes. Schwarz (391) 
points out that application of an electric field of strength E to a coopPrative 
system alters the equilibrium constant according to Van't Hoff's relationship 

n Ins !:i.M 

aE RT 

where s is the stahility constant (the equilibrium constant for A ti R wht•n 
half the nearest neighbors are in sfatr A, half in sfafe B). and �-'11 is the 
difference in the partial molar electrical moments (parallel to E) of reaction 
products and reactants (53. 387). A change of In s therefore occurs when 
an electric field is applied to a hiological macromolecule. A much higher electric 
fielrl than can be reache<l in biological systems would be required to indutl' 
a transition in a noncooperative system, but a much weaker field will be 
adequate in a highly cooperative system. Compared with tissue electric 
gradients inclu<:ed by environmental EM fields, the requisite gradient for some 
known cooper?tive macromolecular transitions are very large. The helix-coil 
conformational change in poly(y-benzyl L-glutamate) can be induced as coopera
tive transition by a gradient of 260 kV/cm (395). Long-lasting conformational 
changes occur in poly(A) ·2 poly(U) and in ribosomal RN A with pulsed electric 
field of20 kV/cm and with a decay time of 10 µs (320). They are viewed as a model 
nerve ·excitability (321): 

Therefore observed EM field interactions with brain and behavioral 
processes basecl on tissue gradients between 10- 1 anci 10- 1 V/cm noted above 
clearly would involve degrees of cooperativity many orders of magnitude 
greater than envisaged in the examples just cited. A most import�nt factor in 
determining the threshold for a low-level coherent oscillation lo elicit a 
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cooperali\·e response is thP thermal Boltzmann (kT) noise in thC' system. This is 
0. 02 e Val room temperature and is the basis of mol<•eular collisional interaction,-;

, already discu,:;secl. Simply stated, the sensing- of a g-raclient of 10- 1 V /cm would 
require a cooperative molecular system extending oYer a distance of300 m. The 
abundant e,·idence that ext1·acell11lar electric v:'radienls from 10 'V/cm down tu 
thi,-; leYel can lw biologically significant in system,-; of cellular dirrn.'nsions is a 
salutary reminrler of the impo1tance of better understanding molC'cular and 
morpholo�ical substrates of t hi,-; tra11,-;ductin� coupling. � hq>olh<•sis a:- n•t 
untested suggests that the cell surface ma,· act as an extremely narruw
banrl\\·iclt h lo\\·-pass filter in the transfer of thermal noise along the surface of 
micron-sized spheres and tube:; n,?)._ thus enhancing the signal-tu-noise ratio of 
ELF oscillation,; in the pass band of such a filtering system . 

.-1. Q11n11f11111 1J/l'chn11ical 111udels <i( lo11g-rn11gr i11ferncfio11s 

Tll<'re ha,-; been g-ro\\·ing inter'?.sl in models for predicti,·e ernluation of 
tll\':-l' lllH'X '('('l(·d h' 11 i '<" I ,-;e ,-i iYili<':-. Tlwse m,,rlt•l,; ha,·e con,;idl:'red two of 
lht:> morl:' baffling problems of these bioeffects: sen,;ilidt�· to lo\\' incident fh,ld 
energy and possible bases for moleC'lllar interaction,-; in th<? ELF s1 •<·<·lrum below 
JOO Hz. There are at lea;;t four major groups of models. They haH· emphasized 
pha,-;t:' tra11;;itio11,; al ELF, charge "pumping." and \"olterra models of charge• 
population tran:-itions, limit-cycle phenomena, ancl possible tunneling effect,;. 

n) Model.� cl( 111r1crn111ull'culnr Jllinse. fm11sifi,,11s af ELF. No known
mechanisms explain ELF bioeffecl,-; on the basis of rlirect interactions \\'ith com
ponent dipole:- of molecular system,; oscillating al these low frequencies. There
fon, a ;;tn.ictural and functional basi,-; must .resicle in propertie:-: of molecular 
systems. Gro(bky (172-174) has hypothesized that excitable membranes are 
energt:>tically equinilent to sheets of giant clipoles bathed in controlled external 
electric fields. Gruclsky's formulation enY1sag-ed the outer layer of phospholipicl 
polar heacl,; as a l \\'o-climensional crystal mosaic of multipolar charge sites (p
sites), sprinkled with islands of glycoproteins with cationic binding sites (c
sites), in accordance \\'ith "greater-membrane" and "fluid-mosaic" models (372, 
401>) discussed below. Grodsky hypothesized that with the adclition of an 
external lo\\'-frequency electric field to the system, when the frequency of an 
allcl\H'd mode of oscillation reaches zero, the system should then become a 
macroscopic quantum amplification de,·ice and would exhibit long-range order 
phase chang-1•,-; that generate energ_v into the zero-frequency mode (Einstein
Rose conden,-;ation). His model considers thes<? long-rangt- cooperath·e 
processes in la_ttired mosaic systems of the type first proposed by Ising (209) to 
explain mechanisms of ferromagnet ism. The model has merit in seeking a ba:-is 
in membrane ultrastructure hut necessarily rests on the severe constraint of a 
rigidly ordered, spatially symmetric lattice ha\'ing certain minimal dimensions. 

_ A structural counterpart of such a highly orclerecl lattice remains to be detected 
in biological membranes. It is applicable to chemically nonreac�i\'e systems. In 
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range by small ions. Application of this model to enzymatic reactions (145, 166) 
sugi::ests a pnssihle basis for collective enzym;i1 ic reactions, with strong 
polarization of the activated st.ale reducing acti\'ation energies and coherent 
vibrations causing long-range selective interactions with other systems. 

In the context of fielri intPractions with membrane surface enzymes that 
might form part of a "grPater membrane," Frohlich (149) has considered a 
popul;ition of enzymes, of which N ar<' in th<' excitPcl polar state and 7, are not 
excited, intPrarling with substrate molecules S. All three presumably show 
long-range selective interactions that lend lo increase their number by influx or 
excitation. The ratio of increase of acti\'ated enzynws would be proportional lo 
thei1· concentration N, to the concentration of inart i,·e enzymes Z. and lo the 
number of substrate molecules S (expressed in the function aNZS). Chemical 
destruction of substrate occurs with each transition from nonpolar to polar 
stat P. Spontant>ous tra.,�ons from excited to ground states may also occur. 
Nonlinear differential equations describe this moder 

clNlclt = cxNZS - /3'/I.' 

dSldt = n/1.'ZS + yS 

dZldt = o:NZS + f3N - y(Z - A) 

( ..') 

(./) 

where yS and >..( Z - A) result from the lcmg-1,-ange int�raction, Z = ,1jn the 
absence of enzymatic activity (N = 0, S = 0), >.. is t e rate of long-range 
substrate attraction, and f3 is the rate at which an excited enzyme returns to its 
ground state. 

If the equilihrium of nonexcited enzyme concentration is reacher! \'er.,· fast 
(i.e .. Z can be ronsiderecl time independent), the equilibrium \·alues N., and 
S,. are gi\'en l.Jy 

N., = ylcxZ 

Su = {3/cxZ 

Eq rwlin11 :J may then be discarded, and Eq1wlio11s I and z are the Lotka
Volterra equations describing cyclic behavior of populations, a� in predator
i>rey relationships. For a system close to equilibrium, the concentrations 
,\' and S may be written 

N = N,, + I' 

s = s,, + (j 

If., ·and u are small, the product vu may be ignored and 

dv!dl = y<T 

(5) 

( {j) 
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In this approximation the periodic enzyme reaction oscillates around the steady
state equilibrium at a circular frequency of V{jjy) as a limit-cycle phenomenon 
of the type proposed by Kaczmarek (220,221). Frohlith'i- model differs from that 
of Grodsky in envisaging nonlinear dissipative intt>ractions in biochemically 
reading systems, rather than in nonreactive systems discussed by Grodsky. 
Both consider disi-ipative processes as essential in cell regulatory mechanisms. 

c) Limit-cycle models. Turing (433) predicted that a system of chemical
reactions and diffusion may develop a dynamically maintained temporal and/or 
spatial pattern from an initially steady-state homogPneous system of matter 
lfor re\'iew, see Katchalsky et al. (239)]. Temporal patterns in chemical reac
tions are well known. Below,o\· (49) continuously stirrt-cl potas::::ium hromate, 
eerie sulfate, and citric acid in dilute sulfuric acid ancl noted oscillations in lhe 
ratio of eerie (yellow) to cerous (colorless) ions. producing a recurring temporal 
pattern. Zhabotinsky (467) substituted malonic acid for citric acid and noted 
similar oscillations. Spatial orgimization maintained by these dynamic systems 
of chemical reartions occurs if the Belousov-Zhabotinsky reactions are not 
stirred, allern;lling stripes of o:ddized and rerluced forms of the indicator then 
prupagatin� through the medium (67). Viewed as a dissipative structure (19Z. 
359, :360, 361), the spatial patterning of the Belouso\'-Zhabolinsky reaction 
beha\"es in two ways from its initial instability. It dPwlops a limit-cyclE' oscilla
tion for its chemical constituents, having a definpd pt>rirnl and a temporal pat km 
independent of the initial perturbation. In responsl' to a space-dependent per
turbation it also develops a spatial organization or "dissipative structure" dis
tinct from the corl\"entional structure found only in sy$tems at dynamic e(luilib
rium. This link between limit-eye-le oscillation am! dissipative structure may be 
related lo the dym11nics of neural populations (220, 221). 

Kaczmarek (2:.W. 221) has consicler·ed the µossible occurrenee of resonant 
phenomena in chemical reactions analyzed as li;1ear systems (205, 334). A simple 
model of calcium binding to aniomc membrane binding sites suggests this 
pos!'-ibility 

k, k,,
,H"- + Ca24 

� X ---0-+ }'---> ------
k2 

Calcium ions bind _to the anionic membrane component M" to form the cakium 
complex X. The c:alcium complex may exist in two forms, X and Y. The individual 
complexes are linked through conformational coupling so that the presence of 
Y favors the tran,:;ition X ---> Y. The rate of such a process may be ;ipproximate<l 
by a "molecular-field" approach in which the rate constant is set equal lo /3r"" 
(62). The third step of the reaction scheme provides for removal of Y, as in its 
utilization for release of transmitter substances at synapses. The kinetic equa
tions describing the system are 

d.r/clt_= k,I.M 11 ··11cat< J - k 2X - {3e"11X

d y/<l f = {3e"11X - k3 Y 
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For appropriate \'aloes of the kinetic constants and the extent of coopern
th·ity 11, this scheme can rlisplay multiple steady slates, limit-cycle beha\'ior, 
or both (220). In the limit of a very weak field, tht• effect of an Ol'-cillating EM 

. field on the rate constants for the initial binding of CaH to the membrane may 
be represented by 

In computer :::imulations, the dynamics of the systl'm wne very s€'nsitiH to the 
frequ(•ncy of perturbation w when the system was in the limit-cyclt> mode. 
Kaczmarek (221) points out that if cakium binding in neural membranes can 
exhihit limit-eycle behavior due to reaction step>- !wing maintained far f rom 
chemical equilibrium, \\·eak external perturbationi- could easily cfo:rupt the elec
trocht•mical balance. The narrow range of ELF' frequencies e\'idenced in \\"('ak 
field interaclioni- with brain tii-i-ue (cliscusi-ed below) rloei- not i-upport a molecu
lar or <lipole m11ml•nt interaction at. or clol'-e to, equilibrium. 

rl) T111111rli11<1 111orlcls. There il'- a poi-sihility. as ,vet unte:<ted. that lnng-
rang1· inll'radi1111:< h<.>twe('ll nwmlff,llll' s11rf.-1ce fix1•cl-d1arge sites may otTllr al 
tlw lu,undary lwtwt'<.>n zirne:< of fixed char •es exhibiting- colwrenre and in
coherence. This boundary would rril.'r for charge moYenwnt 
bet ween the zorwi-. Coh nee of charge sites a!' een ohsern•cl along the 
sui"face of macro mole ar biopolymers. From stuiht>s relaxation times in the 
binding of acridine d,\'el- to poly-L-gfotamir acid, Sch ·;irz (387) postulated a 
condition of iclentic I energy leYeb at adjoining fixed- arge sites in the Ieng-th 
of the biopolynwr she . This coherent condition sist<•d for fH.'riods approach
i1ig a milliseconcl. The < Ji'?1-.!'-"_L_c:_,L...�k,��--· coherent "patch" h.-1Ye not been 
determined. 

The possibility of biological tunneling has bE>en considen•cl for excitatory 
proce,.:ses (!-lU) and for the hemoglohin molecule in binding oxnrPn (lffi, 198). It 
has been propo,.:ed that the "window·· phenomena noted in seYeral typE's of EM 
field interactions with tissuei- (38, 4�. 58) ma�· aris!:' in charge tunneling acro,.:,
an energy barrier (8, 10. 39). Most )l"eYious schemes ha\'e envisaged electrons 
ai- tht.> charge ca1-riers in tissue tunneling in conformity wit classic o sen-ation;-; 
at i-emiconductor junctions (129). Hopfielcl (198) points out that the separation 
bet ween linking i-ites in biological sites for electron tunneling may be limited to 
�-10 A. Expl:'riment!:' and rel2ted models on the role of hydrogen ions in EM 
field interactions suggest that protons may offer a basis for tunneling inter
actions along cell surfaces in brain tissue (10, 39) . 

.4. Ti.�s11e interncfio11s with strong EM fields 

Absorption of EM . etl(>rgy inc-rpasei- the kinetic energy _of molecular 
constituents of the absorption medium. We asl'-ociate increased rates ancl 
energit's of collisional events with rnisl'd temperaturl' (418). In fr,sues of intal'l 
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multicellular org:rnisms, particularly those possessing canliova.�ular and 
respiratory s.vstem!' capable of efficient thermal C':\t'hange with the environ
ment. the observed rise in temperature at a partkular locus within the bod)· 
may ht· substantially below the expected increment in an equivalent volume of 
nonliving material. On tht> other hancl, enhancecl field levels may occur in 
resonant interactions with body segments or with the whole bocly as a function 
of t h1:- n,Jation!'hip between hody geometry and the wavelength of the imposed 
fiPld. Thc·s<• n·lat ionships are important in induction of hyperthermit states for 
therapt•11t ir purpost•s. 

rr I \\'/111/1·-/11,dy n•so111111n· nf mdi11- 11111/ 111icT1111·111·1•.fi·1•11111·11ci1·.�. TIil' ,raq•
lengt h of a :3,000-J\I Hz !'ignal is 10 cm ancl is closely rel at eel to the length of mire 
or rats, making "hot spots" inevitable at some point :ilong the body (l.J, 1 ,7). 
A hot spot for a mouse 01· rat may occur near the tip of the tail and frequently 
along the neek. For the human heacl, simulated as a sphere 15 cm in di:imel<•r 
with thr1:-1:- lay1:-rs 1·epresenting brain, fat, a1HI skin, a 2,450-MHz mic:row:l\·c• 
beam is rapidly absorbed :-it the surfaee oft he head. Tht>re is a ma:--imum spt•rifir 
ah:--:orpt ion ratt• (S.-\ R) for em•rgy of 2.0 \\'ikg in the outt>r 1.0 cm of I lw phantom 
for an incident pcmer density of 1.0 mW/cm2

, :tlthoug-h thP :l\·erage heating for 
the whoh' ht>acl is only 0.1�1 Wlkg. In a small Zlllll' in the <'<'Iller of till' h1•ad. 
curn1t11re :md a high tissue l'efracti\'e index proclun•,.: a11 SA I{ of o.i W/kJ.! f11r 
the monkt',\' head (2:)�). This picture fo1· humans is sharp!�· chang-ecl at H l1J\n•1· 
f requency of 918 �I Hz, where energy al,s<•rplion at the ct>nter of the head for an 
incident field of 1.0 mW/cm' is 0.45 W/kg, which is significantly greater than 
the 0.20 W/kg calculated at the surface. Tlw human head may beha\'e l'esonantly 
al frequencies bet ween 400 ancl 500 MHz (154), wht•n•as in the Imig axis of tlw 
body, maxim_um absorption oct·urs at f requencies around :1;-, MHz for lht' 
groundt>cl subject and clos1:-r to the free-space resonant frequency of 70 MHz 
for man standing on or aho,·e a perf<·ctly concluding ground plane. In the 
t rans\'E'rse and anleroposll•rior a:,;:e,.:, nm xi mum ;ibsorpt ion occurs Ht 
f re1juencics f rom l:{5 to 165 MHz (lf>1). Whole-body rates of energy :th:--:orption 
for mo<h•ls of human$ and for animals subjeeled to incident fields of 10 mW/cm1 

(the maximum permitted for 0.1 h in an�· I h under current U.S. occupational 
!-afety $tanclanls at microwa\'e freque11ciei::) show that rates of energy depo!-i
tion al resonant frequencie$ in the presence of a ground plane or a reflector are 
markedly increased (155). With grounding and reflection combined, "they an· 
trnly staggering" ( 156). Energy depo$ition rate$ for models ofhum,ms subjected 
to fields Hl a 1><1\\'('I' density of IO m W/cmt predict SAR \'alues as high as 3.5-70 
times the basal metabolic rate for adults at resonant frequencies. The time-t1J
time convulsion of 100-g rats exposed to power densities of 3-20 mW/cm� 
confirms some of these jn·edictions of enhanced absorption in the presence of 
refleding surfaces. 

h) Focal thermal effects. The precerling section emphasized anisotropy of
thermal effects in whole organisms arisinp; in geometric factors. This thermal 

· anisotropy merits further discussion for the whol!:' organism a1!cl also at the
ultrastructural level. We have discussed tM wave propagation as a "bootstrap"
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01wrnt inn in which the electric field accompanies the magnetic field through the 
trnnsmis:-don meclium. 

Electromagnetir radiation has a kinetir eneq.��· that i� tran!-ferred to any 
partide encounten,d by thP pn,pagating field. At 30WK. the thermal kT energy 
has a wa\'elength of about 2UU cm- 1 or 6,0U0 GHz; henre the ener!ry of an electro
magnet ir \\"cl\'P b1·low the far-infrare<I region is suh:-t,intially below �-T. whPrea:-: 
tielcl!- of higher frl'queneies (wavelength:-: :-:horter than 200 cm- 1) have erwq:des
ab11\·e kT. Hm,·e\·er, it will inclure movements of rharJ!ecl part id!':-:, induclinJ.! 
ion:-: and eleetni11:-:. Current:-: generated by their movement lead lo two 
phenomena (2,fi). The:, may ht• dissipated as "eclrly" rurrents, produl'ing hl',tl. 
Also their mon·ment ;is a rurrent general£':-: a magnet ir fa.•ld that interacts with 
thl' intrin:-:ir fielcl of tlw E�1 wave. resisting chang1•,.: in the appliC'd nwgrwtir 
field by generation of a loral fie lei of opposite sign ( l.1•11z's law). PP net rat ion ,1f 
an E;\1 wave into a conducting matC'l'ial will therefon· hl' limited to a dPpth (11) 
that i:-: a function of the f requenQ' of the wa\·e (,,) and the condutli\·it�· of thl-' 
material ( er) 

Electromagnetir wa\·e:-: therefore exhibit "skin effert:-" in remainin).! 1war thl' 
:-:urfare of mc1:-:t eo11d11ding materials. For the mirro1\·a\·e spectrum. 111aximu111 
ti:-Sllt• -ahsorption orcur:-: near the surface and deer1•a:-:e:-: :-:harp!�· at inrreasing
depth ( 417). Thi:-: freque·ncy-rlepenrlent penetration and preponderant energy 
deposition at s1qlf'rfieial level:-: i:-: important in ernluating pro:-:pects for :-:tirn•:-:,.:
ful therapPutic utilization of millimetrit mirrowa\'e:- in oncolog-y, e\·en where 
tumor-:-:peeific ah:-:orption hands ma�· exist at these fn:•1p1enril•:-: (li}O). Jt :-:houlrl 
be empha;;izerl that the exi:-:tenre of suC'h bands in the millirnetric-\1·a\·e reg-ion 
has not heen e:-:t ;.ihlished . 

. On the otlH'r h;.ind. general tissue heating that ran he inclured by micro
waw fit>lds at fn•quenries hPlow ahont �.O GHz (218. 424) is likely to be as:-o
riatPcl \1·ith differential turno1· heating (74, 107) because of the limited _yas
cularit�· of neopla:-:tir ti:-:sue. This impaired heat exehange ran inhibit tumor 
grO\\·th or prorluee nerrosis (108-110, 181,340.341, 41!1, 422,424). 

Focal thermal effeets may also orrur in the virinity of metallic objecl:
implanted in ti:-c:-:ues, as, for example, in the virinity of brain elertrocles or 
:-:11rr111111di11)! r,d hnpedic nails, srrews, or plates. This enhancenwnt is greater 
at micTowa \·e fn·quencies, wh1•re the metallic object ;ipproaches dimensions of a 
wavelength. and in the near field of the generator. wlH're very stron)! rnagnetil" 
coupling exist:-: (:1,0). In these ronclitions, absorbed dose rate in a radaver may 
be 2 orders of magnitude higher than the energy le\'el of the unperturbed 
inrident field for :-mall volunws of tissue surroundin!! the electrode (17G). The 
phenomenon i;; all too familiar to those who may have attempted to heat foud in a 
metal container in a micro\\"aVe 0\'e!l. 

There remains the far more <liffirult problem of possible t�errnal micro
domains in which local molecular ultrastructure may enhance field sensiti\·ity. 



ipril 19/11 l::LECTHOMAt:NETIC FII::LD EFFECT::: 11� TISSUES 457 

The numerous sl rnct ural phase partitions with strong dielecti-ic · prop<>rties 
sugµ1•:-I this possibilitr, but appropri;.ite morlels anrl experimental rlata are 
scanty. Little (275, 276) points out that ringlike struc-tures, such as benzene, 
which are <liamagnetic, <lo nut have significant intenH:tions with EM fields. If 
tissue molecules were organized as in a liquid crystal, however, the van der 
Waah,' forces \\'ould be strong enough to couple molecules to one another, 
prorlucing a "swarmlike" structure. Possessing only three degrees of freedom, 
,rnd because of the coupling forces, the whole system will move in one direction 
at the .,ame tinw. In this case the energy of interaction with the EM wave 
would be directly propnrlion;il tu the number ofmol(•cules in the"crystal." This 
-sensitivity would prohahly hC' less in nerirntic crystals with a planar organi7-a•
lion than in smeclic sy:.ctems having both planar and lamellar organization. For
smectic crystals, the susceptihility of a "swarm'' to an EM field can he large with
respe<:t to kT due lo strong coupling of the molecules. In such a system, very
weak magnetic· fields (such as the earth's magnetic field) could interact with
matter. A biolog-ic.il system with molecular "swarming'' properties could act as
an iiifnrmation-processing cle,·ice. sensing the forces of an electric field in the
length of a neuron or allowing one neuron to influence the excitability of its
neighbors (277).

F. E.[(ects of Magnetic Fif/ds

It is possible to construct ELF facilities that provide only a magnetic field
without a concomitant elect1·ic component (102). At microwave frequencies, this 
is also possible for small specimens by placing them in a wave-guide section at a 
cunent antinode (268). In most exposures to oscillating environmental EM 
fields, this virtual suppression of the electric component ii:: uncommon. How
e\'er, continuous environmental magnetic fields range in intensity from the 
earth's natural fiekl (0.00UU:� T) to extremely powerful fields in th<' \'icinity of 
superconducting cryogenic magnets with fields between 10 and 100 T. 

The magnetic component of an EM wave possibly could interact with the 
magnetic component of spinning atomic nuclei discussed abo\'e. Even for a fiel<l 
of 1.0 T (10,000 G), however, the energy of interaction would be of the orcler 
of 1°K and far below kT, an<l the coupling of this field with brain tissue would he 
,·ery small. The nuclear coupling energy in the earth's magnetic fielrl would be 
of the or<ler of 10-R°K for typical ring molecules oriented with the magnetic 
fielcl (276), so that this appears a quite unlikely model for detection of the 
earth's magnetic field in bird navigation (241-243, 246). Rather, the 
improbability of direct trans<lurtion of weak environmental magnetic fields at 
atomic levels in nervous tissut• emphasizes the likelihood that observed bio
effects arise in ionic e<ldy currents arnl conrnmitant long-range macromolecular 

· interactions associated with movement of the tissue through the magnetic
fielrl (4, 5, 38. 86, 250). ·.

Effects of magnetic fields on the nervous system have been reviewed by
Kholodo\' (247, 248). Because of the ability to penetrate uniformly through the
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entirP l'ranial eaYity from suitably oriented pole pit·rt>:-i, sen!'-ory and other ef-
fpcts attributablP lo central stimulation have long hPf'n known. The magneto
phosphenl' wa:- <lisco\'erecl h.,· cl'Arsonval (%), elicit<,cl as a subjective flashing 
light hy a magnetic field oscillating at IO- JOO Hz. The oµtimal stimulation rangl' 
is 20- :10 Hz al an intensity of 0.004 T. Kholodo\' points out that although initial 
explanations restl'rl on an inciuceci EMF causing stimulation ofretinal receptors. 
later research ha,; c:-ist doubt on this morlel, i;ince thP induced EMF' may .be 
3-4 OJ:( Jprs of ma1.tnitudl' weaker than the electric gradient necessar�· to produce 
an el Pct rophospherH'. and the l hresholcl for the elerl rnphosphenP is influenced 
by the duration of exposure to a steady magnetir fwld. suggesting that the 
biophysical basis for these interactions requires further study. 

Ill. Ol!SF.RVEIJ RJOLOGICAL F-FFECTS 

There are difficulties in arri\'ing at a historical perspecti\'e on major de
,·l'l11p11H•11ts in thi:- field o\'er t lie past 2G years. Tht• problems arl:' of sufficient 
i111pnrt lo th\' JH'\\·comer i-l'eking a basis for his o\\·n lTiti1·al participation and sn 
broad in tlwir physiral. biol11gi1·al, and social irnplir:11 i .. 11:-: that it should be t•1t1 

phasized that 110 single re,·iewer can authorilati,·ely l'Yahiat1· the entir1: 
gamut ofhi1>Pff1•(·ls attribulPd lo pn\·iro1111wntal EM fit•lrls. Until rc('ently, dt•ep 
clifforl'nce:-: in n•,;parch prioriti('S and nwthodolo_gip:,; han_, tendc-d to :-<.>paratl' 
Ea,-tern and Western im·estig-ators. East European studies ha\'e emphasized 
effect:- of "nnnlhermal" exposures, ba::.ed in part on long-term exposures of a 
type' rarE:'ly. if E:'\'('l'. performerl in the \Vest {until very rpcently). Western rritic:-: 
ha\'e often a·rguecl that re.-ults of these studir:-: haYe been poorly documented 
:-tatisti('ally and in the physics of the exposun• pn,·ironments; that such studies 
may still hP cr<.>dihle at an ohservational leHl ha:-: been lost all too often in 
sociopolitical diffPrence:-:. 

At least the onus for 1·epelition of many impo1·tant but contro\'ersial 
Ea::-:t European :-tudies is now accepted in a joint USA-USSR sturly program 
unrler the Nixon-Brezhnev agreement in 1973. As a case in point, American 
inYestigators have recently attempted to "replicate Soviet findings" by exposing 
rats to a weak (0.5 mW/cm1 ) 2,450-MHz field for 7 h/day for 3 mo (278). Al
tered blood cholinei;terase and glutathione acti\'ity, significant shifts in sodium, 
potas:-:ium. and ,·arbon dioxide, and altered behavior were in partial agreement 
with SoYiet findings and "clearly suggest a need for fu11her low-Jew! microwaw 
chronic exposure protocols.'' On the other hand, there has been a preponderant 
Western opinion that the effects of microwave anrl rad inf requency fields are at
trih1,1table only to the heating mechani:-:rn f those fiel<li; at power densitiPs 
in excess of JO m W/cm 1 • As recently as 76, re riewers gtated that •·IO m W!cm

1 

is approximately one-tenth the level ed to cause significant heating in 
. human tissues, and agrees with phyginlogic and metabolic calculations'' (160), 

despite earlier impressive evi<lence noted above that significant heating can 
occur at levels below IO m W/cm7 (176). In terms of nonlhermal or "micro-
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thernrnl" effects, a representatiYe U. S. view of that period stated that "there is 
no t-\·iclence thus far pre:--ented to indicate the exislPnce of nonthermal effects 
at the molecular or cellula1· level" (383). In the past 3 years, the impetus of 
collaborative endeavors between East and West and bioengineering collabora
tion on exposure techniques and tissue dosimetry have validated some earlier 
finding:,; and given credibility to certain new observations. 

A. Dosimetry uf Tiss11e Field Levels

Dr\·ices for measuring tissue components of impressed fiel<ls must func
tion \\·ithout cli:,;torting field levels in acljacent tissue. This imposes se\'ere con
straints on the size of any metallic conducting elements in tissue probes and 
equally severe re4uirements on connecting devices inside and outsidl' the tis
sue:--. There ha,: also been considerable use of phantoms that simulate whole 
bodies or appendages. with appropriate laminar structure to simulate skin, fat, 
and bone. For humans, small mannikins have been used at radio and micro
wa\·e frequencies with appropriate upward sealing of the frequency of the im
posed ra<liation. Theoretical techniques have been used to relate measures of 
ah,:nrhf'd erwr�_\. in humans and animals to the power density of incidl'llt
radiati1111. 

1. /11str·w11e11tatio11 fort.issue. dosimetry

I 11 situ tissut> electric g-radients can be measured at radio and micnJwave
frequencies without distortion of the induced field by a triaxial array of small 
diodes that rectify the electric vector along mutually orthogonal axes (34. 78). 
To avoid ante�na effects on leads to external dp,•ices, conne<:tions can be 
made either by thin, high-resistance film leads or, by first converting the 
rerlifi<-'d signal to a pulse train that activates a light-emitting diode. through a 
fiber-optic system. Calibration of these dipole-diode arrays depends on the 
dielectric constant of the medium in which they are implanted, the dimensions 
of the dipole antenna, and the thickness of the insulating material surrounding 
the antenna. Both dimensions must be small compared to the wavelength of the 
field in the biological medium. A typical dipole is 2.5 mm long and the diode 0.25 
mm wide. These systems are small enough to be inserted between cerebral 
hemispheres of small mammals and are sensitive enough for accurate field 
measurements with incident energies well below 1.0 m W/cm2 and in the absence 
of significant tissue heating (42). 

Measurement of tissue gradients induced by ELF fields is far more dif
ficult because of the far· weaker coupling of the low-frequency field to tissues. 
In an ingenious approach, Valentino (437) has used a phantom of the head of a 
small mammal, such as a monkey, with measurement of the total current 
induce<l in the phantom by the external field. Thus for a 10-V/m, 7-Hz field, the 
measured total current is 0.9 nA. Obviously electric gradients established 
wit�in the multitude of tissue planes within the head will not be uniform and 
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cannot be mE>asured by this technique. Order-of-mag-nitudl' calcula.tions are 
po:;sihl<', how<>ve1·, from a knowledge of the total in<lured current. They in
dicate a general gradient of 10- 1 V/cm for the 10-V/m, 7-Hz field. 

Thermometry with small liquid-crystal devices is accompanie<l hy minimal 
tissue damage from their implantation (214). Fiber optics transmit information 
to and from a s<>nsor tip about 1.0 mm in diameter formNI of a liquid-crystal thin 
film. In the temperature rangr 20-40°('. these sensors will reliably resolve a 
temperature shift of 0. J °C. l'yroelectric probes that also sense t<>mperature 
shifts in lossy crystalline material can be used in the far field (201 ). Although too 
large for implantation, they respond to changing temperature in tissue with 
which thE>y are in contact. Th<>y are fabricated from pyroelectric crystals, 
such as triglycine sulfate, so named her a use they lark a center of symmetry anrl 
exhibit spontaneous polarization with alignment of electric dipoles within 
crystal domains. This polarization is modified by heating·. The optical birefrin
gl'nre of lithiu111 titanate and lithium niobate has also heen used to produce a 
1.0-mm-clianwter sensor with a temperature resolution of 0.1 °C at 3WC (35, 
7:,. ,ti). Mierotlwrn10nwll•rs with a tlwrn10dilatahl1> liquid in a small glass 
capillary an• also feasible (!l!l). A viscometric thern111ml'ler that St'llSPS chang
ing pn•ssure in ;1 fluid ,rith strongly (p111pt•ratun!-d«•1w11drnt \'isrosit_Y f1011·i11g 
through a capillary constrirtio11 offt•rs a potential advantag1• that such prol.ies 
ma�· be not just nonabsorbing but nonperturbing. in_ that their contents may he 
closely matched to electrical properties of tissue (68). 

_Calorimetric measurements of energ-r absorbed in tissue han_, been sue
cessf11 I. They assume that all ahsorbecl enPrgy is con,·erterl to heat ,,·it.hi11 a short 
period and is not st<irerl or dissipated in anothl'r form. Earlier workers ust>d 
heating and t'volin}! curves (32. 211. WR. 28Y). The method has !wen PxtendPd 
to utilizr data from the entire heating and cooling run·es in a nun-stt•ady stall' 
proet•dure that amids use of approximations(],,, 57). Ho\\·e\'er. the method has 
weak,w:=:ses for in vi\'O experiments "·here animals reg-ulate body temperature 
anrl ,,·here er1t'rg_v deposition within thP suhject is not uniform. 

,Just as distortion of a microwa\'e fielrl within tissues occurs in the presen,e 
of a metallic sensor or in the \·icinity of any <lielectric material substantially dif
ferent from tissue, so too is a free field modified hy the presenn• of humans or 
other biota (48). This is in1portant in assessing field effects on a group ofsubject,
i"n chanp:ing prnximit�· to each other. Measurements on humans at frequencies 
from I tn 12 GHz indicate substantial perturbations in f ront of t he subjects, with 
borly reflections producing- a series of standing waves. Sharp field enharm'
ment occurs at antinorles in this wa,·e pattern. Tht• findings are clearly im
portant where objects a_re to be simultaneously irradiated or where the object 
may be close to test equipment.. 

2. Dosi metric 111odels o/ absor/1ed e11erm1

Considerable effort has recently been expended to pro\'id<> the lirik het ween
biological eff erts _of radiofrequency fields obsen-ed in irradiated animals ;md cor-
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responding effects that might occur in humans. A handbook has been �ompilt'd 
describing theoretical methods relating measures of ahsorbed energy in humans 
anci animals to the power density of incident radiation (213). The traditional 
approach with models that use homogeneous sphPres has been replaced by 
prnlate-spheroid and ellipsoidal models. These offer great a,h·antages over 
the spherical morlel in quantitalion and in the prediction of resonant behavior 
and effects of orientation. The technique enables the user to estimate the SAR 
-the mass-normalized rate of energy absorption of W/kg-in humans at a
given frequency as a function of the incident power density, or of strengths of
E and H fields, and to extrapolate animal studies to humans. Theoretical tech
niques to obtain SAR data include a perturbation method for the lower fre
quencies, an extended-boundary-condition method for higher frt'quencies
to the region of resonance and beyond, and the geometrical-opties method
for _vPt higher frequencies. Findings are that the SAR is proportional tof1 for
body len1-;ths less than 0.05 \\"avelength; the SAR increases at a rate �reatt'r
than_(2 near, but below, resonance; the SAR decreasf:';: at a rate Jes,; thanf2 at
frequt:'nc-ies beyond resonance; for E polarization, resonance occurs when lhf:' 
long dimension of the body is apµroximately 0.4 wa,·elength; belo,,· and at 
resonance, the SAR is greatest for E polarization (E wctor along the n10dl'1

°

:' 
longe.c:t axis). intermediate for K polarization (n•t:lor of pruµagation along 
the mndel's lonJ!est axis), and least fur H polarization (H vector alu11g the 
moclers longest axis). 

Caution is desirable, however, in evaluating recent use of the SAR in . 
terms of averaged values and in attempting its application to "nonthermar' ti:-
sue interactions with weak fields. Averages for very simple models, such as 
prolate spheroids and ellipsoids, may have limite<I relevance to the complPx 
geonwtry and c·hanging posture of the human subject. fo1· example. Also the 
absorbed energy has a spatial distribution over an_\· rpa) mammalian body that 
is quite sensitiq, to the layering of skin, fat, must!P. and bone. This layPring 
is as;:oriated with a resonance for thrf:'1•-dimeni-ional bodies that i:' quite distinct 
from the geomPtrical resonance. Calculations for a multila)'ered prolate spheroi
dal model of humans predictecl a whole-body layering resonance at 1 .8 GHz with 
a power absorption 34% greater than that preclictecl by a homugpneous model 
(2�). A related model fora specific skin-fat-muscle cylindrical model of humans 
predicted a layering resonance frequency of 1.2 GHz, with an "averaged" SAR 
doublet.hat calculated for the corresponding homogeneous modf:'I. The layering 
resonance f requency was the same for incident waves polarizPci parallel and 
perpendicular to the cylinder axis. The energy deposited in different body la_ver:
will clearly be different. and further modeling of thh:, differential distribution 
has been attempted by ·modeling the human body as a series of small "blocks" 
(184). Even here, these differentials have been submerged in the further cal
culation of a "whole-bociy SAR." 

At issue here is the vitally important question of the levels of energ_v 
deposition at interfaces represented by tissue discontinuitie!:-. The!-e may be 
structurally gross and macroscopic, as at an interface between tnuscle and 
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bone>. They may also occur in a microcosm of molecular dimensions, as at the 
maq.�in,; of macromolecular domains on membrane surfaces, or on the surfac:e of 
intracellular organelle:,;. Jn either case, they might he expected to be thE' site of 
enhanced energy deposition, not effectively mo<lelecl in the general SAR con
tC'pt and <'Ven le::-s in the "averagl'cl ·sA R." Local electrical fields up to 100 times 
larger than an•rage fields can be indUct·d around microscopic wedge-shaped 
bound.tries b<'t wet.'n rPgions with different clielec:tric eonstant::- likel�· to bt.' 
prest'nt in the human body (::t�G). Nor ran field effects that might a1·ise i11 "non
lhermal" interaction:,; be appropriately deserihecl simply as a small f raction of 
the total absorbed energy, since cellular sensitivity ma�· change profuuncll�- with 
time as a result of intNcurrent humoral faetors. Tht• development of national 
f.afety standards for human expo::-ure must therefore a\\"ait neeclecl knowll'dge of 
the biophysieal meehanisms of the,;e low-len!l interactions. 

B. Jforf<'ria r111d l11l'rrf<-lm1fc.�

Tht• :--niall ,;izt• of haetPria and unicellular organisms s11l'h a:-: prot,,zoa
inht·n·ntly limits the total mag-nitudt> of any elec:tro11iag1H:tie gn1dit•nt indurt.'d 
in th!:'m. Then• is an analogous situation in the transdueti\'e roupli11g of ehl·nw
tactic proees!:'es in baeteria. "a fon11iclahl<• ta:-:k for an organism on!�- 2 µm in 
length .. (254 ). For bacteria. thl• e,·idencP fan1rs a compari:-on of con�·entrat ions 
at different locations in a temp,iral f.equence,· rather than by in:-tantan(•ou,; 
f.patial !:'t>nsing through receptors at head and tail that would makl' an in:-tan
taneou:--; eompari:-:on of attractant eon<'l'ntrations at hPad and tail. Viewpd as 
a pr11totypie _:-1•n:-11ry syst(•m. this bactt>rial chpmota:-.i:-; comprises di:-tinet 
chemorPceptor proteins, ineluding the Mg2·-_ancl Ca�'-clPpendent arleno�ine 
tripho:-:phatase I hat is l"l:>SJHmsible for intereon,·prsion of the energizer! mem
bnuw stat!:' to ;irl1•11osine t riphosphate and is also the l't'l't>ptor for ,li,·alt-nt nwtal 
ion:-; in hacteri;tl dwmota.xis (4(i!--!). A central role for proton and talion gradient:,; 
in Pnt•rgy tran:-duction proees:-;es· in mieroorgani,;ms ;111d hig·her speeiP:- is 
prupo:--;ed in the chemiu�motic hypothesis of J\litehell nos, 30!1). 

1. Mo!l11cfuse11sili1·ify in bacteria

\\'hilP mino:-:ropieally ex,1111ining marine and fresh\\·ater muds collPcterl
from tlw Wood,; Hole area. Blakemore (60) obf.en-erl that SPHral forms uf 
anaerobic anrl microaerophilie bacteria (as yet unnamed) ('onsi,;tently swim to 
the north when spparated from the $edimenl$. Their direction of s\\·imming wa!" 
reaclily altered when a ::-ri1all bar magnet approaehed the miero�eope f-lide. and 
they were obsenecl to contain iron-rich particles. Kalmijn and Rlakemon.' (233) 
found a reversal of thi::- norlh-$eeking tendeney on reversing the ambient 
magnet ie field \\·ith H('lmliultz rnils. Whpn expo:-ed to strong. hrid nwnophasic 
magrwt ic pub<'!-', the int�•rn:il pc•rm:nwnt magnetil' dipolP mm·_enwnt was 
re\'ersed, and thl' bacteria instantly turned around and from tht•n on continut>d 
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to :=;wim in a southerly dir('rtion. DeJl('mling on tht> 4ren1--,rth of th<· imposed 
magnetit· puls1·. tlw h;wt•!na t•ith1•r rt>mainecl northbound or became south
bound. N01w wen:> l'olt1J1l1•tl'ly <lepoladzetl. In this respecl they exhibit 
si11�lt•-<lonrnin propt·rlies. 

Magnetosensitive bacteria indu<le cocci, i;pirilla, and rock Killed cells 
oriPnt to the imposed field but clo not s,rim. Some· show chains of crystals that 
stain \\'ith phosphotung-stic acicl, with typically t \\'O chains per cell. Thesl-' chains 
may :'ho\\' na,-1:ent pa1ticle:' \\'ith zones of incipil-'11t cr,ri:tallization. EnerJ!-Y
<lispersi\'e X-ra�· analysis sho\\·s a predominance of iron in the crystals, with 
!-ignificant am1111nts of magnesium, phos·phorus. sulfur. ancl calcium. Clones of 
bactl•rial cell,-: that hick thl'se crystals �ho\\· no magnetosensiliYily. Strains 
tontaining- rr>·stals may lose thC'm after about six cli,·isions in culture. Cloned 
no111nagnetie hat'leria may l'l'J.','ai11 their sensiti\'ity. For sensiti\'e bacteria, the 
axis of motilit>· ancl the .-1xis of magnetiz.-1tion coincide. Kalmijn (�:H) point:- out 
that this respo11siwness fades out al mai:rnelie fielcl levels belo\\· the natural 
fiPlds mid .-1lso disappears at le\'el� c1ho11t 100 time,.: hig-her, \\·hich is stronp:ly 
irulieati,·e of a "\\·inclo\\·" plwnomenon common to this ancl other bioeffects of 
El\l fields clisrus,:ecl belO\\'. The:,;e barteri.-1, li\'e ancl killecl, orient in uniform 
magrwtic field,: of about 0.1 G oo· �. T) (l:{4). 

The stron)!'ly ferromagnetic cha1·acteristics of these intrneellular crystalline 
ch;iins provid1• c1 php:ical hasi:, for the bade1·ial oriPntation. Riopolymers, such 
as th� polysaccharide ag-.-1rost•, l'�lll exhibit a much wealwr cliama1-rnl'lism. 
Agarose aligns its majo1· molecular axes parallel to an applil'd m.-1gnPt ic fie!,!. 
Thi,: alig-nnient can be ernluatecl h>· measuring gelation lempernture a,: a funetion 
of magnetic field intensity (2:34 ). Gelation temperal ure of c14u<•ous I ..t 0f ag-aro:-e 
!-olution in<Tt>aS('S litlC'arly from �7.4°C at 0.0 T lo :{H.8°C at 1.0 T. 
Eln·trophon•tic mnbilit>' of hig-h-molerular-\\'eig-ht haderial l)N.-\ i� 7� fa�ter 
thl"llllJ!'h 1.4';� i11!'cll'osc gPls .-11lmn•cl to solidif>· in a 1.0 T field than in an 0.0T field. 
sul-','gesting th;it ;:elecli\'e orienl.-1tion of other polymers may be a basis for 
biom:1g-netic effects. 

i!. M11tnge11ic 1111d yrnwlli clin11grs i11 bncte1·in e.rpo.'led lo EM field:; 

The1·e is e\'idence that strnng DC electric fields may increa,:e bacterial 
mut.-1tion r.-1te;. The Ames Sa!llw11c/la .strain TA 98, · \\'hich mutates by 
frame�hift, failed to show signifil'ant mutation frequencies after exposure to DC 
field,: \\'ith gradients as high a,: 800 kV/m. On the other hand. Sul1,11111dl11 strain 
TA 100. which mutate� by base exchange, i;howecl significantly incre.-1secl 
frequenciei: when exposed to DC fields of 250- 750 kV/m (202). Under similar 
conclitions, Pl/(J/obnctei-i1u11_fi.sheri showed significantly inc1·easecl frequencies of 
colonies resistant to tetracycline. 

Slowed mitotic nucle�r <lh·ision hai; been report.eel in the myxomycete slime 
molcl Phy.�nr11111 pnlycephnlum continuously exposed to weak (2.0-G, 0. 7-V/m) 
75-, 60-, and 45- Hz fielcli; ( 169). The effects appear to depend on field frequency. 
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The slime mol<l Physarum produces a plasmodium up to 5 cm in diameter in 24 h 
under laborat1Jry conditions. The entire plaslllodium contains about 10' 
indi\·idual nuclei, all of which undergo a mitotic division simultaneously, dividing 
within seconds of one another. The time for two cell cycles (normally 14-16 h) 
was inn-eased hy 1-2 h afte1· 90-120 clays of exposun' al 75 Hz and after shorter 
exposure times at 60 and 45 Hz. If cultures showin)i the delay wen• removed 
from the fil•ld"· the lllitotic clela:\" slowly diminished, becoming inclislinguishabll• 
from the control afte1· about 30 days. No effects wen• noted on fertile-spun• 
formation or encystment. EYidence for a threshold was noted in the absence of a 
mitotic delay in culturei:: exposed lo 0.4-G, 0.15-V/m, 75-Hz fields. 

These microbiological studies on RJ·owth and cliYision during EM field 
exposurc• have heen limited. Tlwy exemplify the nC'<'d for much further work to 
eorrob,>rate and l'Xlen<l initial evidPnce for certain positivl' effects. Many 
lahorntory and fiC'ld tests have failC'cl lo show i;rowth or reproducti\·e effects in 
badC'ria or simple in\·ertebrale organisms after prolonged exposure lo tLF and 
micrn\\·ave fit>l<k Continuous-wa\·e 2.45-GHz microwave exposure of E.coli in 
tlw fa,· fide! at power clc>nsities of 10 and 50 m\V/cn, 2 (SAR 15 and 70 W/kg. 
rt-'"Jlecli\"t�lyl did not cause mulagenic effects (59). Similar studies in the near 
field at 1.70 GHz were also without effect. After 6 years of exposure to ea1th 
curr!•nts of a simulatecl ELF long-r.inj!e communication system at 45 ancl 75 Hz, 
population counts and species ratios of miles, Collc111bolu, earthworms, slugs. 
and woodlice were unchangPcl (16H). Typical gra<lients all ributahle to this field 
in exposed populations were 0.1 \1/m and 0.2 G. No changes were cletected in 
oxygc>n consumption 01· respiratory quotient, and there was no eYidence of 
abnormal .beha\·ior. habitat selection, or alterC'd external features or 
pigmentation . 

. J.-E.tfcc(8 011 rcproductio11, growth, and develop111e11t 

Bacterial growth and cieveloprnent may be modified by low-le\·el microwave 
fit>lds at millimet ric wa\·elengths. Fine changes in frequency around 42 GHz 
sharply altered grnwth of yeast (Saccha m111yces cereuisiae) cultures, with both 
raised and lowered growth rates occurring reproducibly (175) in incident fields of 
l. 1-2. 7 m \V/cm2 that caused temperature shifts of0.4 °C or less. The magnitude
of effects and their change in sign v.':ith frequency appeared to preclude a simple
temperature relationship, suggesting instead a dire<:t macromolecular interac
tion at these field frequencies, as proposed in the Frohlich model discussed
above. Responses of E .. coli in media containing either glucose ancl amino acids
or �1ucose and NH; have been examined for protein synthesis. DNA and RNA
synthesis. and growth rates in microwave fields at fn?4uencies from 59 to 143
GHz and incident energies from IO to 50 mW/cm2 (445). No measurements of
temperature increments were reported, but two sets offrequencie,.; were noted
that affected these metabolic processes, one separalt>d hy inte�ral multiplesof7
GHz and the other by 5 GHz. Interpretation of these findings as due to rotational
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tran!'itions associated with biopolymers at mkrowaw frequencies has rot won 
general acceptance. Also there are major technical difficulties in exposun:s at 
these frequencies. with geometry of exposure chambers requiring careful 
con!'icleration to avoid spurious frequency dependi>nce from problems of 
multipath and internal reflection. Another study of possible effects on growth of 
Euhrrirhia coli :it these frequencies has been negatin• (194), emphasizing that 
seemingly minor aspects of technique may be critical in replication of these 
experiments (56). Effects of long-term exposure lo 4fl-, 60-, ancl 75-Hz electric 
fields on reproductive cycling in Physaru 111 pol ycephalu111 have been discussed 
above (169). Re;;1:>arch to date on ELF field effects on bacterial growth has been 
limited. with mostly negati\'e findings (167). Myxu,·irus multiplication and 
oxiciative metabolism were increased in cell culture!' exposed to a 3-GHz, 
5-m \l.//cm1 microwave field, without evidence of cell cl:-unage from the exposure,
hut actual energy deposition in these experiments could not be measured {423).
Reduced virus multiplication and clear evidence of irreversible cell damagP
occu1-r1:>d with irradiation at 20 mW/cm2

• 

C. ".\1arine Ve11rbrafe.�

�ens it ivity of fish to environmental electric fields was first de!'cribPcl for thl:'
catfi!'h {342). The blindfolclecl catfish is remarkably ::ensitive to metal rods in 
water in its vicinity. A glas!' roe! elicits no response. When a long metal segment 
is introduced into the t:ink, the fish may swim away from it but then often 
approach and nibble at a short segment of the metal. Parke1· and van Heusen 
(342) also noted that nibbling response!' were elicitecl by a total current of
apprnximately 1.0 µA between two electrode!' about 2.0 cm apart. Avoidance
reactions occurred with stronger currents.

1. Oi-ic11fafio11. 11<1rigr1fion, and predation by elect1·08e11sing
in marine ve1·tebrates

Weak electric fish (Gy111narchus) emit a continuous train of pulses at rates 
between 300 and 1,000 Hz. Lissman (274) proposed that these pulses are 
essential in loc;iting environmental objects by an electrose11sory mechanism 
and that weak electric fish have evolved from a preelectric fish lacking 
specialized electric organs but already sensitive to electric fields. This first 
electrose11sitivity might <leted tissue potentials arising in surrounclinl{ 
animals, including predator:- and prey, as well as within the animal's own 
body. This capacity exists in catfish and sharks. They are both very sensitiYe lo 
electric fields but lack electric organs. 

In· 1962, Dijkgraaf (111) first reported escape reactions in blindfolded 
sharks when a piece of steel wire came within several centimeters of the bodv. 
Es�ape reactions occurred with local DC fields of 1-10 mV/cm. Square-wa�·e 
5.0-Hz fields elicited the same response and also caused eyelid contraction. 
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The,-;e �quare-\,·a\·e field� altered re�piration of rays that had settled to the 
bottom of a tank where the gra<lienl was only 0.1 µV/r:m oo-� \'/m) (22,). 
Kalmijn (228) evaluated the biological i::ignificance of this electrical sensith·ity 
in the shark. first examininJ! it!- feeding rei::ponsei:: toward flatfish that form part 
of its n;it untl dit'I. The fl;ilfish huried iti::elf in sand at the bottom oft he tank: At 
first the sharks ;ipproached randomly to within 10- l!'i cm of the flatfo:h and then 
m;ide \,·ell-ainwd diq_,s at th<• prey. uncovering it from the sand ;incl eating it 
vora('iously. The tlatfo:h ,vas then placed in an agar chamber in sand on the 
floor of the tank ,md sustained by a flow of aerated seawater. The agar chamber 
concP:tled the natfo:h Yisuall:\', chemical!�·, and mechanicall�· but clid not change 
the animal's bioelet'lric field. Both i::harks and ra�·s continued well-aimecl 
attacks from the sanw distance in the same frenzied fashion as with unscreened 
prey. As a furl lwr ('Ontrol on possible odor leakag<' from the agar roof of the 
chamher (] cm thick). pieces of dead fo:h substituted for the liw flatfo;h failed 
lo evoke a directed response f rom either sharks or niys. Finally a polyethylene 
film 11111.,· 10 µm thick over the ag;ir container eliminated all responses. 

l:ays t·.in 111· t r,1irwd in a circular tank to seek a food reward cont·paled in 
one oft \\·o idt"ntieal burkt'l:-:. symmetrically plaC"ecl \\ ilh respet'l tot lw earth's 
mag111•tic field (at !-1:00 c1nd '.1:00 o'clock) against the walls of the tank (2:31. z:t.!l. 
Thu,: the earl h':-: magnetic field hecame an essential cue and dt>termined tht
direclion in which the animal circlecl the tank to r<'arh the bucket. When the 
tank wa:=: rotated 180° with respect to the earth',: mag-netie field, the rays reversed 
their direction of circling to reach the food reinfor('ement. Calculated tissut· 
l'lectril' gradil'nt,: oased 011 the rate of the animal's monnwnt through the 
natural magnetir field were 0.5 µ V!cm. These responsl's faclecl out with 
maJ!nl't ic field:-: \\·eaker than the natural le,·els ancl "·ere not ohser\'ed \\·ith 
imposed field,: 2 orden.: of magnitude greater, sugge:=:t ing an intensity ""·indo"·." 

. Then• are sub:=:tant ial differences lwt \\'('en the elertrosen:=:it i\'ity of ordinary 
and dectrorereptiH fi:-:h to Wt>ak ell'ctric fields from DC tu 1.0 kHz. in mari1w 
and frl'shwat('r en\"ironment;: (66). Three criteria of rpsponsin•ne:-:s in ordinary 
fi:=:h indudecl a first reaction. a gah·anotaxic response, and further responses 
that irwol\'ed modified heart rates in certain species, all at much higher 
threi::holdi:: than thoi::e of electroreceptive fish. The first reaction is a threshold 
response with :-:light t \\·itrhing of the body or its appendages. These thresholds 
a're :-:uh:=:tantially lower in fish with electrogenic oriJ:am; than in ordinary fish, 
typirally ahout JO' µV/cm in ordinary fish and about I µV/cm in the electro
receptiH• fish for frequencies b<'lween O and JO Hz. Ell"<·tric gradi<:'nt sensitiYities 
fur beha\'ioral responses may he as low a;: 0.2 µV/cm in weak electric fo.:h with 
organ disclrnrge:- bel\ree_n 300 and 1.000 Hz. This first reaction is more :=:eni::itiw 
in m,u-ine than in freshwater fo:h. The latter typically have a high skin resist
ance and a high internal conducli\'ity, whereas marine fish attain a much lesi:: 
prrfect isopotential interior. The second criterion of galvanotaxic re:-:pon:-:e:=: 
inc;ludes swimming m· tu.ming mo\'ements with a definite orientation to the 
appli<'d fiPld. They are cla:=:spd as "forced movements," arisin J! f rom in
voluntary muscular contractions through direct nervous or mu:-:cular stimula-
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tion. Their high thresholrls clo not 1-uggest a relation1-hip to effecti; of natural 
environmental fieldi:;. Open-circuit signals of the orcler of 1 V produced.by weak 
electric fish fall quickly to millivolt leYeli; in the vicinity of the fish, r::o that 
object detection is only possible for distances of a few centimeters. 

2. Electroreceptire sensing organs and. system.� in 11un-ine vedebrafes

There an• fascinating characterii:;tics of electron•ceptive sensing orj.!ans in 
relation to the animal as a whole. The i-yi-tem behaYes as a voltmeter without 
significant i;hunting of the impoi:;ecl field: Its dynamic range is low, not more 
than 20-30 dB, so that range has been sacrificed in favor of :;ensitivity, a 
characteristic shared \\'ith the olfactory system (1 ). 

Two types of electroreceptors haYe been described, ampullar�• ancl 
tuberous. Ampullae of Lorenzini occur in both electric and nonelertric fish and 
detect low fields originating externally, but they may also respond to cprlain 
nonelectric organ fields ge1wrated by the anim,tls themsel\'es. The ampullary 
eleclroreceptor opens on the i-kin surface by a minute pore connected to a sub
cutaneous jell.r-fillecl canal with a terminal i;welling-. the a111pulla propl'I'. 
Sensing cells lie in the wall of this ampulla proper. Their outer surfacei- face 
the lumen of the ampulla and thus appear to be cunnected to the external 
aqueous environment. Their inner surfaces synapse with afferent nerve fibers. 
Ampullary ret:eptors are dui-tered along the i-nout region of the shark. 
Tuberous receptors are found exclui;ively in electric fo,.h, are 1-en!-itiw only to 
high frequencie:-, and seem to he specialized for detecting electric organ <Iii-
charges (371). Discharge:- in this high-f requency receptor system are often 
synchronized ,,·jth the ele<:tric organ discharge, \\·ith f requencie,- from :mo to 
1,000 Hz. There :ippear lo be thousands of receptor sites on the body. Each may 
o:-cillate at its mm rate, not IH,•cessarily tuned to the elt-clric organ f rl'quent:,\·, 
although this is typical in organs with a higher frequency dii;charge (51, 52). 

Becaui-e the ampullary canal has an extremely high wall resistance but a 
relatively Jo,,· core 1·esistance within the central canal and at the blind 
ampullary encl, it exhibits almost ideal cable properties at DC and for low
frequency electric oscillations. Typically the wall resistance may be 6 MWcm2

, 

,,·hereas core rf:?sisti\'ity may be as lo\\' as 31 !l ·cm-•. The high wall capacity per 
unit length rapidly attenuates coupling of high-frequency oscillations in the 
length of the tube (443). Thus a canal 10 cm long and 0. 12 cm in diameter would 
ha\'e a calculatecl space constant of 74 cm, several times the canal l<•nJ!l h. Thi:' 
low-pass f requency cha1:aeteristic of the ampullary system gh·es it an effective 
upper frequency limit of about 10 Hz. Its sensitivity may be high for fre4uencies 
as low as 0.1 Hz, but it shows adaptation to DC fields. At frequencies between 
0 and 10 Hz, the threshold for the first reaction of slight twitches in the body or 
appendages is about 1 µ V/cm in fo:;h with electrogenic organs and 10� V/cm in 
ordinary fish. Weak electJ:ic fish with organ discharges bet ween 300 ancl 1,000 Hz 
hav.e sensitivitit-s for behavioral responses as low as 0.2 µ V!cm. K�lmijn (230) 



_Apn'/ 19111 ELECTROMAGNETIC FIELD EFFECTS ON TISSUES 467 

lion. Their high thresholds do not suggest a relationship to effects of natural 
environmental fields. Open-circuit signals of the order of 1 V produced ·by weak 
electric fish fall quickly to millivolt levels in the virinity of the fish, i;o that 
object detection is only possible for distances of a few centimeters. 

2. Electrureccptire sensing organs and systems in 11w1-ine vertebrates

There an• fascinating characteristics of elE.-ctron•teptive sensing organs in 
relation to the animal as a whole. The system behaves as a \'Oltmeter without 
significant shunting of the imposed field.' Its dynamic range is low, not more 
than 20-30 dB, so that range has been sacrificed in favor of sensitivity, a 
characteristic sha1·ed with the olfactory system (I). 

Two types of electroreceptors ha,·e been described, ampullary and 
tuberous. Ampullae of Lorenzini occur in both electric and noneledric fish and 
detect low fie leis originating externally. but they nrny also respond to tertain 
nonelectric org,m fields genPratecl by the animals themseh·es. The ampulhll",V 
electroreceptor opens on the skin surface by a minute pore connected to a sub
cutaneous jelly-filled canal with a terminal swelling, the ampulla )ll"O)ll'I'. 
Sensing cells lie in the wall of this ampulla prnper. Their outer surfaces face 
the lumen of the ampnlla and thus appear to be connected to the external 
aqueous environment. Their inner surfaces synapse with afferent nene fibers. 
Ampullary n·cl-'ptors are dusterecl along the snout rE.-gion of the shark. 
Tuberous recepto1·s are found exclusively in electric fo�h. are sensitive only to 
high frequencie:;, and seem to be specialized fo1· detecting electric organ dis
charges (371). Discharge:; in this high-frequency receptor system are often 
synchronized with the electric organ clischar$!e, ,\·ith frequencie,.; from :mo to 
1,000 Hz. Then:> ;ippear to be thousands of receptor sites on the body. Each may 
u:-cillate al its mm rate, not necessarily tuned to the eh--rtric: organ f requelll'Y, 
although this is typical in organs with a higher f requency discharge (51, 52). 

Because the ampullary canal has an extremely high wall resistance but a 
relatively lO\\" core reidstance within the central canal and at the blind 
ampullary end, it exhibits almost ideal cable properties at DC and for low
frequency electric oscillation:-. Typically the wall resistance may be 6 Mntcm2 , 
,,·hereas core r�sistiYity may be as low as 31 n · cm-•. The high wall capacity per 
unit lenbrt.h rapidly attenuates coupling of high-frequency m,cillations in the 
length of the tube (443). Thu:- a canal IO cm long and 0.12 cm in diameter would 
ha,·e a calculated space constant of 74 cm, several times the canal l<'ngl h. Tht> 
low-pass f requency cha1:aeteristic of the ampullary system gives it an effectiYe 
upper frequency limit of about IO Hz. Its sensitivity may be high for fre4uencies 
as low a_s 0.1 Hz, but it shows adaptation to DC fields. At frequencies between 
0 and 10 Hz, the threshold for the first reaction of :--light twitches in the body or 
appendages is about 1 µ. V/cm in fish with electrogenic organs ancl 10' V/crn in 
ordinary fish. Weak elecll:ic fish with organ discharges between 300 ancl 1,000 Hz 
have sensitivitit-s for behavioral responses as low as 0.2 µ. V/cm. Kalmijn (230) 
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for either ferromagnetic particles within sensory cell:-. or electrk charge dis
placement by movement through the field. Other in,;ects, including termites 
(44-46) and beetles (19), are also sensitive to steady magnetic fields (:n4-376). 

EYidence for insect sensitivities to electric fields is less imbstantial and the 
findings are somewhat contradictory. Bee colonies exposed to 50-Hz high
voltage fields {3-5 kV/vm) have highE:r metabolic rates than controls (16), with 
higher food intake and acth·ity and reduced life-span of worker bees. Other 
reports confirm restless and aggressive behavior in bees exposed to AC power 
lines carrying 220-kV, 50-Hz cul'l'ent (204, 447). Controls and data in these 
stuclif's are difficult to evaluate, and the picture i,; further complicated by 
reported effects in plastic hives that are absent in wooden hives (444). 

2. Bird 11<wigalin11 a11d orienlatioll

M ;rny early studies of bird OJ·ientat ion to natural and artificial magnetic
fiplcl:,; ha,·e been questionpcl on theoretical ground,;, or for hick of statistical 
validation, or bec;iuse of rlifficulties in reproducihility. Yeagley (41i4) first 
nported that pigeons c;irrying a magnet became clisoriented, but this was not 
confirmed in his later study (465), and his hypothesis that interactions take 
place between the geomag-netic field and Coriolis forces was ahanclonecl. More 
recent studies of bird migrntion and homing han· rorrelated physiological, 
ecological, and behaYioral evidence th;it sheds new light on mechanisms under
lying ;ivian migratory abilities (54, 113, 126, 152, 170, 244). 

There is now substantive e,•idence th;it birds may use a variety of cue:-; in t he 
coun;e of mjgratory flight, including lanrlmark recognition, :;un altitude, 
azimuth, a precise time sense, star patterns, a·nd the wind and weather. Accord
ing to Keeton (242), a possible role for the geomagnetic field was fir:::t sug-gested 
by Middendorf in 1855. Since that time, experiments have tested mocleh: based 
on a compari,;on of fiel<l intensities, travel along a magnetic tontour, and 
movement up or down ;i g1·adient (245). The results have been conflicting, partly 
because of difficulties in <lesigning ex1wriments that are unequi\'Ocal in evalua
tion of perception and respom�e to signals that humans may not perceive (7). 

a) Co11difio11cd ,·espouses to e11virn11111e11tal mag11etic.ficlds. Conditioning
experiments aimed at testing the ability of birds to detect steady or oscillating 
magnetic fie leis have prnrluced various results (126). No evidence was found that 
pigeons can discriminate bet ween a series of clm-:ely gra<led diff erenrei'. in stead.,· 
magnetic field intensity between 0.582 and 1.000 G (297). Changed heart rate as 
a nocicepti\'e condition�! response to an oscillating 0.8-G, 300- to 500-Hz field 
was reported in pigeons (367), with similar but weaker responses to a con
tinuous 0.8-G field oriented 120° away from the earth's field and also to a field 
oi'.cillating slowly at 0.5 Hz. These findings were not confirmed by Beaugrand 
(43) and Kreithen and Keeton (257), who concluded that detection of these

. conclitioned autonomic responses may require long-duration stimuli combined
with motion, if indeed the pigeon does possess this ability. Emlen (126) and
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(;;n ala,-:-.Meclid (1:'>8) ha,·(• both stre,-:,-:('d the neces"it�· of pairin)! a particular 
cunditiunecl st i,nufus ,,·ith an appropriate bC'ha,·ioral n�,-:pon:-e. Fnle:-s both 
elements uf a ,-:t imulu:-:-1·esponse pair are known, pn•diction of the missing- on<• 
may lw difficult or impossible, particularly if the culHlitioning tinw srall.' is 
e:qiandE.'d from second:- tu hours. It ma�· he h_\'pothP,;jzerl that transduction of 
mag1wtic information i:- a slow process requiring the,-:1• longer timf' seales, arnl 
therl'fore <'\Jwriments desig1l('cl to lt'st temporal diseriminati on. EM fkld 
ddPL'I iPn, and pn•f<'rt'llee,; in pigeon,; and rats briefly P\po:-:ed to field,-: of 4:i, GO. 
and ,:; Hz; 2 (;: and JOU \'/111 (282) \\'ould fail to shi,w reliabl<· r<>inforrenw11t 
or alt<•n:·d temporal clisc:rimination. 

H�- contrast. thE.'re ha,·e been :-:tatisticall_,. significant re:-:ult" from e\pl•ri
ment" in \\'hieh discrimination hehaYior in thl' magnl'lic en,·ironment ,,·a,
as,;odated \\·ith unre,-:tt·;1i1H'd mo,·emenl ({i'.�)- l'ig<•ons \\·en· trai,wd in a flight 
tunnl'I :� m long to di,;c-riminal(• hpl\n-'l'n a simulat<·d fipld 0.:, C a11d a fi<·ld 
n•dun·d to 0.0� G at paired f\:'eding :-talion,; at tlw tl'l'lninati11n of tlw ttnm<·I. 
Hird,- ,n•r(• tr;1i11t·d lo trawl the l<'llgth oftlw turnwl for� \\"Klo p<•rmit stim11l11,--
1·t•\,·;1rrl ass11C'i:1t i"n alld ,,·l'n'. t<',-t(•d i11 mat<'d pai r,-, silll'C' thl•�· ,;hmrt•d �rl'al<•i· 
acti,·ity in th<' chaml>l'r than :-:ingk hirds. l)i,-:criminati1Jn ,rn,; statistieall.,· 
significant in trials a,-,-oci;1ted \\·ith "fluttering," d<•fi1wd a,; nwre than :�" of 
jumpi11g. hoq�ring. or fli1.d1t. "No-fluttpr" trial" yiPld<·d random re:-:pon:-:es. 

/1) Orir11ti11 y i11 c1111_ti.11cd hirds d11ri11y sraso1111/ 111iy rof11r.11 t'('s/lrss11rss. 
\\'ith leng-tlwning- of da>·:-: in :-:pring and :-horfl,ning in tlw fall. nocturnal 
migratory hird,-: exhibit mig-rator>· l'<'>'lle:-:sness <Z 11 y 1rnr11IH· }. Whl'n confined. 
they !'hm,· :-:harply incn•a:-:ed nightly locomotor acti\'ity. with the bud>· pointed 
in thl' din•cti-on of intended migratory flight. Thi:-: tende11e>· (11 dirertio11al mo,·\:'
menl within tlw cage ha:-: been u:-:ed to e,·aluate mag-1wtie and otlwr rne,- that 
might ht• used in 1w,·igation. Impo:-:ition of \\·t•ak fil'lds (O.li-1.7 G) durinj! this 
re:-:.tlessne:-::-: raist >d l(leomotor .-1ctidty i-4 tinw:-: in S5'k of all :-:uli_i<•cts in fh\:' 
:-:pE.'ri(',; te:-:l<•d ( 12:�). Ru:-::;i;in ,n1rker:-: lrnH.' also reported a two- to thre\:'fold 
increase in t hi., ,tl'li Yity in birds tran!'ferr\:'d from their home sit\:' to t he center uf 
the Kur:-:k magnt'lie anomaly. \\·here the geomagnetic field is increa:-:ed and its 
horizont.-1I compon<>nt shifted 60° (404). 

The ring-hillt'd gull inhabiting th\:' shores of Lake Huron lea,·e:- th<' colony in 
� gt•n('rall.,· southeastel'ly diredion at the on:-:et of the fall migration (411). 
YollllJ.! hinl,; on their fir:-:t mig-rntion :-:ho\\' this temlency (410, 41:1). Chich 2-a 
d.ry,; old placpd in a nonmagnt>tie cage near the colon,\" site sho,\·l'cl a st.1tistically
significant prl'fPrence for \\·alking or flyin).'; in a soutlwasterl.,· din,etion cluri11g
periods of both d<'ar ancl o,·ercast skies, prodded that thP gl'ollla).';net ir field ""a"
:-table \\·ith a k incle\ of.geomagnetic disturbance of Jes,; than 3 (deYiation le;;:-:
than 4 x 10 ,; G). Unde1· disturbed geomagnetic condition:-:, \\·ith the daily k
index in the ranJ.!e 4-7 (,\·ith field perturbation:-: in the rangP of

. 4- >20 x 10 ,; G ), heading,; wt•re wide!\' scalter('d all(! b<•ranH,' statistic:alh·
random. H<!latl'd :-:tudi<•s·with EuropPan ;·ohins in an oetagonal eag-<• \\"ith ra<li,;l
pt>rc:lws show<•(I :-pont:111t>o11s orit•11tatio11 in the diredio11 ofintendt•d migration.
When the geomar;netic field ,ra,- redueed from 0.41 lo U.14 G l.Jy placing the cap•
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inside a :-.teel screen, movements became random (151, 292-295, 458). �hanging 
direction (but not intensity) of the field with Helmholtz coils caused an 
equi\'alent change in nocturnal activity. Moreover, with reduction of the 
magnetic field to 0. J 4 G or when it was apprnximately doubled, the birch, became 
disoriented, a finding consistent with "windowed" behavioral, neurophysiologi
cal, and neurochemical data discussed elsewhere in this review. Interestingly, 
when housed in the weak test field (0. 14 G) for 3 days or more, the birds showed 
adaptation and oriented correctly to the axis of the imposed field when tested al 
0. 14, 0.30, and 0.41 G. They also became accustomed to magnetic fie leis greater
than ambient levels (4G0). Apparently these birds may not detect the north
direction simply from the polarity of the magnetic field. Rather it is derived from
interpreting the inclination of the axial direction of the magnetic field lines in
relation lo the gra\'ity vector, with north perceived as the direction where the
magnetic field lines and the gravity vector form the smallest angle. In these
e:q1eriments tlw vertical component of the field was manipulated independently
of the horizontal. The robin,- were disoriented in an artificial field with a normal
hori:wntal component but lacking a vertical. In a field with a nornial horizontal
vector but \\·ith the vertical component reversed, they reversed the preferred
direction (4Gl ). A similar function is ascribed to the angle of declination in
setting direction of migration in the European garden warbler (459). Laboratory
experiments with the indigo bunting confirmed their sensitivity to rotation of
the horizontal component of an artificial field similar in strength lo the
geomagnetic field and support the view that this information helps finalize the
appropriate seasonal direction of migration (127). Related experiments with a
modified design were not successful (I 99), but duplication of the robin
experiments yielded similar findings (441).

cl Bird lro111i11g and migratory 1·espo11Se6. Migratory and homing flight 
appear to depend on multiple cues (discussed abo,·e). The evidence suggests 
redundancy bet ween sun and magnetic cues in the pigeon's orienting mechanism 
(241-243). Pig-eons \\·ith either a magnet bar or an identical bar of brass at the 
base of the neck were released alternately at a site remote from the home 
location. The magnet strength was 255 G at the poles and 0.45 G at the bird's 
head. They were tossed in random directions and the compass bearing of the 
vani:-.hing point and the time to disappearance were both noted. Under clear 
skies, experienced pigeons, released at both familiar and unfamiliar sites, were 
able to orient coiTectly, although vanishing times were longer and speeds slower 
than in control animals for birds released at an unfamiliar site 85 km from home. 
By contrast, experienced pigeons released from unfamiliar sites under total 
overcast with magnets attached failed to orient homeward, and vanishing and 
homing speeds were again slower than in control birds. These two tests were 
taken to indicate that the attached magnets have no appreciable effects in ex
perienced birds released at unfamiliar sites when the sun is visible and that 
experienced subjects may·use these cues interchangeably. Magnets attached to 
you1ig birds interfere with learning of orientation. Fledglings equipped with 
eithe.r magnet or brass bars were trained in release trials close to home. The 
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bar,-; "·f're then removed ancl the birds were rele.-1,-;ed at a 1·emote site undt>r 
o\·f'tTa,-;t conditions. 111 three te:--t relea:-:es, birds trained with magnets took 
significantly longer to Yanish than controls (JJ = 0.0-tG, 0.035, and 0.01-1). Un
trainE'd young birch, released on their first flight unrler sunny conditions \\'ere 
disorientPd when can-�·ing mag-nE'ts, suggesting that flt>dglings orient co1-r1·rtl.\· 
only under good en,·iromnent.-11 conditions ancl requirt> both :--un and mag-netic 
Clll'S. Birds raisl'_d \\·ithout sunlight do not develop .-1 '"sun eompas,-;"' but use only 
a "ma)!netic cornpass" (24G). 

Tlw e\ln•nw sensitiYity to small cliffen•nlial changt>,-; in ;1111hienl 111agnl'lir 
field lt•YPb ha:-: lit·t•ll a striking· a:-pt>el of lht',-;l' aYian studit•s and a rn11,-;istt·11t 
finding am1i11g many of them. Minor fl11<.'tuatio11s of 10 1 -IO·· G a,-;sociated ,,·ith 
perturbation,-; in solar particle flu\es are detected by homing 1iigt•ons (2-tli). 
Orit•11ti11g by tlw European 1·olii11 ht•come,-; random after a ,-;uddt•n ch:111ge in 
tht' magnetie field ,-;trength b�· 0.1-0.2 G but ma_Y n•,-;unH· it.-: dirl'cll'<l 
character afl pr adaptation o,·er se\'eral days. Tran,-;latecl into t'XJH:'elPcl lt•Yt'l,-; 
of i11dt1ct•d ti.-.:,-;11t• gradient,.; al flight \'Plocities of ten,-; of 111etE'r,-; p!:'r second. 
tlw:-:" \\·ould proh,1hly not ex<'t'E'd 10 7 \'/cm and might Ul' sen•ral onlt,r,-; of 111ag-
11itucl1· 111\1"!:'r for dPlta fundiun:- attriuutabk to j.!('omapH'tit· pt•rlurbation.-.: . 
Bird,-; al,-;o t'\hihit a sensitiYit�· lo wp.ik oscillating lcl\\·•frl•qt1t'lll',\' tdt•drie 
field,-;, ,rith good e\·idpnce of a shortened intrinsic diurnal cycle (450). !11 the 
ab"ence of e11\·ironmental electric fi!:'ld:-, the i11tri11,-ir diurnal ryde ,,·a:-: ol.i
:-:t•n·l'd to bt• 2-1.8 h. but thi,- ,-;hort('tied �harp!.,· to 2:u1 h during pt'riud,-; of 
conti11uo11:-: exp•J-.:un• to ;1 10-Hz, 2.;)-\'/m squarp-wa,·e fi<'ld for J0-20 da�·,-;. 
Again tlw pn•sumpti\'e ti,-;,-;m• gradients would not bl' e\pec-l(•d to t-:x
c!:'l'd JO 7 \·tcm. 

Studie,-; ·of a,·ian :--en:-:iti,·itil':-: to radio and 111icro\\·,1q• Ei\l flpld,-; ha\1• 
produced conflil'ling report:-, ranging from "tlw in:courianl sparrm1·:-: of 
Co11-.:lantin<1Y" t'\J

.
10:-t•d lo kilon1lt-1wr-nwter fipld:-: (;)(}) to radar trackin_c of 

bird,-; migrating through oth<>r potentiall�· distracting El\I fit-Id:- of' high
J)ll\\1.'l"t>d ELF radio tran,-;miltl'r:- (2(5:3, 457). The sparro\\·,-; of Constanlinov 
in Poland actually built a ne,-;t and raisc·d their young \\·ithin lhl' pseudoroaxial 
feed line of a 2.0-111\V , 277-k Hz broadcast transmitter. making frequpnl tran,-it,-; 
through field:- th,1t ranged from mirro,·olts to kilovolts per nwter. The hatchling 
sparro1\·s constantly slrelclwd their nech into the high-level fit•ld bet1,·een 
imwr and outer conductors but f!t·ew to maturity without apparent ill effects. 
Flight patterns of large nocturnal migratory birds, presumably geese. wer!:' 
tracked OYff thl• cruciform antenna site of a 76-Hz ELF transmitter of the 
U.S. Na,-y'i- Seafarer na\'igation experiment with a loW-JHJ\n•rE'd trarking 
rad;ff operating ;it 30 pulse�/s. Flight direction changed !"ignifieantly more often 
wit h·the ELF .111tenna on than off and e\'en more often if the tran:-:mis�ion mode 
was changing during tht• flig-ht (po,,!:'ring--up or powering-clmrn). Tlw north
south antenna tended tn dP\"iate flight paths, but the ea,-t-,,·1•,-;l anlPnna did 
not (/' < 0.01). Although the in\'estigators concluded that tlw radar it:-:vlf 
prohabl�· had no effect on oh:-prwd flight paths, this assumptioi1 may be un-
wan·anted, since pulse or other amplitude-modulation characteri,-tit:,-; at low 
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freq11Pncies have marked effects on central- nervou� functions not seen with 
unmoclulat('(l RF fields of the same average strength (40, 41, 58,336,400). Per
haps the absence of a major ELF modulation component in the huge fields ex
perienced by the sparrows of Constantinov may have been a factor in their 

· apparent insouciance. Unlike marine vertebrates, no specialized electro
receptors are known in peripheral or central nervous tissue of birds. The data
therefore suggest that observed sensitivities may reflect a direct transductive
coupling in central nervous tissue.

E. Responses of Man1111alin11 Organisms to Weak r'Nunthernuil")
Elecfromng11etic Field Stimulation

Scientific and public interest in possible adverse effects of power-line, RF, 
and microwave fields has increased sharply in recent years. Separation of these 
tissue responses into "thermal" and "athermal" classes clearly is not based on 
strict physical considerations. Any absorption of EM energy is associated with 
increased thermal energy. The term "athermal" ha:- been widely applied to 
bioeffects of RF' and microwave fiekls where the rise in tissue temperature 
does not exceed a fraction of a degree and is too small to offer a simple 
explanation for these responses. On the other hand. temperature shifts of 
se,·eral degrees offer an adequate explanation for many field-induced physio
logical responses. Even for these higher field levels, not all effects have been 
replicated by identical thermal shifts produced by other means (100, 397, 398). 
The rise in temperature during irradiation will depend on the specific absorp
tion rate of EM energy and the rate at which this burden of absorbed energy 
is removed from_ the tissue. In mammals, vascular mechanisms effectively 
minimize tissue temperature changes. For these reasons, SARs measured in 
ph.antoms and cadavers (176, 215) do not indicate temperature changes likely 
to occur in the living organism, where other factors such as environmental 
temperature (255, 310, 325), states of consciousness (including anesthesia 
(87, 219)]. and immobilization with curarizing agents (11) ma_y all play a part. 

Fieln-induced temperature increments v.:ill cross many thresholds of 
important tissue responses. Shifts of a few millidegrees may alter firing rates in 
hy"pothalamic ce)ls (315), and microwave hearing effects may relate to sudden 
temperature shifts of a few microdegrees (84, 136, 180, 265). On the other hand, 
brain temperature changes in the range 0.1-2.0°C are regular concomitants of 
exercise and environmental thermal stress (22, 23) and are not associated with 
shifts in cortical neuron membrane potentials of more than 1-2 mVl°C (3,311). 
Ra ts exposed to a 2,450-MHz microwave field at power densities as low as I 
m \.V/cm1 for 1-2 h showed small but significant colonic temperature shifts in 
the range of 0.3-0.5°C. Circadian temperature cycling may also be a factor in 
the observed shifts at the lower intensity, however, ani;! none of the averaged 
rectal temperatures reliably exceeded those of sham-irradiated rats after 8 h of 
exposure (280). The transient character of these shifts emphasized the 
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importance of homeothermic arlaptive mech:rnism:,; in the mammal. With 
incident microwave fielrl intensities above 5 mW/cm2 for the human head, and 
expected SAR values of 5 W/kg or more, the absorbed energy is about one
sixth to one-half the metabolic heat production and may be associated with a 
progressi\'e rise in brain temperature (178). Similar relationships may exist 
with incirlent power rlensities above 2.5-5.0 mW/cm2 for the cat and abo\'e 
0.5- 1.0 mW/c:m2 for small mammals anrl birrls. 

Responses in A ply.<;ia pacemaker neurons to pulsecl and cont iHuous-\\'a\·e 
(CW) microwave fields support these generalizations and also indicate specific 
effects of pulsed fields not seen with CW fields of the same a\'erag<• power (398). 
For CW fielrls at 1.5 or 2.45 GHz, thresholcl energy absorptions for a change in 
firing rate were at SA Rs around 7.0 W/kg tiswe at temperatures of 2I-26°C. 
At threshold SAR levels, the firing rate changed slowly, reaching a new steady 
value with a time constant of about 1 min. Over the entire population of cells 
tested, 87% responded with slowed firing. With fields pubed at 5,000/s (pulse 
duration 0.5 w,), rapid changes were also seen at the onset of irradiation, with 
fa:-:11:'r firing beJ!inning in the first inlerspike interval and lasting less than 25 s. 
This effect occurred at an SAR as low as 1.0 W/kg. It was better defined for 
pulsed fields than for CW radiation and tended to occur at smaller averaged 
SA Rs for pulsed radiation. The slow response is attributed to a t  hermal inter
action, with a change in temperature at equilibrium of about o.02°c-w-• ·kg- I 

(corresponding to a temperature shift of 0.14°C at threshold for changed firing 
rate). The rapid changes in firing rate cannot be readily attribut(,d to a thermal 
mechanism and may be related to a direct action of the EM field on the neuron. 

Popular accounts of injuries or impaired quality of life (64) from deliberate 
or inad\·ertent exposure ha"e all too frequently been based on an inadequat(' 
understanding of either radiation biophysics.or potential pathophysiology. For

low-leYel fields, design and performance of experiments that would credibly 
et·aluate possible effects, particularly those of long-term exposures, have been 
difficult. Reliable data ha,·e been acquired slowly and corroborative studies 
ha\'e been limited. For RF and microwave fields with incident energies below 
10 mW/cm2, i;:eparate observations of developmental, hemopoietic, neuro
endocrine, neurohumoral, and immunological responses collectively are in 

.general agreement with some aspects of physiological and biochemical data 
gathered in central nervous tissue. Many of these effects in other tissues appear 
related to membrane transductive functions and may therefore be relevant by 
extrapolation to excitable membranes in nervous tissue. They are brieny 
summarized below. 

1. E[(ecls on reproduction; growth, and development

Stuclies of possible effects of low-le,:el radio anrl microwave fields on
mammalian growth an·d development have yielded a spectrum of findings 
inclurling "winclowed" interactions. The possibility that fetal death and 
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teratoma development may be related to factors other than simple heating is 
suggested by higher mortality and resorption rates of fetuses expose·d lo micro
wave (2.45 GHz, SAR 31 W/kg) and infrared fields that produced identical 
increments (3.5°C) in colonic temperature (77). Soviet investigators have 
hypothesized that some actions of microwaves may be modeled a.c; "nonthermal" 
but progressing against a background of tissue heating (210, 355-357). In 
later stages of pregnancy in the rat (days U and 14) exposure to thermalizing 
2i-M Hz fields produces many more malformations, possibly due to heat 
accumulation in the amniotic sac (108). Soviet investigations have reported 
decreased fecundity and litter size and premature cessation of reproductive 
function in mice exposed for 4 h daily for 48 wk to microwave fields of only 
250-500 µW/cm2 (161), but details are lacking on possible dose enhancement
that might be due to the particular carrier frequencies used ancl from field inter
actions between simultaneously exposed subjects. Nevertheless the findings
emphasize the importance of further studies of possible effects of chronic low
level exposures. On the other hand, quail eggs incubated under controlled
conditions that prevented a temperature rise <luring a daily 4-h exposure to a
2.45-GHz field (absorbed power 14 m W/g) during the first 5 <lays of hatching
showed no gross malformations, altered body weight. or hematological effects
(290). suggesting that al this much higher incident field intensity, there is not a
specific microwave effect on development.

Osteogenesis may be influenced.by direct and pulsed current via implanterl 
electrodes anrl by induced electric fields (351). Pulsed low-frequency magnetic 
fields inductively coupled to tis!mes augment bone repair (36) and offer surgical 
advantages in avoiding disruption of 1-kin integrity (37). Typical field param
eters in bone-regeneration studiei:: use pulse rates around iO Hz, with pulse 
durations of 325 µs, peak intensities of 35 G, current densities around 1.0 
µA/cm2, and e!Pttric gradients, of 1-10 mV/cm. A second technique uses 5-ms 
bursts of 3-kHz pulses, with the bursts repeating at 15/s. When cultures of a 
clonal line of osteoblast cells were exposed to the 70-Hz magnetic field described 
abo{•e, there was a 90-99% inhibition of the adenyl cyclase response to para
thyroid hormone (PTH). At the same time, PTH-specific decreases in collagen 
synthesis and alkaline phosphatase release did not occur. Fluoride-activated 
adenyl cyclase formation was unchanged, suggesting that the magnetic field 
blocked PTH a�tion either by modification of the PTH receptor on the membrane 
or by altered coupling between the receptor and the enzyme adenyl cyclase 
inside the membrane (281). Bone cell cultures from fetal rat cal\'aria responded 
to similar magnetic fields with significantly increased DNA synthesis, but the 
response depended on _pulse wave form and culture techniques (327). The 
expected transmembrane current components of these extracellular fields 
would be on the order of 10-s A/cm2 , 5 orders of magnitude less than the typical 
threshold for excitation based on a Hodgkin-Huxley model, implying the 
occurrence of a powerful amplification process in transduction of these 
exceedingly weak electrochemical triggers. 

. ·- . ,. . � ... -·· ... .. 
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fl. Hc111atology and immunology 

Positive findings ha\'e included transient, reversible, and dose-clepenclPnt 
changes in rates of blaslic transformation of unstimulated hamster lympho
cytes irradiatE>d for 15 min daily for five consecutive days with a 2.45-GHz CW 
field al power densities from Oto 45 l'n W /cm2 (200). Blood was remrffed I h after 
sham or miero\,·a,·e irradiation and cullurecl. Rate of transformation was 
maximum at a power density of 30 mW/cm2 , associaterl with a po�tirradiation 
body temperature of 39.3°C. However, both enhancement of transformation 
and inhibition of mitosis occurred with a 5-mW/cm2 firlcl "·here th<' mean control 
temperature of 38.2°C was increased by only 0.2°C, and autoradiography 
showed no l',·idence of radiation-related DNA rep;1ir. There wa:-: an in\'ertPrl 
ll-shapecl fund ion al relationship bt>t ween lransfurmat ion indl'x ;rncl J H1wer
density. with a reliahl(' effprt at 5.0 mW/cm2

, a maximum at 30 mW/cm�. and a
small effect c1t 4C1 mW/cm� intermediate bet\\·een rates for controls c11Hl those
expost,cl lo 5. 0 m W-cm2 • The im·e::-t igalors sug�est that this ma:, lw �-pt a not lwr
111it-r11,,·,n·<, st•n:-:il i,·ity "·indo,,· described belo�· for t'l•ntral nerYous ('ffrtt� that
indudl' al hermal enE>rg-y lewis. Further studi('s ,ff(' neeessary lu decide wht'l her
this \,·indow relates to aYerag-ed stren)!th of the tissuP fit.·lds Jl('r :-:e or simply tr,
tissup heating-. since each of three independent \·ariables-power cleni-ity,
temperature increase, and postexposure rectal temperature-predicts with
equal accuracy the percentage of transformation. "Whate\'er the source, thp
existence of such a window across a range of body temperatures of less.than 2C
is uf sig-nal imµurtance" (200). Czerski and his collraJ!Ue� (25, :W. 94) ha,·e studied
effects of long-term, low-dose micro wan• exposure ofrahbits in producinJ! slight
altl'rations in er_\·throblasl nrnturation ancl mitotic indiees and mitotic alwrn1-
tions in lymphoc�·tel'-. Inci<h,nt fields were 2,950 J\!Hz, 3.0 m\\'/cm�. for 2 h
daily. SensitiYities were higher lo pulsed (] ,200 Hz. l µs) than CW fields of the
sanw :n·erag-t' intensity. Granulocyte precursors "·ere unaffected, but mitoses
in stem cells uf Prythroblasls, early granulocyte precursors, and lymphocytes

· sho,1·t-'d markedly abnormal circadian rhythms.
Weak microwa,·e fields may also influence the responses of immuno

competent lymphocytes. Immune responses were measured by the number of
antibody-forming cells found in lymph nodes of young adult mice treated daily
for (i ,, k with 2-h exposures to a 2. 95-G Hz pulserl field (I ,200/s, l µs, 0.5
mWtcm 2 ) and then immunized against sheep erythrocytes (94). Irradiation
increased the numbers of lymphoblasts in the lymph nodes, but no alteration:-:
in pla!-mocyte counts were seen in control or irrarliated nonimmunized mice.
Mice irradiaterl for 6 v.·k showed significantly higher numbers of antibody
producing cells and serum hemagglutinins than controls, but those exposed
for 12 wk dirl not suggesting an adaptation similar to that described in tempera
ture responsE'S of dogs ·subjected to whole-body microwave exposure (298).
Comparable in \·itro experiments on mouse lymphocytes have not yielded
positi\'e findings (407).
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Im111unolol!ieal effect,: of microwave fields are currently the- subject of 
many inn.>sti>rations. These studies ha,·e been prt>sented mainly in three 
symposi,1 that await extended publication (U RSI Symposium, Amherst. MA, 
1976; URSJ Symposium. Airlie House, VA, 1977; URSJ Symposium, 
Hebinki, 197R). A wide range of field parnmeters are urnler investigation, 
including eo111p;1risons of pulsed and CW radiations and of fit'lcl intensities 
from !;0 µW tu more than IO mW/c111�. Therl' is no con,:t•nsu,: in thl'sP 
pn•liminary n•p,1rts of a poll'nti.1lly high sensitidt>· nf immunologir n,sponses 
to nonionizing- radiation, ;1lthough it n!mains for future resPard1 to dt•mon
strat<• an unequi,·ueal modific:;1tio11 of cell-mediated immunity in ,·i\'o hy miero
wa\'l' field exposun,. Fetal rats exposecl'in utero ancl for 40 clays after birth to 
2.45-GHz CW fiekls at 10 m\\'/cm1 (SAR l -5 \V/kg) for 4 h daily sho\\' increased 
n•spo11ses of lymph nncle cells to T ancl B mitogens and increased responses of 
blood lymphor>·tes to T-eell mitog<•ns (40�). Rabbits and guinea pigs exposed to 
a �.1-GHz. l-m\\'/cm1 field for 3Z0 h in an anechoit ehamber shrml'd cletrl'a,:ecl 
uptake of rnlluiclal gold by linr Kupffer cells, and increased mitotil' incli('('s iu 
sph•t'n, thymus, and l_\·mph node cells, ,rith inereasecl serum y-globulins (:307). 
Detr<>ased antihody production to T-lymphoryte-depl'lHll'nt and -i1ult·pe1HlPnl 
antig<•n::; and int-rcaspd numbers of lgm-secreting l'<•lls ha\'I' hl•t >n n•1,c>1'tecl 
after <'XJHism·c> of nonimmunized miee to a 2.45-GHz field (8 . .\H 12 \V/kg-l for 
30 min/clay for:{ days <45G) .. .\t muth lo,rPr field le\'l'I,: (2.375 GHz, :,0 µ W/tm" 
for 30 days) rats and g:uinea pigs !-hmr decreased T-cell res pons(•:-:� \\'it h suppres
sion of ph,1goe>·to,:is. In th<> s;1111e study, field le\'els at anrl aho,·e 500 µW/em" 
p\"ok1,d an autoimmune clisea::;e, ,,·ith production of anlil>rain ancl antiliYer 
;1ntihoclies (411�). Negati\'e finding-:-: ha,·p also been reportt•<l. inrluding ahsemT 
of rhangt>:-: in :<l'l!"lllent(•d pol_\·morphonudear leuk,wytt>s. cireulating lympho
l'_\·t <':< �md y-g-lolmlins of mt:-: and mir<' PX JHlsl'd to Z.45-G Hz. 5-m \\'!cm1 fields 
5 h/da>· for (i-12 \\·k (:�G2 . ..J�l ). li1ercas<>d bu1H• ma1-ro,,· ct'll11larit_,· m·t·111-red in 
min· t'XIHJSt•d to a 2.XX-GHz. 5-m\\'/cm� field (SAR �.:3 W/kg) for 80-400 h. hut 
n11t ·at JO m\\";tm1 (SAH G.:� W/kg), suggesting- a \\'inclo\\"ecl response (362). 
More P:>-art determination of thn,sholds anrl an elud1l;1tio11 of inron:::istenrieg 
in thest> immunugenic aml immunosuppresgive responses must await further 
st udi<•s. 

Diurnal rhythms in the production of hemopoietic stem cells respond 
�ensit i,·ely to \\'eak microwa\'e field exposures (26, 92). Guinea pigs wert> 
exposed 4 h daily to a 2.9J-GHz pulsed field with an a\'erageci power clengity 
of I mW/cm2

• Daily exposm·es beg-an ;1t either 0S00 or 2000 11. Circadian 
rhythms of l>one marrow mitoses sho,\'ecl major phase shift:- in the times of 
maximum proliferation of eady normoblasts, myeloblasts, ancl lymphobhu:.ts. 
No ef

f
ect� \\·ere noted iil granulocytt> precur�ors. Simila1· diurnal phase �hifts

we1·e noter! in mire exposed to a weaker 2.95-GHz, 0.5-mW/cm1 pulsE:>cl field 
th;1t cli1l not significantly rai:--e body temperature o,·er the 4-h exposure period, 
e\".en though mice �how ll whole-hocly re�onance at this frequency. St'n:-itivity 
of human and a,·ian tirradian rhythms in sleep, wakefuhwss, and llll'labolit 
cyclt•s (448, 454) to far weaker IO-Hz ELF field� is <liscusst•d heltiw. 
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.I. Central 11e11.·ous sygfe111 

En\'iron11wntal EM fields influence beha\·ioral, ncurophysiological, and 
ch1•rnical re:-:ponsei:: in the mammalian CNS. An evaluation of all possible 
mode:-: of interadion is not yet possible. Indeed the matrix of possihle physical 
parameters that might be tested is obviously so \'asl that it has been necessary 
from pragmatic fiscal consiclerations, as we]) as for PConom,r in sciPntific effort, 
lo first'examine the effects of those fields. deemed most likely t(, interact with 
central nerrnu:-: tissue. Thus there has been a clusl<'ring of sturlies utilizing 
ELF fields in the spectrum from DC to 100 Hz, with evaluation of fields at 
power-line frequencies of 50 and fi0 Hz and at proposed U.S. Na\'y long-range 
communication f requencies of 45 and 76 Hz. as well as intense research into the 
spet'lrum from 1 lo :3;j Hz associat(•cl with intrinsic oscillations in central 
nervous tissue. For RF and microwa\'e fields, a broad spectrum of carrier 
fn,quenries has been tested with es:-:entially no eYidence of effecls attributahh· 
to the carrier f requency per se for fields belo\r therrnalizing ]cYels. but again a 
ch1:-:l1•ring ha,.: lwt'n noted of apparently higher sensiti\·ities tu fil·lcls amplitucfp. 
nwdulated at frt•quenries between I and about 40 Hz. There is also e\'idence uf 
interactions with radio and micro\,·a\·e fields puls1•-moclulated al higher fn•· 
quencies from 5110 to 1,500 Hz and an absence of similar effec.ts with CW fi!.'ld,..: 
of l he same an•rage po\,·er density at the same carri1•r frequency. As in certain 
hematologieal and immunological responses and in inte1'actions with ner\'ous 
system::- of marine \'erlebrates, windowed amplitude sensiti\'ities have also been 
detected. Mp1•ely lo unravel the more important elements of this complex 
matrix, earh of the three classes of hioeffects is treated separately. 

r, / Biolr",girnl 1·hyfh111s mu/ c11docri11P 111cch,111i.�11rn. Human circadian 
rhythm,; arise enclogenousl,r (20). En!n \\'ilhout time cues in a constant 
en\·ironment, they de\'iale only slightly from 24 h. with most autonomous 
hunwn rhythm:-: approximating 25 h. 1\pirally, o:-:rillators goYerning different 
physiolug-ical and psychological variables are coupled and run synchronously 
(453) but may run asynchronously in "internal desynchronization."

Human and avian circadian rh:,:thms ha\·e been morlified in an under
ground isolation unit shielded against natural electric and magnetic fields. 
The�- also appear sensiti\'e to 10-Hz. 2.5-V/m square-wa\'e fields imposed in this 

· shil'ldPd em·ironment (44H, 450-454). Dual identical chambers, one shielded
and l he other unshielded, allowed simultaneous testing of field-exposed and
control subject:-: who were not aware of differences between lhe units. Circadian
periodicity was measured by sleep-wakefulness and rectal temperature
periodicities in initial experiment!;. In the unshielded unit, subjects had free
running circadian peri�rls sho)ter on the average by 20 min, the interinclividual 
differences around the means were smaller by about 50�, and internal
desynchronization was less likely than in the shielded facility (unshielded unit:

· 11 = 57, mean free-runi1ing period 24.87 ::t 0.45 h. internal cle:-:ynchronization
in 4 subjects; i::hielcled unit: 11 = 80, mean, free-running period 25.21 ::t 0.80 h,
internal desynchronization in 28 subjects). All these differences were significant
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at P < 0.01 or lo\\'er when considere<l separately. Wever (449) tlwrefore hy
pothe:;izecl that the differences were due to natural EM fields present only in the 
unshielded unit. Initial tests with DC electric fields (600 V/m) and magnetic fields 
(1.5 Oe) were without effect. Subjects were then exposed to a 2.5-V/m, 10-Hz 
square-wave electric field, usually in the shielded unit, first in the absence of the 
artificial field for 1 or 2 wk. The fielrl was then applied continuously for 1 or 2 wk, 
followed in i;omr cases by a further control period without fie his. In 10 subjects, 
the period wa,-; shorter during field exposure than without it by an average of 
1.3 =: 0. 7 h (/' < 0.001). The shortening was greater for those subjects \\'ilh the 
longest circadian cyclei; in the absence of the field. lt1 some subjects internal 
desynchronizat ion occurred immediately after the field was switched off; in 
others it ceased immediate!�, after the field was switched on. Reducing field 
expo,-;ure to 12 h on and 12 h off did not eliminate its Zeifgc/,cr effect in 
temporaril�· restoring a 24.0-h rhythm in 10 subjects with free-running- rhythms 
bet \\'een 23.5 and 26 h. We,·er (449, 452) interpreted these results a.-; indicating 
a significant Zrifyehrr capacity of the 10-Hz field even \\·lwn imposed 
intermittently. Shortened circadian rhythms were also seen in birds exposed 
to the same 10-Hz, 2.5-\'Im square-wave fields (450). In thP European green 
finch. contin11<n1s field exp,,sure for 10-20 days sharply shortenecl th1• 
circadian period from 24.8 to 2a.9 h. Nocturnal restlessness in the European 
brambling associated with seasonal migration was f'nhancecl by a 10-Hz field 
that ·rnuminat(•d certain pe1·ches for which the birds exhibited a preferem:e 
o,·er unexposed perches in the same row. No differences were cletec:tecl during 
the clay (454). Fm·ther ernluation of Wever's experiments requires more 
information on spontaneous drifts in the periods of circadian oscillations. 
Analysis of thes-t· data by linear reg-rei;sion sh�uld he approached with caution. 
since differenc(:'S bet \\·een control c1nd test phasei; may be significantly 
influ<'nr<'cl by the numbPr of cycJps inclurll'rl in each phase. In YiPw of WeYer's 
strong. empha:-:is 011 the role of natural electric fielrls in entrainment of the 
normal circadian rhythms, further information is needed on re:;irlual natural 
and artificicil fields in his test chambers. Although altered circadian rhythms 
provide indirect e\'idence 011 the chronobiology of endocrine rhythms (405), 
only a few studies have directly evaluated po:;sible endocrine effects of EM field 
e;,posure. Mice exposed to 75-Hz electric fields (1-10 V/m) and magnetic fields 
(0.5-2.0 G), singly and in combination, showed no effects on circadian 
rhythms, body temperature, food coni;umption, estrus, or sunival rates (185). 
Although these data present "no persuasive evidence of adverse effects of ELF 
fields," only cautious comparisons can be made between these studies at 75 Hz 
and effects reported at .field frequencies below 20 Hz. in view of frequency
selecti,·e beha \·ioral and neurophysiological interactions at these lower 
frequencies . 

. Pulsed microwave fi�lds of low power density impoi;ed on guinea pigs and 
mice at various times of rlay cause abnormal circadian rhythms of bone marrow 
cell mitoses (94. 96). Exposure involveo a pulsed field of 2.95 GHz (1,200 Hz, 
1 µ.s) and 1 mW/cm2 for 4 h daily. Two groups of animals were irradiated, 
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l)('ginning- at eit lwr l :00 A. Ill. or 2:00 I'. M. for 14 clay,;. Observed effects deµen<h·d 
hot h 011 tlw ti nil' of day at which expo,;ure oceutTl'd and on the cell seric•,;. 
Granuloeyk pn•<.:ursor mitoses were unaffected, erythroblast cell line mitoses 
shl)\r<.:cl slight disonlers of circadia,n rhythms, and bone marrow stem cells 
(earl�· erythrobla,;ts. myeloblasts, hemopoietic stem cells, and probably 
lymphocytes) ,;ho\\'ed change,<; in amplitu<le and phase of circadian rhythms in 
animal..; irradiatt•cl in the t.>vening or in the morning compared with each 
and \rith control,;. Because of the short observation period and small number 
of animals test(-'d, the investigators confirmed tht•ir initial ob:-l'n-ations in a 
further stud)· \\·ith o\'er 200 miee, rli\·idecl into four groups. These syngeneic 
min· were subjected lo a single 4-h cxpo:-:ure (either A.I\!. or l'.1\1.) to the :-:arne 
pul:-1•d 2.n5-GHz fi(')d at a lo\\'er inl'i<lt•nt energy of0.!i m\\'/cm� and t•xamin<>d 
duri11).!' three conseculi\·e days. beginning 28 h after the end of irradiation. 
Expectation,; \\'ere confirmed that if micro\\'a\'e exp,,wre induced changes in the 
t·irradi;in rh)·thm of marro\\' cell mitosc•:,;, a disturhance resembling a decaying 
11,:rill;1t ion \\·011 Id occur. with altered amplitude and phase of the mitotic rhythm 
of :-tl'lll n·lk I >iffPrt.'nce,: were noted in iron metabolism stu<lies bet\\·ee11 CW 
a11d pul,:ed milTO\\·a,·e effects at the same \\-a\·elt?11gth and a\'erage power 
d<"n:-it,\· in striet ly comparable expo;.;ure conditions. "stres,:ing the importa11n• 
of takin!! to ;in•ount th(• phy:-iologic properties of cells, tis:,;ue,: and organ,: 
when inn ... ,:tij.!'ating mitTO\\·ave biueffecb. and the dangers of generalization,:" 
(!l,j)_ At mueh higher fiPld le\'e),: (2.45 GHz, 20 m\\'/cm�) associ;ited \\·ith in
crea,:ed body temperature in rnts. no alteration in rhythmicity of serum 
cort irn$lero1_11· \\ a,; ohse1Ted (2HO). At far lower intt>rn:ities (5 and 10 µ Wlemi), 
50-�I Hz. 2.G-(; lh. and lll-G Hz fields ha n• lwen n:>ported by So,·iet worker:,; tCJ
incre;i,;e urinar_\· k<'losteroid,; in 24-h speeinwn,: ,rith :-:tatistirally significant
differences(/' · U.05) c1t ;m, 90, and 120 d;iys for the mit'l'O\\·a,·e expo:,;ure (1 Hi).
ThP ;10-l\l Hz field,; \\·ere in)po,:ed for 10- 1 � h daily and the micl'O\\'a\·e field,; for
K h. This study u,:t•d both CW and pu),:pd fields, with rates of l,UOll and :Wis for
t lw pulsrd fields. The author:-: g-in-' no inditation of po,:sible differe111.:es in effect:-:
of pul,:(•d and C\\' expo,:ure regimens. nor are there data on po1>sible changes in
diurnal rhythmirity of :steroid exc1·etio11.

A So\'iet study of metabolic indices in rats chronically exposed to 
'.'nontliermal intensity" RF fields showed changed excretion of sodium, 
potassium, and chlorides compared with controls (103). One experiment was 
c·o11dt1\'tl'd wilh a <,!1.7-!\1Hz. 150-V/m field with exposures of 1 h daily for 3 mo. 
A second test u:-ed a 14.8-M Hz, 70-V/m field \\·ith exposures of 4 h dail�-- Uri11l' 
output and l\'a/K 1·atios decreased in the first 2 wk, but by thl' end of the 
irradiation the excretion of water, nitrogen, and electrolytes ro,;e sharply, \\'ith 
Na rnnc-entratinn inereasing more than threefold. Adrenal weight,; and thyroid 
follicular epithelium climensiom: were significantly increased. Demokido\'a 

· ('103) concluded that th� RF field acted as a nonspecific stre:;s_ in acti\'aling
h�·pothalamohypophyseal adrenal systems. Mikolajczyk (305) reached the
same conclusion for rats exposed to thermalizing micrO\\·ave fiel<l$ (2.88
GHz. 10 mW/em1). 
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b ! Behaviomf effects. There are numerous reports-probably more than in 
any other area· of claimed bioeffects of weak environmental EM fields-of 
subtle behavioral changes in situations lacking necessary rigor in experimental 
design, often defective in control procedures, with inadequate evaluation of 

· intercurrent stimuli, and plagued by experimental data so noisy that even
statistical evaluation does little to establish credibility for claimed interactions.
A special problem is the fact that most reported effects have not been
independently confirmed. From the complex spatiotemporal character of
perineuronal fields in central nervous tissue (125), there is good evidence that
they remain essentially independent and i.ncoherent in most behavioral states,
creating myriad intrinsic fields, each with unique spatial and f requenc}
characteristics (2). Imposed environmental fields, which may reproduce ,,·ith
varyin� accuracy dominant frequency components of these intrinsic fields,
would not be expected to duplicate the endless complexities of these spatial
patt<'rns. In this re:-pect, the imposed field would remain a weak manipulandum,
and the ensuin� ht•ha\'ioral effects would bP only a suhtle modificatiun of sum€:'
basic state. E,·en this leYel of behavioral effect can be anticipated only in terms
of cellular tran,-ductive coupling mechanisms that transcend by urden: of
magnitude typical i;ynaptic mechanisms uf excitation.

I) BEHAVIORAL EFFECTS OF ELF FIELDS. Behavioral correlates have ht·en
sought with natural and a,tificial ELF fields. Reaction timeo- in humans ha\'e been
reporter! ai; slowed at times uf high natural acti\'ity het \\'een 3 and 6 Hz, with a
con\'erse effect at time$ of 10-Hz peaks (253). These natural oscillations are
belie\·ecl to arise in the Schumann resonance discus:-:ed above, with typieal
amplitudes of 1- 2 V/m. Further studies from the ,:;ame group with artifidal
field0 at frequencie,:; of 5- IO Hz and strengths of 0.3-5.0 V/m ai.rain showed
trends consistent with effects of natural fields, but these trends were not
amenable to statistical analysi:-:. Other tests of human reaction tinw:-: in ELF'
field:-- of 1-20 Hz ha,·e sUJ.!)!ested that reaC'lion tinH· is in\'er:::ely related to
field frequenc)· (]�(i-18H), hut the gtatistical signifir:rnce of these results has
been questione>d (:318). No changes in readion time were seen in three squirrt>I
monke�•s tested for 1 h dail�· before, <luring. and after expo:--ure tu a 45-Hz,
10-G maJ.!netic fi<,Jd fo1· 42 da>'s (171). Changes were small in those reaction
li!nes where positi\'e effects were reported, typically less than 5%. "If a psycho
physiological effect existi;, it is probably quite subtle, and will therefore requil-e
a broad range of very sengiti\'e experiments to evaluate properly the long-term
effects of the ELF environment" (171). The influence of ELF field:- on subjeeliH'.
estimates of the passaire of time by monkeys has been examined in two labora
tories. Monkeys were reciuirecl to estimate a time interval of5.0 s in the absence
of behavioral cues. Results were conflicting, but may be related to seemin)!ly
minor differences in test procedures. In two separate studies. Gavalas-Medici
aricl collea�ues (157, 159) studied subjective time estimation in pi)!t:til macaqul'
monk<"ys to fie lei:-- of 7, 4fi: (iU, mid 75 Hz at intensities of I - JOO V/m. At 7 Hz
and IO V/m, tlw mean time ei-tim.-1te was fi-10% shorter than in no-field condi
tioni:;. There wa:-: an apparent threshold fur the 7-Hz fields between I and IO V/m.
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At 4fi ancl 7:'i Hz, fielcis of 56 V/m produced smaller changeF-. At 100 V/m, no 
cun,-:istent effects were noted at any test frequency. No effects were observed i11 
tests at 60 Hz. These experiments included monkeys with and without 
implanted cffehral electrodes. Implanted and unimµhmtPcl :rnimali=: showed 
similar sensitivities. Measurements of total current (0.!-J nA) induced in a 
phantom monkey head (437) by a IO-Hz, 10-V/m firld in this exposure chamber 
in<iicated expected extracellular electric- graclienls of 10-; V/c:m enhanced to 
10-◄ Vim in lht> vicinity oflht> electrode tips. The implanted electrodes wen' not
beliHed to be associated with significant "antenna" effects, sinct• the tr,ms
membrane components of these induced extracellular current,-:'would lw less
than 1.0% of the total flow and would change membrane potentials by far lt•ss
than the 10" V/em associated with synaptic depolariz.ition. This conclusion
is supported by analyses of elerlroencephalogram ( EEG) record,; during field
expo,;ure (see below) and iin·ites consideration of transduc:tiYe mechanism:;
al t lw neuronal surface, which are preliminary to later fransrnemhrane e\·enb
in thv :-:eci11c>nce of excitation.

In a :::;imilar study on rhpsus monkPys exposl:'d to ,,·eak (8.2-�t.:{ G) Iii- and 
-F>-11 z mag1ll't ic fields, de Lorgt• ( 101, 102) i11terprl:'t ed the finding,; as equ i,·,wal.
Three of four subjects shcn,·ed short er inll:'rre:::;ponst> ti mc>s \\·it h tlw fir,;t serit•,; of
exposures but not to the second. A te:-l of the distributions \\"as highly :-:ignificant
(Kalmogorov-Smirno\' test, I' < 0.001). Ho\\·e\·1·r, mean:-: of interre:-pon,;e
times (J RTs) ,, ere not alle1·ecl hy field l'Xposure. Orll' monkl:'y had shorter I RTs
with both 45-Hz exposures (I' < 0.001). In the 15-Hz fields, OIH' monkey was
:::;ignificantly faster (I' < 0.05), Oil(' \\"as :-ig-nificantly :::;lower ( I' < 0.001), and
two ,,·ere �naltered. Differini; conclusions in studie:-: that appc·ar so similar ma>·
ht> related to detail:-: of the lest procedures. GaYalas-MPdici used a daily
l"Xposure schedule of 4 h. In some subjects·. laq�er-field/110-field ,liffen.'llet-:-: in
IHTs occurred in thl" 3rd ancl 4th h than in the 2nd h of expos1n-t•. De Lorge
u:..Ce<l :-it uation,; \\·ith either one or hrn different lwha,·ioral tasks. The I RT
F-chedule was impos(•d three or six times in a 2-h ::,(:',;sion, hut for on]>· 15 min fur
each task. If the findings of Ga\·alas-Medici \·alidly indical<' a gradual onset of
altered subjective time estimation over se\'eral hours, there is a need for further
studies of long-term exposure, particularly since investigator intervention was

. sometimes required in the later hours of the experiment to F-tirnulate perform
ance. A relali\'ely slow onset of altered reaction time was noted in 20 human 
suli_ipcts expo,;l'd to 50-Hz electric fields of 1,000 and 15,000 V/m (189). An 
attempt to replicate these studies \,·as unsuccessful (122). 

Altered feeciing and drinking behaviors haw been reportt>cl in thl' adult 
offspring of ralF- exp,,secl to rotating magnetic field:::; of 0.5-3.0 G at 0.5 Hz 
during pregnancy (347) or after exposure of the offspring during postnatal 
d(lys 1-4. However, appropriate statistical analyses are not possible from 
published data. 

II) BEHAVIORAL EFFECTS OF WEAK RADIOFREQUENCY AND MICROWAVE

FIELDS. There is an exlenF-ive literature from Eastern Europeari research rm be
havioral effects of long-term exposure to weak HF and micro\rnve fields. Much is 
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related to in<lusti-ial exposure in man presumed to produce a "vegetatiye 1lys
function." with :,;_vmptom:,; of hyperhiclrosis, enhanceri pilomotor reflexes, and 
anomalie:- of thermoregulation, manife�ted as the "asthenic syndrome'' (22G), with 
fatigue. impotenl'e, and loss of appetite. A similar syndrome has not been 
reported as a widespread concomitant of industrial expoi::ure in Western 
microwave-expo:,;ecl worken:. On the other hand, seni-:itive behavioral measures 
in animal experimt>nl� in Eastern and Western laboratories are now providing 
some convergent E',·idence of effects of chronic low-le,·el exposure. Dumanskiy 
;mcl Shanclala (llli) and their colleagues at Kiev first reportecl 11ltere1l condi
tioned reflex :tl'tivity in rabbit� and rats chronically expo:,;ecl lo l!Xtremely low 
le,·els of VHF and microwave fields. They used either 50-MHz or 2.i>-GHz CW 
fields or JO-GHz fiplds with 1-µi:: pulses at repetition frequencies of l ,0U0 or 20, 
with daily expo,-ures of IU-Ii hat 50 MHz and 8 h with the microwa\'e fil'lcls, 

and found :-;tatistkally si)!nifkant effects \\·ith field inten:-;ities bet ween UI and 
2.0 µ W/cm1

. Jn each experiment the animals were irradiated for 120 clays, 
with a flll-day foll1Jw-11p. For the fin:t IO clays of irradiation the animals were 
"surnp,\·hat e:-,;cit ed .. and react eel tu on:,;et of field exposure. Thereafter resp,,nses 
to <'ondit ion al :;t imuli had a long-t-r latency, with weaker responses to posit i,·e 
stin.mli and more numernus mis:-ed re:,;ponse:::, leading to "pathologic staJ..'lla
tion and inertia." In a co11nterpa1·t exµeriment. Lovely Pt al. (27�) e:-,;po,-pd ral:
fo1· 7 h daily for:� mo to a 500-µ W/cm1

, 2.45-GHz CW minowave fiPld. Finding-:,; 
suggested significant differences bet ,rePn control and irradiated groups in 
monthly testing of beha\"ioral sen!'-itivity to electric shock ancl in terminal 
te�t:- of open-fil.•ld activity and shuttle-box avoidance. These behadoral effed:,; 
di�.ippvared aftt>r a 1-mo reco,·ery period. There has hPen a tendency in Western 
countri�::: to <li:-tount evidence of an asthenic syndrome among worker:,; in 
electri<"al switeh>·ards and lllic-rowa,·e indu:,;lrie� becaw:l' of the ,·aguenes::: of the 
symptornatolog-y and ah:,;ence of defined enclocrinl' or autonomic di:-onler:- that 
would rharal'll•ri1/.t > the s.rnclr,,nw u11iq1wl�·. reliably separating it f rom funt
tional c-lisorder:,; :1ttl"ihutable to a :-ln•::::::ful work en,·ironment. Available data 
cannot yet resoh·l· this question, but there i:- evidence f rom these animal models 
of :subtle beha,·ioral effects that could be the counterpart of element,; of the 
ast henic syndrollle in micro\\·ave-expo:,;pd workers. 

c) E11fr11i111111•11f 1>(ce11fn,I 11ervo11s electrical rl1ytl1111s by ELF.fields ,111d l1!1
RF .field.� a 111 pl it 11cfp-111od11l nled al ELF. Both entrainment of brain electrical · 
rh�,thm::: at the f requency of an imµosed environmental field (where that field is 
at or clo�e to the f requenc�· of an intrinsic rhythm or EEG "burst" in a 
pa1·tic11lar cerebral struct11rp) and change:,; over a much hroadPr EE(; sp,·rtral 
ra111;e have been rt-ported. Some of Lhe�;e-changes ha,·e 111.>rsi:-Led bl'yontl t lw 
pei-iod of field exposure: Newer techniques for intracerebral recordin)! are 
compatible with e1wironmental field exposure by the use of nonmetallic 
electrode material:-: (81. 140, 4:34). Most eal"lie,· studies at radio or minowaw 
fre�111encies must he cautiously interpreted, iilthough the observt>d inlenH:tion:
!-houhl not be dismissed as artifactual or simply due to enhanced electrical 
gradients in thl' ,·icinity of these metal electrodes, as discusf-ed abo\"l' (215). 
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lnrlPt>d, :-:pedal ll'sts. such a,-c spc>etral analy,-,<':< of bEG record:- o,'('r extended 
exp,,,-cun• pl'ri11d,-c, appt>a1· to preclude an origin for th1· EF:G entrainnwnt in a 
,-cimplt:' t:'lt•elrodwmieal ba,-,i,-c, such a,-c d,•mochilation nf the i111pres:-ed field al an 
electrorlt:'-ti:,,sup i11tp1·face. Monkeys exposed t11 7- or JO-Hz. 7- \'/111 peak-to-peak 
fil'lrl,-, for 4-h p,•riocls sho\\·pd ehanges l1nrarcl the t•1HI of thP tr,-:t tinw f11r EEG 
p,•ri,u ls ;1ssnciat Pd \\"ith pn·dominantly i11cn1n•ct l"l'Sponses in :t suh,il'rt iq• t inw
Pst i111at ion tPst (Jii7). Tlw ;111imals \\"Pl"l' t1·.1i1wd. t11 p,-ctimalt:' a 0-s intt·n·;tl 
,,·it h1111t t•xlt•rn,il l'lll'S. and \\"l'l'(' l'l'\\ :irdPt! \,·ith appl1• juic<• for n·�p11ns,•s \\"it hin 
- 1.2:, s of tlw -�-,-: inl<·n·al. Tlw EE(; n•rnrd,-: fr11lll hippocampi, amygdalae.
nud<•u,-: l"l:'llt r11 Ill nwclianum. midhrain n:'! icular formal i1111. and ,·i,-:11al and
motor c11rtitl's \\·en· examinl'cl by auto--and cross-spt•rtral an;il_\'st•,-:, induding
coht•renee caku lat ions and hy 11:<f' of a ''JiC'ak-quol iPnt" estimator that P\"a luat<•cl
dt•,·i,1tions of th0 SJll'Ctral contour from a log-.-1rilhlllic contour that might be
:ittriltutahlC' to EJ::G l'lltrainment ;1t the fa•ld f re,,ueney or al its harmonies.
lnt<·rn•:.:ponc<1• tinws \\·ere significantly fastl'r \,·ith 7-Hz fit·lrl:-: ( lii!ll. l'l'ak
qu(lt i<int:-: \\"Pn.· compared for fields-on \'ers11,-; fklcl:-:-off eundit ions and
c<h111\t'd signifkant diffPrt•J1l'<'S i11 hippocampi. amyg·dal:H', and nud(•ll,-:
n•nt rn111 I\H•di:,:1um for h11th 7- :111d JO-H,. c·o11diti11n,-: (/' < 0.01 ). Coht•l"l·lln·
lwt 1\·epn t hl' 7- H 7. :-:inusoidal fiPld \\"a\'<• form anrl th1· n•.-.:prn1,-in, E J-;(; st rurtun•:.:
\l"t'J\• ahra,,·,-, higher for fic•lds-on than for fit>lds-11fl' n,ndition:-:. hut colwrt•Jlrt•
le\·pJ,-: bt'l\,·el'n rl'spo11sin• brain structurC',-: :-:hmn•d no co11si;;t<•nt p:1ttprn,-c of
change. Alth11t11 . .d1 not cletl'cl.-thl<· on \"isu,1] i11sp<Ttion _of EEG n·rnnls. rli,.:
cri111i11ant analy,-:e,-: of spec-trnl data ,-oho\l"l'd strong dri\"ing (in<-r('ased inten,-;it�·
;incl incrpasl'd cnhl'l'(•neec<) at harmonic:-: of thC' fipld frpquPnry . .  .\I though
:-:11d1 harmonit· re,-cpon:-:<• i:-: t•ntirt:-ly <·ompatihk 1.\·ith hiologirnl tra11c<duetion 
(�::K. ��2!, -it:.: otTlllTt'lll't' clo!'S not pn·dt1dt:- artiladual tra11:-:dt1d ion. This i., 
unlikt,Jy. since• the EEG f'ln·t rie gradients were ordl'r'"' of m;1gnit11dt larg1•r than 
t issut> rompolll'llt :-: of tlw fundanwntal oft lw i 111po:.:1•cl 7- to :')(i- V Im ELF fk·lcl.,, 
\,·.hid1 \1·ert t>stimatl'cl :it arou111l 10 · 7 \'/cm. based on indut·l'cl currt>nt llle,1:-:ure
nwnt:-: in phantom lwarl,-: (-H7l. 

Rt>r:1t1sl' HF fields ar!:' m11rp strong]�· coupled to tis�ues than ELF fipld:-:. 
the�· incluee much la1·g:er ti,-sue electric gradil'nts "·ith similar leHls of 
en,·ironnwntal electric: grndie11ts. Thu� RF fields at around 100 fl!Hz ran he 
e.,p<>cted to incl11cp Hn EEG-]e\·el ti��ue gradient (IO-JO O mV/c:m) with an 

-i11cicll•11t energy around 1.0 mW/cm 1 (61 V/m). subject to \"ariations attributahle
to hnd_v rt>sonance (•ff Pcls noted above. Persi�tent EEG changes occurred for
Se\'t:-1':ll clays in r:ihhits :1ftpr expo�ure for 2 h daily for 4...::8 \\"k to a 5.0-MHz
field amplitud('-modulated at 14-Hi Hz (427). Fields \,·ith amplitucll's of�O- J:iO
\'/111 t>nhancPd EEG acti\'ily at 10-15 Hz, and 500-\'/m fields Pllhanced 4- to
5-Hz wa\·es. No brain heating occurred during these expo�ures. "Bursts" of
E J-:G \\'cl\'f'S oeeu1Ting in \'arious brain nuclei of the a\\'akP cat as conditional
n•sponspc< to a fla:-h of light (and thus constituting- a learned response) wt•re
·tt>stt'd fn1· interaction,-; with a 147-MHz. 0.8-mW/cm1 fipld, amplit11rlP-
1noclulatecl at th<' dominant fn•quency of the selt-<'t<'cl tran�il'nt EEG patlc•rn
(40). Th(' irracliatl'cl animals \\·ere supt•rior lo ;1 rnnlrol g-ro1111·i11 tlw rat<' 11f
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performance. accuracy (in terms of bannwidth of the EEG spectrum dui•ing the 
learned respon:-Pl, ann resistance to extinction (minimum of 50 dayl:- vs. 10 
days). The specificity of the f requency of the modulation was tested on another 
group of untrained animals where spontaneous tran:-ient pattern:; were used 
to trige�er for short periods (20 s after every burst).the VHF fields amplitucle
modulated at \'arious frequencies. The fields acted as reinforcers (increasin� 
the rate of occurrence of the spontaneous rhythms) only when modulated at 
fre4uencie,; clu,;e to the biologically dominant frequency of the selecteci intrin:-ic 
EEG rhythmic epi,;ocles. Although this study used metal brain electrodes, 
spectral analysis of EEG records bet ween wave "burst/' dbclosed no 
artifactual rectification of imposerl fielrls ::it brain-eleclrode interfaces. 

A persi,;tent component in rat EEG spectral an.-1lyses at the pulse-repeti
tion frequency of a microwa\·e field after irracliatiun has been reported (400). 
With a 3.0-GHz field at 500-600 pubes/s (1.0-µs pulse dm·ation, :werage power 
ciensit:· i>.0 mW/cm�), exposure for 10 clays was followed by a distinct EEG peak 
at t lw pulse-repetition frequency that waxed and ,,·anC'd in cycles lasting several 
minute,;. The hig-h f requency of the entrain<'cl spectral peak reported in this 
stud:· may indicate a transductiw mechanism distinct from that underlyin)! 
EEG entrainmt->nl, where dendrites of eerebral neurons are the presumed 
locus of interaction for natural dominant frequencies typically belo,,· 50 Hz. 

d) "Wi11do1ccd'' re::po11se:-; of cnlci11111 io11 bi11di11g i11 brain fissue �o ELF,
VHF, n11d UHF.fields. Calcium ions are essential in tran$ducti\'e coupling of a 
wide range of immunological, endocl'inological. ancl neurological e\'ents at cell 
membrane surfaces. Whereas the typical extracellular calcium concentrntion 
i:,; around 2.0 mi\1. concentrations in the general l',Ytoplasm \\'ithin cells an: 
far lmn•r, arouncl 10 ' M (267). Cakiurn efflux from cerebral tissuP is 
extremely sensiti\'e to w1:>ak electrieal sti,nulation and to Cl'rtain weak 
<'n,·ironmental El\l field�. There is e\'iclenre that thPSE' field effects occur at 
binding sites on cell membrane surfaces (39). Calcium ions triggt'r theii· own 
relea:-e from intc1ct cat cereh1·al cortex in a highly nonlinear fashion, strongly 
suggesli\'e of a rooperati\·e proce:-s (222). A 0.5-mM increment in Ca1 ' concen
tration in superfu$ing fluid elicited an increased efflux of 1.25 ± 0.08, whereas 
an increment of 20 mM CaH cam,ecl an efflux 1.61 ± 0.15 greater than in 
control experiments. The1:e was a pa1·allel and similarly nonlinear increase in 
r•H )y-aminobutyric acid (l"HJGABA) efflux. Electrical stimulation of cat 
co1·tex with 200/s, 1.0-ms pulses through cylindrical agar electrodes that 
produced an e:,;sentially uniform electrical fiekl of 20-60 m V/cm from corfa·al 
surface to basal diencephalon increased 4�CaH efflux 1.29 � 0.06-fold and 
t ='HJGABA efflux by 1.21. :!: 0.04-fold. These changes may reflect much larger 
shifts in rates of binning and release in the tissue (219). For a synaptic terminal 
0.5 µm in diameh•r the extracellular gradient imposed by these fields is at most 
1-2 µ V. It is unclear how such a weak stimulus may affect the transmembrane
potential of 50 m V to influence transmitter release. Similar considerations
apply· to effects of the fields on postsynaptic excitability. In this case a tran·s
membrane potential of SHeral millivolts is required to induce altered activity
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parer! ·with unexposed controls. Maximum decreas<•s of 12-15/Jf occ;urred at 
6 an<l 16 Hz. with thresholds arounrl 10 V/m for chick ( P < 0.01) and 56 V/m for 
cat cortex (P < 0.05 at 6 Hz and P < 0.01 at 16 Hz), with estimated tissue 
grarlients of tht• order of 0.1 µ. V/cm. Similar but nonsignificant trends occurred 
during other fielrl exposures at 5 and 100 V/m. Thus the field effect on •�ca2 ♦ 

efflux was "windowed" in both frequency and amplitude domains (Fig. 1B ). 
Similar frequency ancl amplitude ·windows ha,·e been observed in chick 

cerebral tissue exposed to VHF and UHF fieldi- with ELF amplitude modula
tion. Neonatal chick cerebral hemispheres were first incubated in a 
physiological medium containing •�ca,. and then immersed in a nonradio
active solution. The,· were then irradiated in a 147-MHz, 0.8�mW/cm2 field, 
sinusoirlall_v ampliturle-modulated at a depth of 80-90% at frequencies from 0.5 
to 35 Hz (41). Unmodulated fields anrl modulation frequencies of 0.5 and 3 Hz · 
dirl not induce a significant change in •�ca2+ efflux. By contrast there was a 
progressive increase in efflux at 6 Hz (10.1%, I' < 0.05), 9 Hz (14.3%, 
P < 0.05). 11 Hz (16'n, P < 0.01 ), and 16 Hz (18.5o/c, P < 0.01). The response 
decreased progres�ively at modulation frequencies from 20 to 35 Hz (Fig. IA). 
Brains treated with 10-◄ M sodium cyanide prior to •�ca2

• incubation and 
irradiation responded identically to unpoisoned tissue, indicating that th<• 
response did not depend on integrity of cytochrome respiratory enzyme 
systems. These experiments have been repeated independently with 147-MHz 
fields and have confirmed the existence of thi!, modulation-frequency window 
bet ween 9 and 16 Hz (58). The latter study also disclosed statistically significant 
effects at incident power densities around 1.0 mW/cm7 • This power window has 
ali-o been observed for chick cerebral tissue exposed to a 450-MHz field, 
sinusoidally modulated at 16 Hz (42). Increased efflux of •�ca2

• occurred only 
at 0.1 and 1.0 rnW/cm7 (P < 0.01) and not at 0-.05 and 5.0 mW/cm2

• Dosimetry 
measurements showed tissue gradients of the order of 100 m V /cm with incident 
fields of 1.0 mW/cm2. 

�fflux studies have further elucidated the role of f f• and HCO3 ions in 
controlling the •�ca2 + movements in cerebral tissue and have more accurately 
identified the probable site of tissue coupling of the EM field (39). Addition of 
H • ions sharply enhanced 4�CaH efflux in the presence of the 450-MHz, 0. 75-
m W/cm2 , 16-Hz modulated field but had no effect on the nonstimulated efflux, 
strggesting a role for H• ion binding in these field effects, perhaps in accordance 
with the modei of competitive H•-Ca2+ binding on cell membrane surface 
macromolecules originally proposed in Pauling's laboratory (33), or perhaps 
in terms of proton tunneling across phase boundaries at the margins of cell 
surface fixed-charge domain (8). This decrease is unlikely to be due to inhibition 
of movement of Ca2♦ ions· into mitochondria and other cell organelles (24, 314), 
because the HCO3 concentration was only 2.4 mM in the control medium (70, 
249). Nor can the reduced efflux be explained by increased calcium entry into 
the cell, because the effect persisted in the presence of 0.5 mM LaH and was 
enhanced at a higher concentration of the ion. On the other hand, inhibition of 
inwa_rcl Ca2+ currents in the absence of HCO;- ions could result in �ecreased 
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transmembrane ralcium exchanr;e, followe<l by a reduction of intracellular
•'Ca2

' efflux (32a). Thii:: mo<lel would llot explain f:'\'iclenre from thl' samt:> study
that responses to the fit:>ld occurred in lanthanum-treated tissue, with the
response probably mediated in the extracellular compartment.
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t11 tiC'ld inlt:>nsity seen in tissuC's in normal physiological solutiom: (3B, 41).
H t•re the stimulated derrease ocrurred only al field intensities arnuncl 0. 75
m \\"ftm1 and ,·;mi shed at higher and lo\\'er field inten::ities. The consistency of
tlw l'fft•cl in all f:'Xperinwnts 00-15'# changi> in l'fflux), to�eth<•r ,,·ith tlw
<·xqui:-ilt• st•n:-:iti,·ity of tlw system to narrow windows in frequt-ncy ;111d
amplitude. supports the h�·polhesis that a limited number of c:-itionic bindinJ.'.
silf:'s are in\'ol\'ed in the transduction of weak, lo\\·-frequeney extracellul.ir
t:>lel'l ric gradient:--: ;md may ronstilute a specific class of binding sites, normally
occupied by calcium ions ancl susceptible to compditi\'e hydrogen ion birnling.

r) Se11sifirity ,�( the bluod-lm1i11 lirrrric,- fo 111irro11•n1·r,_fields. The..;;el.s:�:J.ive
pPrmeabilitr_ 0£,, lh.f. blood-brain harrier for small, Ii )ic -soluhlC' molpcule,:,
ind1uling �lu

2,
� and foT CPrta111 ammo ac1<k purirws, an< nucleo:--:icle:--:

appt•ar:-: to c epE>tHl on carrier proteins "·ith a hi1th ;1ffinit_,· for specific
molc>culPs (:1:�1. 3:�2. 3G�). A "·irle \'ariety of drugs. including barbiturates and
other anestlwtic agents. modify this permeability. It i:-: also su:--:c-E> ptible to
physical agPnt:--:. surh a:-: <.'olcl stress, clPclroconnilsi,·e shuck, ecrebral concus
sion, and ionizing rndiat ion.

fllicro\\-a\'e irradiation at 2.45 GHz sufficientlr intense to rah:e brain
--- . 

temperature to 40°C in rats increase:--: uptake of horseradish pProxidase as a
strong correlation with the time-intensity product (420). Rat:-: mc1de
h�·1)0thermic at 30°C prior to exposure showed longer latencies to increased
11ptake th;in nnrmothermic animals. They also harl a lower mortality when
th<>ir heads \\'ere :--:electi\'ely exposed to high thermalizing fields. Ho\\·e,·er, this
difference may be related to continued lo\\·er temperaturf:'s in 1m•dullary
re:-:piratory CC'nter:--: during frraclic1tion of precooled suhjel'l:-:. Subseq11c11t
st 11clit>s ha Ye attempted eniltwtion of much weaker fields and the possibility of .
differential effects of Jlulsed ·and CW field:-:. The picture remains C'Onfu:--:ed, with

_ insufficient attention to important variables such as use of anesthetic agent:-:
and concur-r<·nt hypothPrmia in studie:-: that purport to be replication:--: of

·pm·acligms in\'ol\'ing m\·ake subjeds. Furthermon•, thennalizing· lt·,·<•1:-: of fiplr]
exposure an• ,·ery lik<'ly to lw associated with altprecl rPrt'l,ral blood flow.
Assessment of changed barrier permeability by the Olcle11cl1,rf (:{:32) clual
indicator technique requires that cerebral blood flow be kept con:-:lanl, whereas
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the dual-comp:utment technique of Rapoport (365) measures and controls for 
change� in blood flow. All these considerations are important in evaluating 
recent research. 

Relati\·ely weak 1.2-GHz fieldi- (2.4 mW/cm2 CW; or pulsecl at 1,000/i-, 
0.5-µi- pulse duration, with peak power density of 2.0 mW/cm2 and average 
density of 0.2 m W/cm2

) increased uptake of fluore�et'in i-odium in anesthetizer) 
rats after !lO min of expoi-ure (139). Dye uptake was e\'aluatecl in brain slices 
viewed with U\' light. Pulsed radiation was 2.5 tinws more effl'ctive,than CW. 
en>n though the a\'erage po\\"er density of the CW field was an order of magni
tude grl'ater than the pulsed field. No dye leakage wa:-:detected in control sample:-: 
from any brain region. Such a categoric separation is unexpected, since then· 
is good Hirlence that the bloocl-brain barrier is poorly developed or absE>nt in the 
pineal gland, median eminence, area postrema, and the wall of the optic recess 
(12). Considerable fluorescence in normal brain ti�sup :ictivatE'd with UV light 
has lt->d to u:-:e of the Oldendorf ca29, :HO) double-indicator techniqut• for banfrr 
studies in brain:-: of rats expo:-:ed to puli-Pd or CW 1.�-GHz radiation for 20 min 
(::l:{GJ. Uptake of polar molecules wai- compared with movement of tritiated 
\\·ater. Three :-:tuclie� were perfornwcl. two with ane:-:thetized ancl one with 
una1w�thdizl'd rats. Uptake of l>-11-"Clmannitol wa� :-lightly hut rnn:-:i:-:tentl�· 
greater in hypothalamus. hippocampus. a-nd neorortex of inadiated 
anesthetized rats than in i-ham-irradiated subjects. Again then, was eYidence 
of a windowed sen:-:iti\'ity for pulse frequency, with 10-µ:-: pulses at 50/s (a,·erage 
power density o.a m\V/cm2) consistently more effecti,·p in increasinl-! uptake 
than 10-µs pul:-es at J.000/:-: (a,·eraj.!P power den:-:ity 2.0 mW/em1

). A seroncl 
study. al:-:o \\·ith anesthetized rat:-:, compared uptake of I 14Cjmannitol. 
1 "CJinulin, an�! ( "Clclextran in control subjects and in animals expo:-:ed to the 
1.3-GHz field with 0.5-µs, 1 ,000/s pul�e:-: (a\'ei·age po\,·er density 0.3 mW/cm1

). 

lnneasecl uptak1· of mannitol ancl inulin follo,\·ed a rt->gional pattern similar lo 
that :-l't•n in tht• fir�t study, hut ,·ery littlt-> effect was noted on uptake of largt•r 
dexth-111 molecule:-:. In unanesthetized rat�. uptake of mannitol wa:-: l•lerntecl by 
5Ci- 1(107, in the hypothalamus, cerebellum, and medulla 8 min and 4 h after 
irradiation, but after 24 h only the medulla showed a sij.!nificant increase of 
20,;;. There was a winclc)\red response in meclullary tissue to changing- power 
<Jensit�· for both CW aiHl puh-ecJ field:-:, with a maximal ninefold increase 
occurring in CW fields around 1.0 mW/cm2 • For pulsed fields, a 7.5-folcl 
increa:-:e occuned "·ith fielcl rlensities around 0.5 mW/cm2 , but a i-:evenfolcl 
in..:rease occu1-recl after 20 min of exposure to 10-m:- pul:-:ei- at a murh slower 
rnte of f,/s and an a\·erage power density of only 30 µ \V/cm1 • Thi:- :-:lo\\'er rate i:-: 
reminiscent of windowed moclulation-frequency i-ensitivities bet we<'n G and 20 
Hz in brain ti�sue di,::cus:-:ecl abo\'e. Light and electron microscopy of the 
barl"ier. with ho1·:-:eradish peroxidase injections has confirmed it:- �eni-ith·ity to 
microwa,·e expo:-:ure in regions of rat and hamster brains normally i-howing 
permPahility (12, 13. 3�G). 

De,::pite the apparent congruity of these stuclie:- in analomkal localization 
and differential sensiti,·ities to microwa\'e field characteristics, there nave been 
negative result:-: in three attempted replications at the i-ame and highc•r cmTier 
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freriuencies (296, 335, 358). In two of these sturliPs with anesthetized animals 
(2%, 358) concomitant hypothermia was not separately evaluated. So far these 
stu<lies have i1lentified several separate modes of possible interaction between 
microwave fields and the blood-brain barrier. There is evidence that low-lenl 
pulserl fields may selectively increase permeability at field densities below 
those significantly raii;ing brain temperatures. At higher field levels that rai:<l' 
brain temperature, increaser! cerebral blood flm,· mc1y alter harrier 
permeability. There is a third possibility that raised hrain temperature directly 
alters barrier permeability. The observed effecti; of thermalizing fields would 
then depend on brain temperature at the onset of irradiation, since barrier 
permeability shows a U-shapecl function as power density of a 2.45-GHz C\\' 
field is increased from 0.3 to 30 m W/cm2 (358). No clo:-:imetric data are avail
ablP so far on energy absorption from microwave fields in blood-brain barrier 
experiments. 

F. Hcs7u111.�1•s nf J\fa111111alin11 Orgn11i.�ms to Stru119 ("Ther111a/")
f;/ecl ru 111(1 g11et ic Field Sti 111 ulatio11

In genernl physiological responses to tissue heating by EM fields are 
idemical to effectF of raising temperatures by othE'r means. Many effects of 
microwans 011 the CNS are atti-ibutable to heating (61. 279, 301 ). Neuro
ph>·siological responses to raised local tissue temperature are basically two
fold: 1) dired effects on nervous tissue functions and Q) reflex effects operat
ing through sensors or trans<lucers of these thermal changes and then through 
effector m('chanisms in the central nervous system. Skin thermal recepl<1ri-; 
can respond to tempera( 11re changes of a fe�,- thousandths of a degree in a sPr
ond. Hypothalamic i;ensili\'ily to direct thermal stimulation e:-.:hihits lhr<'sh
okls for local temp<>rature increases of 0.5-0.6°('. Thi:-: central sen:-:itivity is 
consistent with incluction of altered circulating pituitary hormone levels (280, 
301) as discussed be)o\\'. A recent Russian review ha:,. criticizecl thermal models
of these endocrine responses, howe\'er, on. the grounds of higher lethality of
microwaves over identical intensities of infrared radiation (210), and has pro
posed that microwave fields produce "non thermal" effects that progress against

. a background of tissue healing (355, 356). Again, it should be emphasized that 
any e\'aluation of apparent differences between microwave heating and other 
thermalizing faclorn must consider specific absorption rates of enerp;y at the 
hypothesized locus of interaction, including possible frequency-dependent 
resonant effects discussed above. 

1. Thermal effects 011 cenl.ral and peripheral nervous functions

a) Intracranial a·bsorption of eleclromag11etic energy. Electromagnetic
energy absorption within the cranial cavity shows hot spots. A ·model of lossy 
spheres simulating brain tissue shows that these occur inside spheres with ra<lii 
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Tht> hypothe,.:i,.: of radiation pressure (40H) was clisrnunted by Frey {137). More
st 11di1•,.: ha\·t• p:,,;amint>cl tlw physical paranwters oft hlt fi<>lcl for a threshold al 
whirh tht• sound i:-: first Jll'n't•ivp1l. Sound perception d,·pt•tHls primarily on 1wak
po\\"er and also on pulse width (141). For 15-µs pulses at a 5/s rept'tition rate,
a thn•sholcl hl'l\\·een 2.3 anrl 20 µ.Jlcm1 for each pul,-:e has heen reported (G!l).
The incident energ:,· density for pulst'-perception thresholds in humans is 40
µ.,l/cm 1 and a ,-:1wrifk energy absorption density of Hi 111.l/kg, for all pulse widths
ll'ss than 30 µs (180). The thr<>shold e1wrg:,· can inrrl'aSP li,.:,-:m• temperalur\'
h:,· only 5 x 10 ,;oc. Ne\'e1-theless then• is a <:ochkar microphonic associated
'-\·ith absorption of thE:'se thresholcl pulses, indicating displat'l'lllent of tlw
ha,-ilar m€'mhrane (7!1, 8a. 84 ). A pressure wavl' J.!Cnen1tl'd h,\' a mierowa\'c
pubt· in di:-:tillt•d \\"ater is in,·ertecl bel\reen O and 4°C. clis,1p1wars .1l 4°C, and 
l'E:'apJwars al hi)!lwr I l'lllpt·nitun•s, in ).!ood a�reenwnt \\·ith the t emperal un·
dE:'p1•ndent dt•nsit_v of water (1::3::3). Pulsrd 915-!llHz mic1·0\\'aH stimulation
l'n>kes rpsponses in singlP auditory nerve fibers (�Ii'.;, 2GG) and in the medial
gP11ir11latE:' body (42!l). These data indicate that tlwrmal expansion is the mo-,:.t
prnh:d,lP 11wrh:111i,;m for auditory respoll:'-es (2(i!l), but this tht'l'lllOPla-,:.tic modd
n•111ain:-: t·onl roq•r,-:ial. Lt--lu1\'ilz (lli4) re,·ie\1·ed ,1'I Prnati,·e po-,:.-,:.ihilities and
SIIJ!J!(':-led that pul,-:ed micro\\"a,·e!' mig-ht produce highly localiz.Pd fi<•ld gradient-,:.
in till' irnwr t',-11" and elieit gPneratur potl'ntials. UsinJ! holography ted111iq11t•-,:.,
Fre:,· and Coren o:�8) were unablt> to dt-'tect skull morem<>nts that would lw
prerlirtl'd in a thermoela�tic- modt'l. Tyazhelo\· et al. (4:J4) ha,·l' examined inter
actions bet we<•n aroustie and microwa\'e pulse trains and found only partial
:support for a tlwrn11,t•lastie model. For pulses longrr than 100 µ-,:.,their subjert,;
1·t•p<>rtE:'d a qua lit at ively different i--ensalion fan apparent lowering of pitch) and a
shift in the ·apparent ,.:ite of thE:' sound souree in spat·e. Suppn•s-,:.ion of thP
srnsitirity lo a G-kHz HF signal b�- simultant•ou-,:. aco11:-:lie stimulation al
10-k 1-lz is "at ,·arianre \\'il h tht> simplest prineiple,; of the tlwnnoaroustir
hypothesis, ,rhieh ean hardly explain a number of obsen·ecl peculiarities
of auditory st>n:-ation near thre:-holcl."

d I E}Yrcts 1111 11cripheml 11p1•1:c and 11111sclc. Alt<'red eonductinn \'elority and
excitability ha\'l' heen widely reported for peripheral nerves, mostly prepara- > 
lions of frog sciatic nen·e, during CW and pul!'e mirrO\\·ave expo:.-ure (98, 235, 
3G!l). Molluscan giant n€'urons s · cl >ermeability to Na· and K' .,. _,/
· when exposed for 1 h to a 2. z an ... 5 W/kg. The neurons �
hyperpolari7.t'd lweause of. ·t i\'at ion of a sodium pump m hanirn1 (18). Aplysia 
gan).!lion eells exposed tc .5- or 2.45-GHz micrO\\-a\·e ds �bowed c1 thresh-
old for a �lo,,· chanRe in fit y rate at an SAR of7 1 nrl an SAR of 10 \\'/kg
for a rapid ehange (3H8, 4 , a ed froR sciatic 11E:'n'es to a
2.45:(;Hz CW field at ·an SA_R of 10 \\'/kg consistently lowers their survi\'al
lime to stimulation at high repetition 1·ates (50 pulse pairs/s). The time cour�e
of lo;;s of excitability resembles blockade of active transpo1·t of Na' ancl K�

. by ouabain. Microwav� exposure of ouabain•treated nen·es did not further
reduce survi\'al times. lending support to the view that relath·e. loss of excit
ability in microwave-exposed nenes may be related to an interference with,



Aflril /!Ill I 1-:1.ECTHOMAGl\t-.:TIC FIELD EFFECTS c,•.; TISSUES 

or counl<>racting of, the Na'-K' pump (291). There i,.: J.!Oocl edclence tliat these 
effl.'rt,.: on frog sciatic nen·es, cat :-aplwnous nel'\'e,.:, rabbit vagi, and superio1· 
cenical ganglia result solely from thermal effects, since their exposure to 2.45-
GHz fields in a temperature-controlled wa,·e guide 01· in a con!'-tant-tempera
ture bath was without effect at SAR!'- as high as 1.5-kW/kg CW and 2:W-kW/kg 
pulsed fit>ld (H�. �<i2). Exposure of isolated frog sartorius musde to a 2.88-

. GHz. 10-m W lt·m� fit>ld for 2 h causes re\'ersihlt• l'hang<•s in m<·mhrane 
resistance, capacitance, ionic conductance, action-potential \'elocity, water 
permeability, and aclion-potE>nlial configuration. Differences were also 
noted het ween ,.:ensiti\'ities of summer and winter f rog- muscles (a4f>). Reports 
of effects on intl':.:tinal smooth muscle are conflicting·. Increased pr.ristalsis in 
isolat(:'d ,.:t>gments of po:-;tpyloric rat gut has been reported during exposure 
to 9G0-�1Hz fields at an SAR of l.5-5.5 W/kg, possibly mediated by release of 
transmitter substances (287), but nu effects were seen in a replicatiun at 
1.0 GHz (455). 

-..!. Tltrr11wrey11lalnry. ccrn/iorcrsr11lcll', rr11rl e11ducri11<' 1·c•spo11ses 

With the acln•nt of techniquei' for measuring energy absorption in lissul',; 
clurin).! rnicrowa\'(' expo:-:ure (203), tht>re hai; been a car(:'ful e\·aluation of thermo
regulatory and 1_·elated re�pon!'es to high-intensity fields. Rat!; tolerate a 2.45-
GHz micnl\nl\'t' radiation inteni'ity-µrocludng energy absorption at a rate of2:l.;, 
mW/kg for a� lonJ.! ai' 20 min before �uccumbing to hypt:'1thermia (:348). This rate 
of energy absorption in a 400-g rat reprei-ents ahout 544 J/min, or about 5 
times the basal nwtabolir rate reported for rats thi,; size (251). The thre!'hold 
close for death tluring prolon1fed expoi'Ure, typically lai'ting 4-6 h, b .ibout 
2.5-3 times lhf' bai'al metabolic rate (:{4!1). Rats exposed to 2.45-GHz micro
wa\'f's for :�ti min al an absorbed energy rate of 116 J/min !'hO\\·ed an initial 
ri:-e in ·<·olonic and skin temperature, but 02 consumption, CO2 production, 
and heart rate were unaltered. At a dose rate of 16H J/min, colonic ai1cl 
skin temperature,; immediately after radi.ition were even higher but then 
dropped to bf'low normal for about 3 h. with metabolic rates also reduced below 
normal during the same period. Bradycardia developed within 20 min after 
exposure and al.so persisted for about 3 h. At a dose rate of 285 J/min for 30 
min, responses were similar to those at 168 J/min, but changes were more 
severe and lasted longer. In this group, bradycardia clevelopecl abrnptly about 
20 min after exposure, accompanied by an irregular heartbeat. Incomplete 
heart block occurred in many subjects in this high-dose group, but not at lower 
close rates, ancl <levelope·d 7-30 min after exposure. Complete recovery from 
heHrt block occurred within 60 min after the end of exposure (349). The 
investigators attribute the irregular heart rhythm to a central nervous action 
of the microwave field, possibly due to enhanced intracranial absorption of 
micro�rnve energy in rats at a 2.45-GHz field frequency (215). On the oth_er hand, 
the incomplete heart block m_�Y arise in peripheral rather than central mech-
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ani:<111,:, including direct damage lo cardiac conduction mechanisms, toxic agents 
relt-'asecl from heat-injured tissues, from changes in cellular Na• -K • balance. or 
frorn myorarclial ischemia. Altered S-T segments have been reported in the <log 
exposed to pulsed 2.8-GHz microwaYes at 165 mW/cm2

• This could result from 
myocardial ischemia (303). 

Enclocrinulo�ical functions are modifie<l in rats by protracted irra<liation 
\\'it h �.45-GHz fields that raise body temperatures (280). Mic hap Ison has also 
hyputhPsizecl that long-term, low-leYel effects of microwave radiation may be 
related to the general adaptation syndrome (399) through responses in three 
neuroendocrine systems, the hypothalamic-hypophyseal-adrenocortical s>•stem 

(H HA). the hypothalamic-hypophyseal-thyroidal s_ystem (HHT), and the 
sympathoadrenal-medullary systell} (�00). Responses in HHA and HHT ma>' 
be critical in secretion of the trophic hormones(] 15). It has also been proposed 
that different hypothalamic mechanisms controlling the releasp of g-rowth and 
th>-rotropic hormones are activated by temperature chang!:'s (312). In Michael
son',: sturli(•s. rnts wpre expospd without anesthesia at power den,:ities from 1 to 
io mW.'em1 for 1. 2. 4. or 8 h. After exposure. rectal tpmpe1·;1t11res were 
higher than in sham-irradiated suhjPcts after 4-hr in a 1.0-mW/crn� field, after 1 
and 2 h at 5.0 mW/cm1 , afler 2 and 4 h at 10 mW/cm 1

• and at 20 mW/cm2 for all 
durations of exposure. Except for rat,: exposed at 20 mW/cm2 for 4 and 8 h, 
how!:'\·er, none of the averaged rectal temperature!'- reliably ex<:eecied those o( 
sham-irradiated rats after 8 h of exposure. Exposure at power densities below 
10 m \\'/cm2 accelerated the appearance of the peak rectal temperature. Serum 
corticosteroid level!'- were significantly lower in rats expo!'-ed al 20 m \Vient for 
8 h than iri sham-exposeci subjects. There was alsn a significant correlation 
bet ween rectal ternµerature and corticosteroid ]eye] in the sham-expo�ed 
rats, but this became dissociated with certain combinations of exposure dura
tion and intPn:-ity of exposure that raised colonic temperature without 
increasing cortico�teroid leYels. Serum thyroxine levels decreased in rats 
exposPcl to 20 m W/cm2 for 4 or 8 h. Thyroid function was transiently stimulate<l 
by exposures at 1.0 mW/cm2 for 4 h. Growth hormone levels were unchanged. 
Polish ,,·orkPrs have also reported thyroid stimulation in male rabbits exposed 
to 3.0-GHz fields at power densities below 5 mW/cm2 for 3 h daily for 3 mo (28) . 

. Their results were interpreted as being caused by an extrat hermal mech
ani�m. but the e,·idence cited above points to thermogenic effects in rats at 
incident power densities as low as I mW/cm2

• Differences in microwave 
frequencies and animal subjects and lack of tissue dosimetry in these studies 
mandate further research to evaluate possible extrathermal mechanisms . 

. Conrlicting results in many neuroendocrine studies of micro\\·a,·e effects 
may arise in their essentially adaptiH nature to a stress that can vary in type, 

. magnitude, and rate. For example, gonadotropic hormone levels in rats exposed 
to a 3.0-GH1. field at 10 mW/cm2 al first increased ancl then decreased 18 h 
after exposure to either 1-ingle or repeated 1-h doses. Growth hormone con
centrations were not altered at this fiPld level, but under other irradiation 
conditions, its release was either stimulated or suppressed (304). Both de-
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creased (343) and increased (302) thyroid activity have been reported after 
microwave exposure. A decrease of 23% in protein-bound iodine and a 55% 
decrease in serum thyroxine followed exposure to 2.45-GHz CW microwaves 
at 15 mW/cm2 for 60 h. Dogs exposed to 1.24-GHz pulsed fields at 50 mW/cm2 

average<l power for 6 h daily for 6 day:- showed increased radioiodine uptake. 
With 100-mW/cm2 fields, there was inc;reased uptake 4 years after exposure, 
suggesting irreversible thyroid dysfunction. At much lower level:-, rabbits 
repeatedly exposed to 3.0-GHz CW fields at 5 mW/cm1 showed increased ra<lio
iodine uptake, with histological evidence of thyroid hyperplasia (28). On the 
other hand, rats continuously exposed to 2.45-GHz CW fields at 1.0 mW/cm2 

for 8 wk or for 8 h/day at 10 m W/cm2 for 8 wk showt>d no histological changes 
except those directly attributable to heat stress (�OG). The role of adaptation 
lo microwave exposure through hypothalamic-hypophyseal mechanisms is 
exemplifier! in the longer survival of hypophysectomized rats over controls when 
exposed to 2.Rfl- lo 2.RR-GHz, 120-mW/cm2 fields. Raised corticost(;'rone level:
after exposure to 10-mW/cin2 fields did not occur if the animals were allowecl 
to habill-M!-l:f'-k1.the te:--t situation for 2 wk prior to exposure (:305). 

Ca ta racloge11esis 

'-e-aspecf of inach·ertent exposure to high-intensity microwa\'e fields ha:-
aroused greater public concern than ocular damage, particularly the possibility 
of cataract formation. The subject is controversial. It is difficult to extraptilate 
from studies in anesthetized (and often hypothermic) animals to findinl!,-; in 
rad:ff-exposed. workers and others who may be occupationally exposed at hnr 
levels on a daily basis, with possible infrequent expo,-;ures to intense fields that 
would he frankly thermalizin�. Questions arise concerning possible cumulative 
effects of repeated exposure. There is also the possibility that mirrowan· 
cataracts may constitute a pathological entity, morphologically distinct from 
those induced by X rays or b�· longer wavelengths of nonionizing rarliation. 

The histopathological sequence in development of microwave cataracts in 
animals from a single exposure first involves lens fibers in the posterior 
subcapsular cortex (71), which are slightly swollen with small vesicles during 
the first 2 clays, On the 4th day, epithelial cells migrate posteriorly under the 
lens capsule from the equatorial region and show active mitosis. Over the next 
week, swollen "balloon" cells appear at the equator or in the posterior cortex of 
the lens and may indicate abortive at tempts to form lens fibers. Frum 15 tu 30 
days after irradiation, t �e posterior cortex shows nucleatE>rl cells, lem; fibers, 
and cysts containing protein aggregates and cellular debris. These changes are 
said not to occur in lens damage resulting from heating by nonmicrowave 
sources (71). 

· Cataract;; appear after exposure of anesthetized rabbits to 2.45-GHz field,-;
in the ran�e 100-300 mW!cm1

. At 100 mW/cm1 the minimal effect on lens 
structure is a milky band in the posterior cortex immediately adjacent to the 
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J 1osterior capsule. Fields of higher intem;ity prodtte(' permanent changes with 
f lt•llsl'r ha11di11!! and ,·aculation. The post<.>rior cortiral opac:ity nrny then extend 
lo tht• anterior subcapsular cortex 08:H. 

For sing IE' exposures, induction of lens opaciti£>:-- in the rabbit as a function of 
a time-intensity product suggest� a tlwrmal effect (183). Mort' interesting a:-
rnodels of hum:rn cataract induction are the effect:- of repeated subthreshold 
exposure. Oparities occurred in I of 11 unanesthetizPcl rabbits expo:-t>d to 20-i.t 
l imc•,; for l h to a 2.45-G Hz field of 80 111 \V/em1 and opacities appeared in 4 of JO
animals exposed to 100-m\\'/cm1 fields. Al 120 mW/rm\ 8 of 10 rabbits showt•rl 
opacities after repeated exposure, even though a sing)(' 1-h exposure at this 
i 11tensity caused no opacities (72), but small central opacities did occur with 4- or 
.f .5-h exposures. However, other st udit•s ha,·e not found evidence of rumulatiq• 
effects (17). At a lo"·er intensity, unanesthetizerl rabbits exposed to far-field 
Z.45-GHz CW radiation at 10 mW/l'm� for 8 h/ch1.v for 5 con�ecutive days a week
ftir K-17 weeks sho,,·erl no abnormalities G mo aftl'r Pxposun• (l:H ). For single 
a('ute near-fil,Jrl exposures, the• appar<.>nt temperature thrt>sholrl fur lens 
opacit if's in t lw rah bit is around 41 "C be)·onrl a n•rtain minimal duration of 
t•xpo,.;urc•. H""·t•,·er. opacitic•:- al:-o otTUI' from n•pt'atecl e:xpo:--ures al lower 
i11!t•11:--itie,.;, dept•JHling 011 duration and numbL"r of l':Xpo,;urp,;. Thi,; suggest,: a 
cumulati,·e component of micro\\·a,·e-induced lens damag<.> that dt>pc•1HI,; on tlw 
time-temperature histor.,· of the exj'o:-ed tisstlt·. Also compari,.;cm of lens 
temperature shifts produced by mean,; other than radiation sug)!'e,;t,; that 
micrnwa,·e radiation "appea1·,; to exert a unitllll' co1npo11ent of thermal stn•s,: in 
the induction of op;ieifir..it ion in tlw mammalian lt>n,.;" (H5). Opacitil's did not 
o<.'t'ltr in ra�hit:-- su bjectt>d to lonll or whole-bod)· hypt•rt hennia at -l��c for :30 min 
(2Gti}; nor did tht.•�· occur in rabbit eye,: e:xpo:--Prl lo loealizecl heating at the saml' 
rc1te to the saml:' temperatun.• for the same durntion a,: in t·atararlogpnic 
1nitTo\\·a,·e Pxpo:--ure,.; (7:{). Thus micro\\·avp cataradog£'11esi,: does not appear to 
Jje sok•ly a lhPrmal effn·l. Only limited data are an1ilable on miero\\·aH cataract 
induetion in humans. Although some of the:;e studies in,·oh·ed exposures at level,;· 
similar lo tho:::I:' used in animal experiments, others may han' imolved 
e:-;posui·es from micro\\·aye o\'ell leakage around I m\\'/cm1 . with le,·els around 
90 111 \\'/cm 1 with the door open (466), but the causati,·e role of microwa\·es in the 
latter cases remains controYersial. 

I\·. RE\'JE\\' OF J\lODELS OF TISSUE lNTERACTI01'S 

WITH ELECTROMAGNETIC FIELDS 

· The molecula1· biology of interaction!'. with EM fields reviewed above point,;
to phase part it ions al membranes of cells and organelles as 1wohable sit f's of 

· ti-an:-ductive coupling. E,·idenre that membrane surface glycoprolC'ins with a
.polyanionic st ruct u1·e might function as i;eni;ing i;ites for wea_k fields is also 
<iiscussed. ThC'se concepts haYe proYicled avenues for evaluation of lo\\·-leHl
interactions i.n the brain. The same precepts may apply in oth<>r lis,;ues.
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If we com-:ider further the possible sequence of events in the coupling to 
cells of weak EM fields in the fluid surrounding them, and ways in which they 
may bP effective as triggers to excitatory or metabolic processes, our 
speculative options narrow rapidly. Intrinsic oscillating gradients of the order of 
100 m V /cm in extracellular fluid, typical of slowly oscillating gradients in brain 
and other tissues, are clearly unlikely to be effective in directly influencing the 
· normal transmembrane potential of 10� \'/cm that exists over approximately
40 A in the transYerse dimension of a plasma memhranE'. Therefore, we may
anticipate effective coupling of these weak fields only through one or more
mechanisms capable of "amplifying" the initial trig�ering graclienl. If these
mechanisms exist. they must be sought· in the hierarchical organization of 
membraiie ultrastructure, probably beyond the le\'el of indi\·idual macro
molecules and certainly within the vista of the separate but interrelated struc
tural entities that constitute phase bounclat·ies on an<i within cell membranes.
Membrane surface glycoproteins behave as a longitudinally organizecl (though
imperfect) biopolyme1· sheet that encodes the memhrane in length and in area
(1 lH). This contrasts with ionic transport channels organi;wrl in a transmembrane
axis (:31:{J. Hoth structural entities are characterized hy polyanionic charge sites
inn,lved in cationic bindings. Each has been assignt•d a unique role in muclels
that purport to explain aspects of low-level fielcl interactions at "athermal"
energy levels. \Ve ha\'e reviewed mech;misms at the molecular le\·el knO\\·n tu be
the basis of coope1·ative processes, inclucling coherent states bet ween
macromolecular fixed-charge sites (3H7). For cerebral tissue these also include
molecular mechanisms suspected of i1n-olvement in the genesis and transduclion
of low-f requency eleclrical oscillations at cell surfaC"es, phase transitions in
dipole organization of chat·ges on glycnprotein:,; (In), or through limit-cycle
phenomena (149. 220). Partly as pointers to future research. it is now
appropriate to l'Ollsicler experimental models that rest on somewhat higher
levels· of cellular morphology. while retaining essential a:--pects of the molecular
organization discussecl above.

Pr{'fiminary models of some "nont henna I" transmembrane effects of radio
and microwave fields have c-onsidered effects on equilibrium concentration
of ions on opposite sides of the membrane (30, 350), estimating by the use of
the nonlinear Boltzmann ·equation shifts in ion concentration and magnitude
of current flow resulting from membrane rectification. In such a system, where
charged-particle concentrations vary in space, and if there is no net current, the
field-driven drift current must. balance the diffusion current, so that a potential
barrier is formed to maintain the concentration difference. Where an oscillating
field is superimposed on this steady potential at equilibrium, even small values
of this· alternating field ·will shift the equilibrium concentrations. Numerical
suqstitution in this model shows that an incident field of IO m W/cmt produced
a_gradient of 4.4 V/cm across a membrane enclosed in an a4ueous dielectric
medium. This corresponds to an electric gradient of 9 µ.. V acrol>s a 200-A
membrane, with a concentration shift of 1 part in JOR and a flow of 400 ions/s
for a cell with a surface area of 10-G cm2

• Proponents of these models emphasize

.. : : 
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Thus the sum of observations and theoretical constraints does not favor a 
<lirect tram,c htl'li\'e coupling of such weak extracellular fields across the plasma 
membrnne, with its extt·emely high electric gra<lient probably 12 orders of 
magnitude greater than these extracellular fields. Some form of amplification 
of the initial tran!'-ductive steps appears essential. We may ali::o pre!'-ume that 
if this occurs at an extracellular location, it invoh•es systems capable of 
integrating the weak field over some distance and would thus occur in the length 
and an�a of the membrane surface, rather than in a transmembrane axis (5). 
Einolf and Car�tensen (121) addressed this problem in a study of the behaYior 
of micrnn-sizecl resin particles considered as porous particle5 with uniformly 
<listrihuted fixed-charge sites. Their morlel extends an earlier formulation by 
Schwarz (386) that consiclerec! the mo\'t>ment of ions along the 5urface of solid 
(ratht>r than porous) colloid particles. At the surface of the particle, the 
boundary region is characterized by a very larf!e, radially directed static 
fo,lcl \\"ilh a corresponding radial variation in the distribution of mobile ions. 
Maintaining this distribution hai:: the effect of requiring the ions in the boundary 
layer to mO\·e in a path tangent to the surface of the particle. Porous charged 
particle!" are characterized by a low-f requenc�· dielectric relaxation leading to 
large static dielectric constants. A final result is polarization of the ionic atmos
phere al the surface of the particle in the presence of an external electric 
field. This produces an additional "appa1·ent" dielectric constant of the particle, 
exceeclin� the actual dielectric constant by several orders of maj;Tlitude at low 
frequencies. The magnitude of the low-frequency dielectric constant is pro
portional to the size of the particle and the square root of the fixed-charge 
concentration in the porous material. The relaxation frequency depends directly 
on counterion · mobility and is inYersely proportional to the square of the 
particle size. The effective dielectric constants of micron-sized ion-exchange 
resin particles a1·e as high as 10� at frequencies below 1 kHz ( 121). Similar 
properties may be expected at the surface of tubular structures with diameters 
in the micron range, including dendrites with polyanionic glycoprotein 
surface layers. 

This morlel proYicles an a\·enue for future research into the hioeffects cited 
abo,·e in which it appear:;; that thermal noise at normal tissue temperature is 
substantially larger than the tissue components of the imposed electric fields. 
·For typical C(!nductors in the biological temperature range, the Boltzmann kT

noise is of the order of 0. 02 e V. This expression, however, gives little concept
of the extent to which electric gradients in tissue may be established by thermal
atomic or molecular perturbations, nor of the way in which components of thi5
noise may be transferred to distant sites within tissue. In metallic conductors,
the transfer function for thi5 noise energy has an essentially infinite band
width, a condition that does not exist in tissue. The transfer function of thermo
electric noise in tissue has yet to be studied. However, a tentative model
(loes offer intere1-ti11g points of resemblance to observed neurochemical and
behavioral thresholds (38). Data from the study of Einolf and Carstensen (121)
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incliealt• that ionic concluctanel-' along a memhran1:> surface in thl-' counterion 
J;,_,·,•r l-'\hihit,-: an in,·(,r,;p frequency dc•pP]l(ll-'nce and limited band\\'idth. chH• 
to thl-' ,·ery hig-h dispprsiun dielectric constant in this Will'. Tlw Boltzmann 
equation may be written in terms that model the tis,-:ue in this region as a low
pass filter 

e 2 
= 4 kTHU 

where the tran,;fer function for the root-mean-,;quare noisl-' ,·oltag-e e i,; a 
fund ion of tht• frequenc:, bandwidth R ,rnd the s1weifk resistann• of the noi,;p 
patlrn·ay R. \\'ith a specifie resi,-:ta11t·e · for brain t issm• of the order of '.:300 
n ·em··' ancl an effrct i ve frequenc�- hand\\'iclth from O to 100 Hz, t lw equi,·alt•nt 
noise H>ltag-t• ).!r:tdient ,,·ould be ofthl-' orcler of 10 "V/cm. This dosely agrn�,; 
\\'ith obsen·t>cl sensiti,·ities in marine vertebrall-',-, bircls, and mammals fur 
ct•1t,1in low-freq1wney fields. ancl these thresholds are consistpnt ,,·ith a thermal 
"flour" as th!' limiting factor. 

Fut lll'l' n•:-:1·,11Th on t isst1l-' inte1·artio11s \\·ith ,,·<•ak Efll fi1•lds ma�· takl-' 
at·1·11u11t of tlw,-:t• and rPlatl•d modt:>I,-:. Till' disclosun· of till' "\\'i11d11\,·l'tl" ehar
act er of man�- important interaetions, particularly tlwse \\'it h Ct>nl ral twnou:-: 
tis,:ue. arj!ui•,: in fa\'or of sy;;tem transdueti\'e propertit>s that are eooperati,·p 
and thus notwquilihrium in charaetel'. No clear basis ha,: yl:'t bePn e:-:tabli:::hPcl 
,:ct ruc·turall.r or funetionally for either the frequency ur amplit udc> charaeteristies 
of these windo,,·s-,,·hether, for example, it lie:-: in phase transition,: or limit
cycle phenomena as substrates for the obsened fn•quency ,:ensith·ities or in 
proton or electron tunneling: phenomena that might be the basis for n•
:-:t rieted-amj,lit ude "·indO\\'S. What ever basis may he found for t h!:';;e specific 
inte1·aetions, cutTl'nt re,;earch increasingly emphasizps thl-' importance of ampli
tuclt>-mocl11latinn characteristics of raclio,Ya,·e and micrcl\rn\'e fields in <il-'tt'r
mi11i11g patt ems of tissue interact ions. \\'it hout modulation at frequencie,-: belcnr 
I kHz. and for the t·entral nerrnu,: systl'm belo\\' 20 Hz. biological ,-:en,-:ith·ity 
to these fipJcls drops ;;harply. anrl \'irtuall�- all obsen·ed effects of unmoclulatecl 
field:-: at these frequencies appear to ha\'e a thermal basis. As predicted from 
physical con:-:iclerations. il is only in the millimetric-micro\\·a,·e and far
infrared region,; that direct molecular resonances are nu\\· being- detected. 
·Disclosure of sensiti\'ities to modulation patterns may al!::o offer \'aluable new
tools for understanding system aspects of molecular biology and membrane
ultrastrncture. With increasing public awareness of the e\ponential increa:-:e
in en\'ironmental le\'el:-: of non ionizing EM radiation, it is urgent that an under
!:'tanoing of biophysical substrates of the!:'e tissue interactions be reflected
in a rational approach lo public health and safety standards. It must also be
rem em bereo that premature imposition of restrictive regulatory measures not
well founded in scientific obsenations may unreasonably impede develop
_rnent of valuable therapeutic applications.· 

Many tissue interactions with weak EM fields discussed here are consistent
with highly cooperative processes. Manipulation of these fields in the fluid sur-
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roundin� cellular elements has shown this technique to be of ,·alue in a fir�t 
approarh to the baffling problem of cell-to-cell communication. For some cell1-, 
effective electrochemical oscillations are weaker by orden; of mrtgnitucle than 
those necessary to depolarize the cell membrane pott-'ntial by a direct influence 
on equilibrium phenomena that maintain it. Future research will cloubtle�s 
determine the full significance of cell m�mbrane surface glycoprotei11� in sensi
tive nonequilibrium processes that mediate i-ome forms of communication 
between adjoining cells. 
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!,1 11!/''•·ltr 1 '1, I,/ .. . 1·•hh·1l Ii) ,-1 F lt:.1 1 1  .. t h) .  t,:,-\, y .. .-l. 
l'l1·1111m. t !111 ,•1 . , .,I_ t. 1' :!◄ l - :!:,!1 

CM J H: 1�1 ·H i-: t : .  f l .  E .. At-:1• ,·. u 1n::,.:o. �111·,·n\\ ,l\ 1 • 
t·rwrl-.'Y fli�I r-il•ul i,,11 nw:.�u1 .-mt·ut:-: i11 1'l'l •\.11nhy 1 1 1  n1.111 �"' ' 
t h1·it pral"l lt'al atppl1<·.1t ion A n u  ,\T A, ,u/. ·'"'· 24;; ◄i:t-
4>41, 1!-li;",_ 

-4�. H E l .1 tl��1 t\·. H. I' . :-;t .. ,m t••f••r.-1 r,1i l i :1 1 .  n1,•1li1-.in ,.a 
In- ('ollrrt ,  . .  ,1 1,f A l,,ct.-orl!r 11,1 l(,1d111,,,11, ,\frdw1 1" 
M1 1  . .:1•11\l·: M ... IJ,."i1.. 1 !1;,!t. I'· 1 � ;. 

�.u H E M .  I> . .I . ,s, ,  11 1·nz.,�h .-\ Th,· i,, .. 1111,·,:mt 
�,-..rn• \\ .. 11( I • .. 11-.t :, t1t 1 U•I\': � (" .... , . .. , U•I ... ,,r 1·lt•d 1'11nl:1cn1 l it· 
t'l iolnJ,.,· . Jn · H,,.f.,:11111I f."ni rl• uf l." l, ,· r , , .,,,u!I"''"' \\',1 1·, · 
.-,t 11 1 ••I I•� 1 · 1 · .l,,h t1!'-11t1 :nul �t I. �hu1 ,•. H1 1.-l1\·ill1·. :'-I f \  
J-1111·,•,111 11( H,uhuln1,�.-.d l l ,·:1 l th .  U E \\' J •ul , I .  ';i->-Hl fl . f •· 
2M.1 -2H!I 

�,I .  JH:s � •:rr. �1. \' 1.. El,-t·lf•ul,t('.ttit,n in fi-.h . ..\ 11 11 .  ,\T 
Ar11rl Sri l >o-: t4t-tli�. J !t'; I 

:',:! H E � � E1T. M. \'. I.. El ... r 1 1  .. n·n•p11u11. In .  1·, .. 1, 
i'J,�,,ulu911 .'-�,,...,,,,, Stq1 Ill� (IJ,1/ l:h rlr1r f fry,r"·' · 
.. rli1 .. t1 by W. S. H11.-r 1n1l )) . .I. R ,md all . ?\f'w York: 
Ar.t,lt·mir. Hli l , ,·ol. �- fl. ◄!1:C- :\';4. 

f>:!. llf: H t i M A :.. :-; ,  K . .  M. 1: 1 , ;f: � .  ASI •  I . . l l f:M . .\ f:H: I : .  
1 >i••l1·k t ri�·h1· 1l,•l:,\kl i11n 111.: F11f�1• l'h••mi"·h,•r H,,ht,:.t iull. 
Hn·. Hum�r"!I''" · l'h r . Clt,m. 1)7: )( J !f- k'..!fi. J !-#i:t 

r"4 . HE llTHOI.J'I. l'. Mii.�T.t1inn: cunt1·11l ;m,I n, .. t:.hulit· 1•h� ,-. 
iul11l-.'Y · In: A 1·i,1t1 R,,Joyy . ... lit .. •I t,., l l . S. F.irnwr. 
.J. K. J\inf,!. anti .,;. ('. Puk.,,:, r,;., ... \'urk: Au<ft-mit-. 
l�i:,. ,·11I. r-i. I' · ';i - 12M. 

�- l! I IA l ' M I K , 11 .. K.  ll H A l 'M I K .  '""  H. l l l 'lTA H< >\  
On 1h,- f • 1. .. !'-iliilil}' ,,( lt. l!"'I" n ,11,l.-1 ,-:11 11 , 1 1  in  lh1• .,"·11 .t · 
1i1111 of f'uh,·rt•lll m, .. h·!- in t.i . .  101,."lc-.il i.y,.tt•n11,. l'h.11., .  
/..rr,. MiA:  I C:',- I◄!<. 1 !1:1i. 

5/i. 111 .Al'K M A S .  c ·. r . .  S. 1:. ll f:SS.� S f: .  l '. M. 11· 1. 1 1. .  
,.,_.,, .l. S. A 1 . 1 .  t:trt-t·ti,; ur n1111iu11i1.i111! ,, l.,<'l rom:.i•·u•·tic 
nrl,:.tl inn c,11 �in�l•· ·c.,11 hiol,,l!i<· ��·,:tt•m.:. A ,r u .  �T Arm(. 
S.r i 24i: :t!� �  :Uilt. J �-;;,, 

�i. Ji l .ACK M A � .  ( ' .  r .. A�l l -1. A. H I .A t " � .  Mra .. ur,·m•·lll 
uf n1irru..., 111  , . r;,1;•l1:.I i,111 .-1, .. ,,, 1.,.., 1  1 ,y f. 1,,loi1•fr 1-,·--11•111-- :l. 
An;llyoti., of I ),," :n,ft,u•k ralurimdr� . l<,1,/m Sri. 1 t. �Ul 'f'I 
�: �- 1 4 .  ·�;;, 
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91. RI .ACK M A N . (". S .. J.  -'·  F:l.l ll:R. C. M. Wt: 1 1.. S. G. 
,n: ,-; s .� N E. fl. , .  t:H " H J Nl;t:11. ANO ll. t:. Hnnst:. 
lhtlu.-ti1m .-.f ulr-iun1 tl',n .-fflu� from hnin li,:..�u<- hy 
ra,ho frf't.tUf'nr)' n1li1tion: t-lTf'rltc of morlulatfon frtquf'nC)' 
•"'1 r..ld ,tr,ngth. lludin !'d 14: !tl-98, 1979. (/•I. l/•i"" 
of Rndin Sri . .  s,m,p. Bi,t<ffut• of i;lrrtmmri,,,rtir Wn,.,•. 
"'""'" ' ""'""· Dr. 1�:-1. > 

59. R l .�1-K M A N, r. r .. M. C-. SUR I.F:S, ANI> S. G.
RE�� AN E. Thr trft'<'t nf mkro"<A\"f' t'l.poi-urf' on hartrria 
muu.t iun iudurtion. In. H,,../ug1MI l,,Jf,•r-f., n/ F:l0·rlrt._ 
,.,,.,g,i,l1r lrnt•r.111. f'fl11t•tf hy C. C. John!'on and M . I .. 
Shorr. Hn('k\·illt'. Jtt()· Rur.-:111.1 uf R1riiolo�ic-al Hulth,
HEW Puhl. 7i-ll{JIO. 1�i6. r �'"i-.f l :J. 

60. R I . A t-: EM 1 HU: . H I'. Maru .. totutir h11ch•ri1. Srir11r, 
I�. :tii- �i!'. Hr;:,. 

6 1 .  R I . H a t .  .I . Ph�·:-inl11..,Tln• I ft-P:111'""'' ltl hl'Ml. In: F",md11-
,,.,,,,,,, m11I Appl 1,rl As,,.,,, ... of •"·,111 - ln11i:iH9 Rnrl111 -
,;,.,,. l'r•'lt'. H,t<lt,,ct,. , /111. ('ouf l.',n;rutt w,·ut,1I T11r;. 
, .. 1,.�y. R .. ,.1.,11trr. i\T. 1 .0;-i, tili1 .. ,t hy S. M. Mich,u-1:'ttn. 
N,,..., Ynrk: Plrnum. 1!1i;,. fl. 14 '.t- l f;.t, 

62. 11 1 . t ' M UITH.� l  .. I< . .  J .  I'. l "HAM;E U X .  Al<II II. 
LEFE\" E H .  Mt'n1l1r.tt11· r:,i;c-1uhili1y and di!-:l'ir,.tth·,· in
>'hhilit it•'"· J. }.f,mh,· R,,.f. 2: �51 - :ti4. l!litl.

6.1. fhU 11-\"1 A r,.;' .  M A .  Tht• �tL""hidty nftht.• h,m1in.z pif1•n11 .  
C,Wu ,ul,1,1 /win . t , ,  :1111 1•;.11ih :-1;tr.-n1t1.h m■�nf'tic fwM. 
.\",tlhrr l.u11tl,m :lti;; !Utt- !4◄t. 19;7_ 

6-f .
. 
R l<nH E t i R .  P. 7·11, 7.npJ""9 of A mn,"rn, � ...... \"m·k: 
t-:11t1 . . 11. ,�;;_ 

65. Rl 't: t "HE. I-'. J,,,,-,,d,,,-,,,,,, In l'lt rirx.fur sr;t'"f;K1111 ,uul 
f.,,,'ttg u,,,-,.,.._ N•"'· York M,.(:r;1\,·. 1f i l l .  1!-Wi�. 

66. Hl1LI.Ot ·� .  T. H. El1 •1·1 ru111:1�ndir :,.:t•11:-1;i 11..:- in fi,.:h.
,\',,,,,.,,,.·, R, . .,_ rm9m111 H1ill .  1.i: 1 7 -2:!. Hr;-;_

67. fH ·:-:._...:.t. H. t:. A i-11,4ti;1I pt-rioili,· h11n111�Pnt•ouic C"ht'mirii l
ruct ion. J. Phrx.. lltr-m. -;:1. ;.:;o, 1 !-.i9. 

�- 1 ·.\ 1 ,-; ,  I " .  A .. M .  '1. ,Ht: :-. .  i; _  I.. I .AM.  •'"' .I .  
MUI . I . I� .  Th(" vi:--t-.1tn.-t,·k t h1·Tm•m'lt•lt•r. I n :  Tit,· r1i 11:-•, 
io,/ /111 ,u_.. u/ l-:l,:r1r .. 11111911rllr- lt,trnh·f1, .,,x. l\"itl, H,,.. 
ln91rnl ..... ·11-•trml!f.  1·1l1l•·tl b,y I. .  S. T11t� lur ..tn,f A. Y.
( "h1·Ulll: t "nllt'Rt' l ':.tt·� llnh·,·,·�:. i1 y u( �h lr.\"l.t111L l�ij, 
p 2�:, - :ll IN. 

t-!1. ('.-\ I S .  C ' .  A . • ASI' \\' .I H Js....:�t A � .  �1knl\\ .t\'t• h1•.iri11� 
in }'11�111111111..: at :'I.ti < :  H1.. hi: Hwl1111•r11I 1-a,,·,·t.,. •f l-.'l,•r11-., . 
'"'''1"rl"· U-,1 1.,. .... ,-.lilt•tl h�· C '. t" . .fohn-.;1111. an,J J.1. f .. 
�h,,rc- ltork,·illt>. M U: Hun•.tu or H1uli,,1, .,._,;<•K1 Hult h. 
HE\\' Puhl ii-HOIU. 1µ;,i_ fl. 'i�-� 

70. ("A H .�Ftl l . l .  t-:. Mit,it·h,ul41ri:d C"aldum lra11..:111,r1 ••ul
ctkium bitHlin� r•rulf•in-.;, Jn: ,\f 1lurh,ur1frin . .-tlit .. rl h�· I..
P1,H'k1•r ancl A. Gnrm•t-Puy:,,u. Nf'" York An,1 .. mi,·, 19it;. 

7 1 .  t · ." H l ' t-:�Tt:n. R. Hi..:1np:.tt holu�t·,..J rh•nJ;!t"i- rlurinl.! 
1h•\ t>l11pmrnt 11f mic-nt\l.')l\'t• r.tt:,r;1rt...:. In: H,,J,,y,rnt F.'IJ'rrl.,,: 

• n 111I ,\tr,,11,, r,·11,,·,1t '!f H,,rf,,. l'rrqur11r11t.\f,rrou•1tv.'C, 
flli1◄·rl I,� IJ. G. H:t�rd Rodc,·i1lr. M U: RurH u nf R1rlio
l11,::-intl H,,,.hh.  HEW Puhl. 7f-Rl.r,!f;, 1 977, fl. 3M.

72. t"All l'l·:Nn:H.  R .  I. . .  t:. S. n: 1111 1 .  A!<I.I C;_ J , HA r. A N ,
A :-.....:r!l-..::inl! mic-ro'l:a\'�,: a....: I h•uu, I  t n  tht- f'Yt'- J)ntJ,!l·t-,:� 
aM pr11t,lf'm:¢. In: Ri,,l,,g,, Eff,rt.,c muf llrn/tl, Hn:n rd.• 
n/ M1rtmnw, Rnrl11rf10,r, �itt>rl hy P. Cunki. W■fll.a"': 
Po1L0h Me,I. Puhl. , 19,◄ , p. 1 7R- 1R';.

n 1 ·1.n l 't:Nn:n.  R. 1. . .  G.  J. HAG.�i-:.  ANo r..  1 . .  
lk 11'0\" A N .  A r� mit'row-t,·t" cata ract!-- tht•nnally C'Ul't-d? 
In: Hiul,,g,·rttl EJ}rrl$ rtHd M ro•ur,,,,,,,, ,if Rntlin 
Frrqurt1rl(l.\f 1rr11H•1 1•,.'(, t"41i1t"cl hy n. G. Hau.:.n1. H,,<"k• 
•·ill,·. M l >: llur,•11 nr R•diol,.iz;,-1 lj .. hh.  Ht::W l'uhl. 
r,.f,n..!r.. 19;;, 1•- :t�-=n�. 

74. CAVA l .n: n .  R . ,  �:. C', \'IA("OTTU. ASl.l ll. MONl)l l\' l ,
�lnl l\'f' hf-at N'n:(ith-it�· nf  C11N'"r rrll..:- hior-h .. miral 
■M chniral ��u,lit-Jt. ('o,,.r,r 20: 1�51- J:lkl.  1!-16i. 

7S. CETA�. T C A birrfrint:f'nl rryiet.at uil(ic■I lh1·r
momt>tPr fnr rn,·aicure-m,nt:t or .. i.-r1 rnma,:n1•\ir-11!� 
indU<Td hul in.: In: H1olo9irnf ��·ffut:-t 11/ f;l,rtn,m11v,_,1, •. 
14·,,,., •. f'ffitt-rl hy 1·. C. Jnhn,-;•Ni .and M. 1... �hun•. R1J11.-k
.,.i1Jt. M il: Rur,-■u or Radinlo1rkal H,-1lth. H EW Puhl. 
TI-MIO. 1976, p. 331<-:I◄�. 

76. CF:TAS, T. ('_ Thtrmom,h·y in 1t\run� t"lrrtrirm;1�.,.ttr 
fltkh,. In: Tit, /'li�•irlfl Rn•i• oJ £'lrrtrumngn,tir t,,,,,...
odinn, 1r1tlt R,ulnfl'rnl Sr . .trntl. �rlitt'd hy I •. S. Taylor 
and A. Y. Ch,•unr.. Cullr,-, l'ark: ( :nh ,r:-1;ity of M1ryl•ncl, 
J9i7. r. 261 -:!tt:!

n. ctn:RNO\'t:T7., M. t: . .  U. II, JIISl'ESf:t,; ,  Al<U "· r. 
OKE.  A lPrat1�111.,in1f ,tu,ly o( th,• rlll; micr,,v.·N\"t' l!UI
infn.tt"II ra1lrnt iM1� tompan"il. Rnrl111 Sri. 12. �uppl. ti: 
t91 - 1 9i, 19ii.

7�. ("H f:t l:-,;(;_ A . • H. RASSf:N ,  M SWlt 'l l l : 1 1 , ASI> 1 1  
WITTERS. E,Jlf'l"imt'nlal calit,rat l,,n o f  • mini:.ttun·. 
Plf'C"trir fi,·ltl 11r11I� v.·it hin 1>imul;1t,•rl rnwq•ular ti�i-u,•�. 
In: H111f119,rnl f�:(i'rrh '!( f,'l,r-truu11,1Jm·tir u·,,,.,.s . t-i l1tr1I 
i,y ("'. ( ·. .l11h11..::nn anrl },f. I . Shr,tt• . Hurk,·illt". ,1 1 J. 
Burt>.iu uf lhrttolntin1I Huhh. HJ-: W  f'uhl. if-�tlU. 1!,l';'1i. 
p. �l4 -:\:!.. 

7�. C-H<ll l .  C-. -1; . ,  ll ( ; ,\ f .A M lll lS. A . \\'. (; { ' \" .  ASI• ll. ll .  
U t\' E I .\' . ( °11<·hl"xr mirruphonir� l{t-lll' r.tlt-41 hy mM·1u
•·,"·• pub,1•..:. J. ,\furm,.,u·r J-111,.,..r IO: :Ui l - :Ui7 . l !i;:", 

�). [Hot'. l".-� . .  A�H A .  W. C : t ' Y .  t:ffrC"t u( mi,-ru\l.,◄ , ,  • 
firlct� on mU!"f"l1 • (•1 1nl r■cti,1n. In: J•,.,., . . \f,ri•11,n1,._ J•,.,,.,. ,. 
SvwJ, . • l '11i1-,.n11tr '!f U'ntrrl,,..,. (h,t,,nu. ( 'u11ml11, ,�:-�. 
p. i�-Hi.

� 1 .  r ·Hot'. <".-� .. .,s,, A .  W. ( ; \ ! \' .  Ca,·h .. 11 1-l1"1"tn11 lr:o- r .. ,, 
chn,nk E E • ;  rt'l·,,rclinJ!'.: in mi,·rm\"N \ 1• rt·�·1i1n·h. 111: 
rr,or /11t. f ",,io" •!{ H11d111 S.r-i . . St°'I'· H1ulu9i,ol 1.)J.-r,,. 
of 1;1utrm,inr111•·l1r l\'n,.,.<, /\ir/u . \" . ..\ .,, : : . fl. 1 1 .  

It!. C"HOt:. (' . -K. A.SIi A. W ,  l ;\ 1 \" . Qu:.tnlitxtinn of mirro
'-':a,·.- hiulu1..'l1·.◄t ,·ffr,·t:,.. In: Hiul11g1,•11t F:.�Jrr,,., 11 1111 .\tr-,, .• 
1,r,r,u•ttl:-t 'if Hotf,., F,·,q i,rurl(l.\f ,,n .. nu·r.<. t'flitt -tl hy 
I). ,;_ U klZl"'l H,,i;·k\ il11·. M l ): ltun·kU ,1( lhulinl1,,:it·al 
l lt•i4hh.  H►:w l 'uhl . ii-Mlr,!fi. l �l';'f , p >c 1 - 111:t. 

l<I, ( 'Hot· ,  ("_ . !; . ,  A . II' . C l ' Y .  • �I> I(. 1 ; .� 1 . .u1 1u ,,;_ 
M 1t·;ow11,·,, i111h1,·,••I au,hlnr� r1•i-1••U••••rnc:·hlt•:11· n1in °1-
phnnln�. In: H1ul11!t•r•1I f,'�1r,·h '!I l-."lr1·r 1 1 to1111c111rli,· ll"11 1•,•s. 
rrlit .. 11 11�· 1 ·. (" .fuhn••m Ntlll ,,1. I.. Shuh•. JC.,,dt\'1111•. 
M P. Hur .. .iu of tb1ll ,,lo�ir.tl H1•;th h. H EW l'uhl. f-;.J,,OIU. 
l �iti. I' t'� - Ju:t. 

II◄. CHnt•. ,.-Ii: . .  I W r.u r.  ASI> R. 1 :A l . ,\�l lll lS ( "h,o·. 
actt•d1-t i..-,;: of mi,·n•""•\'l'•iu,lun•d ,.,.,.,:hlt>ar mia11phc111i1·s. 
Rnrli11 .<:ri. 12. Sup1tl. ti. 2! 1 - �i. 1�"7i . 

· 85. Cl . 1-:AR Y .  �- f. Riol11Jiul .-fTrc-t� of mi1 1·1n, ;4,-,- knd rwli ... 
frrqut-nc-y radixti•m. Cnt. R,.,._ f;•, r11·,111. C.u,, ,.,,t I: :l:'l"i' -
:trlli, 1 9711. 

,-;, CLEARY.  !i. F. �uney ,,f mic·ru"' ..-, 1• and ra,liofr�ut•nry 
biol1,xfr•I tff.,.cl:s. In: Tlir 1•1,��ornl Hn!f,.'f t�f ElrC"lno• 
n1ngn,ti, 1111,mrtin"w. H•iflt H1 ,,ln(Jl((I/ s,,!t,,,,,,., ...dit .. ,1 hy 
L. S. Taylor 1"4'1 A. \'. ( 'h4•UUf. CttlJ.,�1• l'•rk; l'ni
nn:ity of Maryhmd f'rps,:_ J!Hi. f'• I � :t-i . 

87. ru:ARY.  s . ... .  AHi.i R. 1'. WA:-,;I ;01,1:-,;s,  Eff,-·I 
or mirru\l. l\ r ntdi•tion o" f"'Olnb�rhit11l-in'1un-.rt ,l�pin� 
tim,. In: Riulugirnl F,ffr(l!t nJ F.l,rtr,m,11q11rll(' \\"nrn . 

. if'riitt>rf by C. l'. John�on an1I �- L. Sh1,rt". H,lf'"k, ill,· . . 
M l >: !luruu or lladiolo�ic•I Htalth, Ht::W Puhl. 77-l<olll, 
1 976 , p. � 1 1 -3:!2. 

AA. ( "01 .E,  K. S. f'n-mt"ahilit y Nn1f U'l11 .. ·nn1•;1l,ility nr ttll 
nu•mbrant"tt f11r ions. ruld �P""JI Hnrh,,,- Symµ. (Jun HI . 
s; .. , _ ◄: 1 10- 12'.!.  1!1-111. 

R9, C-OOMIIS. J. s .. I>, R. rl' RTIS, ASI> J. \'. t:rcu:s. 
Thfl' f'ltttrir- tf"IUJl.tant..:: of th.· mu1,m,•urun1• mf'mhnuw. 
J. Plt1•1nl. U1 11tfmt 14�: w:,-�. I���-
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( 'OJ'E . r. W H11 1l, 01,.."ln1J l(t'll� ill\'II�· In " l'Jtk m»,-nt·tiC' 

fi,,1,1 .. ,tu,, l o  hi,,lu.,. .. w;,,I :-uri•••rn,n«l11rti,·t> ,J,�t·ph�nn jun,·• 
tio,, ..... 1 '" 11,,;.i,,I ,•1,,..,, /'h rlf t1: Ji:1- t iti. 1�7:t. 
C 'KA� .. . E . lhu•t1i,,11 .. i11 v;hirh \.,...:t build 1"omh"' H,., 
U'r,,/,f X,· 1 �1- l!"i, . l �i-1. 
cz►:HS" I .  J'. ( ►:,litorl H,ol,,yir,,I f�f.6•rf.• n mf H,.,,,,,, 
/1,,:,, nl� nl .\f,rr,11,-., ,.,. fiml111t,,rn. \\.'ar".t"-·: l•uti:ch M, .. I 
l'ulil . H•i.C. 
CZEH:-:t,; ( .  I'. E,111•rim,·nt.1I m,1111 • 1'- r,,r t tw ""•luwtiu11 ,,( 
mi,.,. .. " . \"t> t,iul,,J.."\,·.-1 .-H,·rl ... , . ,.,H', lf:f:f: �,: t Mu- 1r.-1-1. 
l!-'i:, 
( 'Z�: H � " ' · l'. ,.1 1 1·1·,m .t \ •' .. rr,-c-1 -- OIi t ht• l1l,wwt.(11mtinc. 
ir�·..:t1•n1 ,dt h Jll4'1 irull4r n,(.,r.,n,·•· to t h«• lymphor} tr. A " " · 
,\T :\r,,rt Sr, . :l4 i. 21:! 2�:!. nr;:, 
( ",'.f: l ( ,; l; J _  I '  . .  f:. l'A l ' l(o,-1; .v, 1 .1 1:-1s.� .  ASt• A .  
�1·1 )J .."- H:-:.h . ..\ M u-rn\\ .t, .. in·;uli.,tion ancl th,· C'in·:ulian 
rh�ihni uf l,.11.,� rn.cn-o"' rr11 milu�i�. J. A/1,rnH'f'tlV' Pt,H'l'r 
� :u . :r;. 1 q;.s. 
l f  . .\HS1 )�\' A I .. M A .  1 11 , wluc-ti,m 111 •.i t·uu 1·.c 11 1 -i  , I , ·  h ... 111,· 
r, , ... ,, . .. ... ... rl 114• l,!l'.tlld• · inl l'll:-1I t•, ( .,•ur!'- t-rf,•rt .i i,hy.iin-
1, -Lritt•• · ·- t ' ,H  s,.,. Hh1I, ,•,, ,.;, .c :,. J:t.! - 1:l,.._ , �a:1. 
1 1 ..\ \' l 1 ::-.. Jo:. lm, .. �1,lir •�•· H,,d,,, J•,.,,.,rr''"°' · \\",4.:hi11i.: 
lntt. I •t ·: I :  � ' ;.,, l l'n11ti11\! Offi,·,•. P,.:: ;tt iunal Htll'r)lu 
,,r �l:11 1 ,f : .nl.: M .. 11 .. n WI. t �i.·> 
P►. • tt , � .  ;.\ . .  :\ , ,1 : 1 .ro1 · 1 :  . . I c · , 1 , 1 · �1.,s , A ,a,  :-
I . \  I · H l-. � ..:, \':in.ti 1 . . 1 1 �  n( H••1·n· 1•,1·it.tl1ih; _, ;u11I t·n1uh1, • , 
l l· t11 111 . . l , • 1 ·  t h<· 1ulh1t•tu-t• u( na,·1"t 1\4 l4\'f'1". 1;,l""•·11t 1 ,1 
:io 1:! i• ; .  llTi. I !•;� 
r n : ►  1 t · 1s. A .  A :\ l t  .l. l 'K ft 1 1 ' . :-.;,,11 - 1-•1111rhi 1 1i.: mi,-t•o, 
111·,,f ,../" f,,r nu•.1.:u, .. 111 , • 11 1 .: in ,.1,,,·1n,n1;1L'1Wl l(' flt'l,I ... I n
l it, l'h 11�,,. ,,1 H,, , , .  " '  f; J,.,.,,.,.,,11,9.,,·,,,. t,,trr,,rt, .. ,,s ,,. ,,11 
H111J,,p1r11I .�JI"'''''' ·' · 1•1til1·1I hy I.. S. T.t� 1111· :,.'11,1 A. Y. 
, ·h1·11nc. l 'tt1lr�•· l',1d.; · l 'u i ,  .. r .. ity n( �1:t1·� h11wl .  1�-;;_ p. 
:!>-i:t . :!!Ll 

JIN). 1 1u, · 1 1 �1 A K !\ ,  \\". '' · ·  •. H. �n: l 'H E :-�. M l- l:l '
L l�1a-:H .  A.SU ).;- F l . .l. !\1 1 1L A,·111,, ,,({,,,., .. of mi,•1-. .. 
"' ,., ,. •·:oli:tti1111 ·1111 1•,1 11•1·i1111 •n1 :d l411i111:1I-- c2-1 .n110 111,•�;1 
,·� 1·1o · .. I .I I Jrr111• ,\t,·,f I :hi!• - :(XI , l !l:1�. 

J O J  h1. J .1 tH 1 ; ►: . . I . ',,.,. ,., , ,,, /;, Ii , , , ., . , , .,{J\'l,,·.o, < .\J ,.,,J. ,,!tP ,,, ti,, 
/ ' , . -•r11,·1 •it J: ,·1, ,, .,,. 1 ., / ... ,,. f',·ry11 , 111•,,_ /_,.,,. /,,t, ''"'''N 
,\f,,y.,.•,,,. 111,d ,;,, .-, ,•i. 1·.,,1,1�• 1:.,·, .. .,.,o,..,., .' l',•n.-::u·,11:1. 
l· 1 .  � :,, al A,.1·11-.p..t,·•· '.\1,•11 I .Hh. Puhl :-.: A �f H l .- t t -:-�. 
, �-:-:(. ;!:t ,,. 

Hr! l •t . f .i llHa• • .  .J. A / '.,y,·l,,,luc,1,·,tl �tmfu 11f /(J,,•i.,, .. .ll . .  11.l ,•yi,• 
I:,., .. ,.,. ,I ,., 1; rh·,•,11,·I y l,1111 F,·.-1111,·11,·11 - l,uw I ut,· "·"'' ,II 
. \/,,y,,. , . ,. Th·lrl.� l ',•11-:1,·11l.t . FL· t-: 11,·111 A t-n�p.tt·t' Mt'fl .  
I("· J ..h. Puhl. :- A m ! l .- l to:!. 197�. 

10:1. o�:'.\IO� l l)l l\"A .  :--.:. h Th .. n:1t ur'" •• r (h;(IIC1":0: in :O:<tflW 
nwt:1h,1li1· inel1c,•.i iu •· .. 1"1'"'"·".- 1 1 1  r111nt h1•rn,,4J intt·u::-it�· 
r.ui1n�•w .. :,;. r.,,, f;t1 11 ,, .  i: :� -to-. 19;;_ ctn Ru.:.,d11n.l 
( r11�11 .: h  tra11.d�1 i,,11 · ="prin..,'11,•M. \' A: l1 , s. J,1111t 
l'ul•' H,•/" . �n·h·1·. l'ul,1 . .I l'HS iOW I .  1�7i. I' fi!-f- f.,;,, 

H'-l. H►:So. I>. W. t "uh ,•111..-: inrlun•,t in lh-• hrnmrn INNI)' h�· 
h1.:h ,·,,h;.1c,· t 11u, .. n1i.;...:i,tt1 lirw ,.1..,,1.1i1 · fi .. 1,t - m1•,4-101-..•rnt•111 
•n•f ntl,·uh•tiu11 11( •lt"tdhu1i111t arMf t111 ... ,•. In. 11-:1;�; 
7· .. ,, .,_.,,., , ,of iu11 ,,url /J1:dr,hut 11111 1 ·,,,,, , , . , II,•,· .  l'o11"f'I' 
1:,,9, ,,,.,. ,,n!J Son,-,,., "''"''' M,·,1i119. Hli:. Ya 1"t'r Fii-
2:·�.:. )', • - �  

1 0:,. Jlt:�"- I I .  \\' . . • ,_,, I . .  I: ZAITA:-t: Ll :A .  1:1,.-,,... 
,t:41 1,· t-rft"C"t ,; of t,,.,,·h••atfl 1 n11:-111i:c-:.:i1111 h11t'/" a 1N1 ,.:u1ion.:. 
In Tm 11 • .:1111>:.-:1,w /.Hi.• lif'_f.·r, urr- Hun(· .1� " J.· l· ,, ,,d Al  .. 11...-, 
l'•lu Ah ,1. CA: J.:lt·<"1 ri1· Pu"' .. r P.t-, 1 11.: 1 .  1 91:'1 

.IOii. 1 n:,· y :\ 1'01\0V. � - I J . lnftu,•nc·•· of niill1m1 'lt"l'• l 1.entl 
,•l,•d tum:1....,wl it· nuli:11 1,m un hi,,lu.:ii·.tl 11111,·d .:. Sot'. l'lt#" 
t ·,.,, l ti ;"� - !',7!l. Ht;J 

IUi. Ph ·h.�OS . .t. A .  -4.S I I  ff l l .  Sl l :\ l t  TI ii' •. n,.,1 ,J 
hy11o·11 lw•n11i:1 1 .1:: ·c · j 1111 I ii,• l,i,,.·111•1111..-:1 I )  :u .. 1 �· "" 1 11 .. ( •• 
fmtliJ.,'11:mt n•II Ii, ... ,;,,r. J. ( ',uu·n H: !,t; J . !',i i .  l!I;:!. 

JO><. J l lET7.EI • • F. f.:ff,.rti- uf elt"("lroma"-"Ttl'tir radiatfon un im-
1•lanl•li1.n aod intrauu•rin,• d.-w•lupmt-nt of lht• r.at. 
A••" · 1'T .,_r,,,/ .�t't t4-;: �tii -:\ili, 1 �;:,. 

109. l>I ETZ►: l . .  F !'-tr.thlr11:-c..-o.-:ihili..-:inim� \'nn 1·um111'7.i•IJ,•u 
dun·h Mirnrn. t'llt'U· En,11· ,If',: Saut.•�tuf(�Jn-ohl .. nt.i� 1'·11111,., 
t,•111t1,-11."rlt11,f1r11 6:!. 44 - �!,. l �ih. 

1 1 11. 111 �:TZl: I . . F .. W .  i; i; H ,-;  . .,,, .  ,; 1; 1 .1 1 1 1 1-:. lln•·•· 
lht•nni,.l1f'h:.tn1llt1nt? m:11.li1,..-n,•r Tumur,•11. ,'t/,d. l\l1H fix: 
JR! - IHi, l�;'.i 

1 1 1 . tH.U\t ; l( A .. F. :-;.. _ ASO A. J. K A I .M l.I t.:  \'t'rh:ih,•n.:,.,•r• 
1'111·h,· zur Fuukt ,  .. u d,•r f ,.,, ,•nr.111i,dw11 An1f'Ull,•n 
1,;nlu rwi:c�r,u,·,,.,,11,,,, -4�. 41lt, l !lli� 

1 1:!. IH)l. ►:7.A I .Eh .  H. Atmo•q1h, •ri,· .-l .. , ·1 ri1·i1 ) .  l 11 . /{11 11,l/,. ,.,l 
oj ('l,,·mi:dr,, riu,I fltJl";u 1!',t,1 h .-ti I Clt!' \ f'li4ttd, OIL 
("h .. n,ir,il Hulilw.•r ( ". , . • 1�:◄. 11. r 1i..;.:,!o!t. 

I t:t OOllST . • I Tit, .\f 19m1,.,,, uf H,rrl.� H,,:-:t1111· Huuj!ht, , 1 1  
Miffl111. l"'-�-

J H .  1 )1t1 1ST-H A � :--E"° .  W. tt·clitnrl Crll A,,u,.,n,,t,•,t U-,,tn-. 
t,;,.,, \'11rk. Ark•l1•111ii-. l�i,;, 

1 1 :,. J l l '! "I I M M t : ,-; .  I' . .  W. \.A l .I . .  I: SA ls l Z. AN1' � 
G U J J . l  . • :MJ I'\ .  H.,, . .,,-i,::;1J 11(1 h1· inhil.i1 1o,11 1 , rTSU ,.,,,·r.-1;1111 
rlu,· tu :.tl'Ul1· �l t't't. ... . f,' 11dwri1111l.,g11 MIi !G"-1- �:i'i, I�';. 

I I �. J l l :M .�,-;s1; 1 r  . .1 1 1  .. '""  M. 1; S I I A :- J 1A I. .� .  Th,• I» . . 
l11Lrif" •rti,,11 111)'1 hyL'.t••nir i-ii:uifi,·:.tun• or 1•lt-C"l rom;,il!t1••tu· 
fi,,l, f .. u( �01"•1 h1 L' h .ind ultn1hi i.: h fr1 ••1u••1wi1•,- in ,l,-11 .. ,·J�· 
Jt(1 1 t1.11.4 1 t'd an•� i, I ll ' /l, .. 111!1'•· 1;11;,,.,., ,1 1,.( /(,·,,ltli /f,1:,11,i, 
n/ ,\f1rr11,n11·, 1(.,,1,,, ,,,. .,.  t-rlll••rl h� I'. t 0tt"1,,;k1. \1/,i.r,.:.t\\ 
l'nh�h M1•1I J 'ul,! . w-:-.i. I ' :!)(�1 - :!!ll 

1 1 ; . ►:l 't ' l . ►:S, .J 1 · . 1'11, l'li w""'••!N ',1 .\',· •·•·,- f 'rll:t. 11"111111 . .  t • ·
Juhn� lfo1 ,�i1� .. Pr .. ,�. Hr,; .  

t i ><. EIJELM:\ S: .  ( ; ,  M .  �urr_,,.,. mndul�t 1 . .  n i11 ··•·II l"\.'t'Hl.'lli• 
ti"o .t1"1 n•II J!:1·,,wt h . S,-,,.,.,., 1 ! ,..! :! 1 1'- - ti•i. J�;,i, 

H,•1·1·1 •t,,r n1o ,l ,1htr M 1 .-I n•('1'J''"' -r�·t 111 1l,4 .. 1ni1· i111 ,•r;4.-t i,,11� 11, 
l�·111 11h,•rylt•l". / 1n,r .\'1111. A,·,1rl. S,·i { '.':\ -:-11: 1 4,t! - I.S.S•:. 
1�;:i 

l :!1 1. l : l f ;i-:� .  �t . "'- 1 •  I .. 1 1►:�l .-\ l-: \ EH 1<., 1�,.,1 1 .. 11 m,·t hu,1-
111 1',·.-1• 111,111, . ,f l l 1 1J•1 11ir f 'l,,·11, 1 ,;. frc, / , . ,  .•. ., 1 , 11'' '""'' 11/ 
H"!•· .... """ ,\/ . . ·lt , 1 1 1 1""'" ol H,•. ,,., ,  . . .. � ... Jn ,-.1 I,� ;-:. I .  
t ' 1  h •  .. ,- .  t :  S I .,•\\ 11" , :411 1 1  :\ \\'1•1.-.1,.,1 K •·r. :-,.:,."' \'url. 
l 11t t•r/"1·i .. 111·t•. l !4i:i, ,·,,1. t-. 11. tc!-l·,. 1 1 1:.i, 

l :! l .  ►: 1 s 1 1 1 .F. l' \\' . ASI I  E I .  C ' A l��lTSSJ·: :-.: .  l .,m fr •. 
11u.-u,-�· ,li .. J,.,., nr c 1 ,  ... ,,..,.,i1111 111 :i:u�, .... ,, ... j"" .. .,( 1u11-1•,rh:111c•· 
i-1°;.:iu�. J. /'b t1, t 'l,1•111. i:'1· IWl - 1 11:I�•. H l";' J .

l:tl. F: ISE�MAr,.:s:.  I t  ln , ·rr:t,9,11,,. ,,,, '"' l.A.,up /J,,,,,,,,",• 1;, . 
.lrrt11. of I.nu- / 11t,u111tr Allrrt1nf1119 ('11'P'T,i•l:f n_l J() II: "" 
·'''"' (01:c-Hn»tionl. rrf'it111r1t. G,·rman, : An�n l.uih.di,: 
l:ni, n�it�·. 197;",_ (ln Grrman. I 

1t:1. ►:LIJ,1 1(()\" _ A. I. . . ASI> n·. A. K H ! l l .1 1 1 1(1\" Th, . • rr .. 1 
of run�l:rnt m.tl,!nt'lic- fil"lrl u1�in th1• mm t'tnt'HI •1·11,·ity 11( 
hir,f�. Zit 0h1'hrh. H•11I. 2!)· U4 -2l�. I � .  f i n  Ru:-:,:i:in. 
�:ii h En.,:li.,h :i:umm,1,ry . )  

12◄. El .l i 1  .. R ,  l) 1 1 111lt•:o: of  tlf"111t:ou•u11 .. J1d idt� ;u  t ht- ttr,•IN·:..1 
c-1111 .. � .  ,.:,, • ....... ,,, .. ,. I)· :!X.', .  2!'!1 . l !llli:! 

l:!!-i. t l . 1 1 1  •. H. 1"h.- l!t'n.•-ci� of th .. ►:1-:,;. /111 /(.-,· • • ,·,." '"''"''· 
I ;, 227- 272. J�;t 

)26. EM LEN. S. T. M1�'1·•ti1 1n: 11rit-t1\;.ilhtll ,mo ll;t\ i�alhlll 1 1 1  
Ann,, Rtol,,9y . t-rlilrd hy � P. F•rn••t , . J .  IL �inl!. atMI 
t C. r.irk�:-:. t,.;('\I, y,,,.k: AcMri�mn·. l�i�. ,·nl 5. 11. 1�-
21!f 

t2i. ►:M I . E � .  S. T . . W. \\' t l .T�1 · 1 U'\n. S:. ,J . l lEM 1 1�1;_ }{ 
W I I .TSc.:H J.:o. AP..:1 1  S HEH.1 ;!\1 ..\ X .  �l :...:: 11,•tir '11 1 .-rti1on 
fi111linc . .- ,·i1l, •,11·,, (111· it :- 11,-1• in n1iJ!rnt,11·y lmlitu hu111111&.: .. 
Srrr,.rr HU f,tl°i - !"tll><. J�1-;1; 

12". t-;:,.; , ; ►: l .  . .t .  ,:0,,,, 1 ;  �l - 1 1 \\' ,\ l(i". ( ',.,1 -..• r :1 l l l • · t·,,r1r, ., m:4 
lio11�l 1 1 ;111..:i1 1,111" ,1f lm,•.-1· li1o,, .. ,l,n11,•r .. .  \ ., !,..,. . , ·,,,.,., J,., 
,:rt !-1: ;(K\1 ,  ◄UI, )!lill 

... .. .
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I�. •:sAt._:J ,  I .. � .. " s,hrnon, .. nnn in n•"o"' C"' P-1'juncti,,c1,;.. 
l'l, N"'',I· H,, .. I�. 6'tl - til\4. 19;.,,i_ 

1:io. rATT. , •. An im;il_, ..... ,.r th.· Cnn,-t\t'r,,.r t'lt"t"tril··• 
imr .... l:rnt-t• .,r o11n111 ... 1 mu�·h- . l'nll('. R. So<. Lowtlow $rr. 

-e H 19t»!t'. f.lt;-6.", t .  l!iat-1. 
1� 1 .  n; R R I .  I::. S .. •�ll G. J .  HAGA :-. l'hruni< � ..... a.,-�1 

.. �,., ... ur,• of r•hhit..: tu mkr11"' ■, .-,:. In. H1,J11qiml 1.:trr,1-11/ 
1-�"lut,,,mrrQ"""' lrni-ri1, t"fiittt<f '-, ( •. l ' . • lohn-on an,I M .  I . . 
Sh-,rr. Roc·h·ill•· . '.\1 1 ': Hurr•u u( fbrfiolujJiol Hrah h, 
H E W l'uhl. ;;.,,0111_ 1 �;ti. f•. I�- J .tt. 

t:tl. n:nat AN.  I<. I' .. U. R. u:1 1;HTt lt-:. ·�" :\I. :-.Mw,,. 
TA.- ,-,.f"'"""H 1�"f·t11 1·,-,c ,,,, l'"N"ir11. H11rtin�. !til.":  
Arl1l i,:., ,n- Wt-,rl,-, ,  1�;:t, ,o1. 2. C'hllf•I I ,  I•· l l . 

1 :\:t. Fo:--,·t 1 : .  K. ff . . "�" E ll. Fl St 'H. )H,·m" a,·r h.-Mrit1c: 
f'\"kf.-1..,_..- for th,-1TI1oa1'f1U,-th· aufht nl)· i-l imuL4t i,in hy 
11111..:,,.f mic-rnWJl\'t'l". S,·,r,u·r 1K',: 2:.r i -2:Jrie. l!I';�. 

134. rKA�J•a:1.. H.  H .  I ! .  I '  H I.AK E"10H t:. ,s11 lt. :,,;.
W(I I .Ft-:. M.c"-'11t·lilr 111 (t ,.,h...,•tt•r nua,tndnC .crt i,· h11u·t,·ri� . 
�rt,·11r,. 211:t: t:t.·.-; _  1:Cili, l!t�!I.

1 :t:,. rru-: .. :�A�.  \\' . .  J. .\l,t>ll'I Ar/ht,/ "' ,,.,. s,,, .. ,." ·"""'''"'· 
:,; ''" , urk: A,·ac,l,•mif". 1 !'';:,. 

1 :ii;, nn:Y.  A. H .  Au,lito•·� .:p.:t,•1n r"�pon:-: .. tu HF t-JN••·a..')·. 
.-\n .. ,-c1w1rr .\In{. :t.!: I t�ll- 1 14:!. l�i l .  

1:1';. FH EY. A H Hnm1 ,, .. m t• \·okf"'tl  tt",,: IIOn�,., a,-..IC'i»lt•<l 
"·h h l,1�\ - i1 1t 1•111-it�· 11ul""�I t:H F  r1�•r1,.� . J. Av1,I. l'lt t'fiol. 
;!:i; !»<l --- 1%:. 

1:ot f'Ht-:Y . .l. . H . • 1. x,, ►:. cuH. t:s. H,,t"�"'''hk· .. v.ru ... 
l ion .,r hy1-.,tht-l"it.N1 h1•..!ri111f m1'('hllni.,m:<. I n: I',,,, .. J,,1 

lini1111 H,,tl,,1 .�ri . • •'ll"'I' H,ur,.q,rnl f:Jf,·rt!( oJ 1-;1,r-1,-.,,. 
n111r1urltr u·n r,·•. A mii,,,..,,,. /'A. 19:,;, p :t 

I:\�. Fl<t:Y. A. H .. �- It n:1 . 1 1 .  "''  II. Fl:E\' .  1>,·ur•I 
functi1•1 •111111 t,.-hx,·k,r. --'""· ,\")' .�rmf. Sri. 2.Ci: ◄:t.:t-.C.:i�. 
•�•a.

1 40. FIU:Y. A .  H . .  A Fl<ASEll. E. s�: , n: 1:T . .,"' T. 
HU ISH A , .. ,,x,al p;.lh\, a�· for rt"C•••·tlinK frnn, t h.· ,·at 
hn•in ;:trm duri11c il,111nin.1ti11n 14·ith t : H F  t'M(•rJ..�-. 
/'b 11:011I. Hrlto,•. :t :lti:(- :it►t. l�iX. 

t ◄ I .  FHE\' ,  A. H . .  arwl H M E!'SE�ta:H .  t lun1an 1,o•n·,·1 ... 
ti,�, of illumiu;,,lion • "' it h pul."t-cl uh n-hi�h fr�1u,·nt.·,,· 
t.f .. ,·1rom,41.•·,wti(· t'lh ·l'C,\ ,  s,-;,,,,., l t( I :  :ir"'_ :,.-..... ) !1::i. 

l ◄t. FHO H l .h " H .  H .  �h .. 1•· uf c,,Jli .. iu11-hn�1lt"r>Ni �,.-,1 nl
lifH .... ,\ ,,1.,r,• /,.wrlo,1 1 :,;: -#Ii-.. l�li. 

1 -1:1. Flll H l l . l l'H .  H. 11, ,  ... ,· lllld ruo,h•11.: .. 1 i,M1 ur ttl r,ma,:1_,. 

4"Xciti1rf lun,ti1u,liruil •·l• •cH-it· m,itf,.�. ft/. 11:c. /,,,u. :l6A: .itr! . 
JYI�. 

1-M. FHOJ I I . J l  "H, H. J.,  .. 1c-1•;,,11J!.- ri1h.•r'°n1.-,. ar,:l rnt•r,o· ,-\ol11J?•' 
in hi,.t111'\cJ1:I :1tyi:.trm,. /,,,_ J. (J11n11r. CA,,,,. 2: 64 1 -�9. 
1'""'· 

1 45. FROHLICH.  H. l.unJ.!•rani=t> cohnen.."t' anrl tM action of 
.pn7.ytnt•1'. ,._.nturr J,,mdc,11 2'll( Jc,9:(. 19ill. 

J ◄f;, FROH l . l < �H .  H. �elt-c-ti \'� lon,z nn,z .. diie��n::ion forre-i:. 
�l"'",." lnrf' �J!C-lem�. Pb yJt. L,,11. 2!-IA: 1�1-t�.  1972. 

I ◄ ;. FRO H L ICH,  H. F:\:i1t,11rf' for B�f' c,,nrlt-n:qtion.Jikf" 
f''.\rit1t iun nf cohf'l't'nl mnrl�� in biolo�cal ,_)-�lf'ffll';, Ph r• .  
1,tt. t, J.  .. .  21 -?:l. 19i:, 

1 ◄8. fROH Llt'H . H .  Th .. t'11lt11nrrlinary ,lif"lt"t·tr'tt· prupertir� 
of biolo�ral m1trri11I.: anrl tht •rtion of t'fil)'fflt''-. rr(t('. 
,...nil :\rotf. $ti. ( '$.,( 72: .i21 1 - tl 1 5. 1975. 

J 49. fR()H I .ICH. H. r�._ihilitiei:. of lo�g- ancf ahort•ntn,ct
f'IN"trif". inl.-nc-tion!C- of hiolnfrit·•I '-)·�tf'mit. Nr,un1tri. 
Hu r,-.,.,,.,.,m R,,11. J 7,: fi:--12. HfiC. 

150. fJtn H l . l t �H .  H. roh,•ri•nt r.lf'rtrir \' ihn1 t ion-.. in hiol11J,!in1I 
11)'�lt•m,, •nrl t�· n.nrrr pruhlt'm. l#-;i;1-; r ... , ,,, M1rn•• 
,...,,. ,,. Tli,-orv T,rlr. �Ii: 61:i-61i. 197.tt. (SJ"-"<'"i•I i.,::,cur:
M1rrr11111 ,.,,.• iH Mnliri,i, • .;,>, Arrf'ul nu tlit Applicnlioo 
nj 1;l,-rlr,untt 9t1rlir• lo ("n,,rrr Cn,rlrul ) 

l�I .  rllOM�n:. H. G. llnu11•r.uchunJ"' ill,., ,1_, l hi•nt•

iir-nmJ..�\·rrTTY�n nw-hlich z:it.ht>,wl.--r Jv-·im·ui,4 (l;n,,._u,,Jt 
n,l,,rrt4ltt. Srlrv1 r11m,,.WNU }. z. T�rrA*('#.11I. UC; ,!O..°"► 
�,. 1!11; 1 .  

15:!. GA LI.ER. :;_ I< . .  K S("HM 11JT- '-0),; 1 l;.  G .  J. J A 1 ·1111,;_ 
ANU R. E. fH: l .tl:Vll..Ll-:. A w ;""'' u,-.f'lllfl(lfllt " "'' 
.\'nt·1pnlu111. \\' .... hi11"-"lon, I)('; r. s. Go\'l. l'nn1in,t
Offit..-. NASA l'uhl Sl'-:.'ti:l. 1!17t . 

15:1. GAN l>H I .  0. ·t•. �run,: ""'"""'1.-u.,- ,,r • h.)1t• anim.il 
.1,,,,,,rvt iu11 flll 1t111fari?J1l�m .,wl rn ... 1Uf'n(') of n11 li,t
,,. ..... , ... ,t(",' f'Jl••t-,..-,· . . -4.IIH, xr Ar•td. Srt. 24i: Stl-a:"t,,!. 
Ufl:). 

1:,.1. GASUH I. 0. I '  . .  ,su tit. J. H A < ; M A S K .  Stt111,• t1•• 
(('Ot r�ult., on ,r,• 1-�i1it,11 ,,r l'l1>t1 rof11Jl!Cflt•li1· Pnt'ta.,.•y in
11ni,m,l10 11nd n,,,,,,.1 .. of nu11t lw J'I,,. l'#I J1.:ir,1/ H,,,.,. 

11J f."lrrt,·11111110,,,·l11· / ,rf,,·11rl111H,. H'tt#, /t,.,l,,!Jtrul Sy,,1,·111•. 
f'llit,•11 hy I •. ..;._ T.ty l,,r ,ml A .  Y. l 'h,•unc. t "oll,·�•· 
P11rk: t lnin•r ... 11 _\ ,.( M:1rylMn-l. 1!1-;";, )1. 2,t:1 - :!till. 

, :.,. GAt-: 1 1 11 1 .  I I. I' . .  L I. .  fl l l ),;T . .  ,s, , .J .-\ t r A K I J l<E,\. 
ll,·p•,:,:iti,111 uf ,,l,•,1.n>tu�.:tlt•l k· ••u,·ri:., rn ,criim:11 .. 110,I 
mnrh+• of m:.i:11 "'·1th :...ncl ,,,.ithuut t{r11un,li11)! anrf r,•nt"C'tnr 
f'fr.,rt:-.. H11rltu ,.:ri. 12. Sup,•!. Ii: :t!• - 4". I!•";;_ 

1 :,1: (;A t-:IIH I .  fl. I' .. K s�:n1 , ; 1 1 _  , : . S. I IEt " t; _  .,.,,. E. I. . 
lft:�i-. l>i�lril1uti11n of tlt•1;tronH1.l-,'l1t;t ir t'IK·l"J0 111•1.,,..:j • 
t ion in m,iti.-1!" .. r man v:it h frt>�Ur1H-if'� nr:ir r.-i'lm:.tr'ltY. 
In: lJiolngirnt  1:((,·rl• of f:lrrln,,,111t11,.-l1r U',1 1·,·.,., Nliti-.1 
b,\' C. ('. John'"'"' ancl M .  J.. Shun•. koc·k,·il l ... M l J: 
Hur.,au uf l{;uli,,lutiriul Ht'alth. HE\\' PulJI. r;.1-inrn. 
19iti. p. H-6,. 

1:,i. 1 ;A\"AI.IIS. I< .1 . .  1 1. ti. 11".-\ I .H:H .  ,I H A M f:1< ,  "' '  
v.·. K. A I JE\' . t-:ff,,:t ur  111"'·.I .. H•I, lu\4 - rr,, 1ut•1tt·y c•lr11 1i,· 
fi,,J.1,. on EEi; ,owl lw•h-4 \'inr in ,\l,,rnrn ,.,.mr•,1"f,,., 
Hn,rn Hr,., tK. -l!l l -!",111 .  l !-fio. 

15><. GA\" A I.AS- M Ullt  ' I , IL �;rr

,-.-1, ul . ,�k el,·,·tri,· 6,·l•l«,n 
hch.l,·inl' •rwl •:t-:ti uf l•hnral tor�· anim,41..;, 1,;,Hru.'C•·i 
R,1.. l'ri,vmw !·foll. 1:,: 2i -:i1i. 19;;_ 

1 :,�. GA\"A l.ll�ME l ll! " I .  n .. 4,:1, s. H.  llA \ -�1A 1 ; 1 1A u::,;1 1 
Elltr1•nwly '"" frt"t1t1••11l'y. \4 t••k t>lt"('\rit· fi,,111.., aff,•t'I 
!l4·h.,..Jul.--t-.ml r,,11,-.I h<•ha\'i,,r ,1f m1n1k,•y ... ,\·,,,,,r,· /-,,,,,1,,,, 
2tiJ :  2:n- 2:�. l �lti. 

l till. lif .."Sl-: 1 ! ,  Z. l: . . . ,�1 1  t ', H .  IH 1 1 .t ;E. lh,ttn,""111·;.I w. .. ,,.,., ... 
of nuli,.-frt>t1U1·1w.,· ,met n1irr,1" a\·., ri.11i"4t i 11n: k l't•t·h·" 
11( M•l,•1·h•rl S.1\'it'l . �:)t"l •:ur"p•·•Ut . aml \\'1•:-:1•·n1 
1·,,f,•rt'Urt':-1. 111: /(,,./,,µir,il f.:�),·,·h •ti f."l,·rl•·•"""!'"''l1,· 
U-,uvic. tdiif'1I hy ('. C . •  ),1hn ... ,,n anti M. I . . Sh. • .-, .. 
l<odc,·illt-. MP: Hun•au of Rauliolna.,..-ir,.J H t'ahh. HEW 
l'uhl ;;.tto1n. l l'tl1i. p .  i- :t�. 

1 6 1 .  GORlllll> . Z. V . .  A. V. RIISf: 1 1' .  •:,;u M. S. lt\"Sl.1 1\" . 
Main rlirt>ctf111110 anrl rf'!C-Ult:-: of t\':-4;•atch conrlu�·\t"rl i11 
t� U�SR on the- hiol,,J:ic- Pfft'ct:-- ur mic-ru"' il'f':-:. l11: 
Hinluf!ir EJJrrf� 0 11d Hn1l11, Hn :nrd" of Mirro.,•1 1·,· 
Rndint im1. tditf'd b�· P. Cr.tr.c.ki. Warsaw: Poli:-.h Me-ri. 
Publ. 1�7'.  p .  2:!-��-

16:!. GClULIJ. J. I . . .  J. I.. K I RS("H VINI(.  A1<11 I<. :i. 
tlEff'J-.:YES. lit"tic h•vt m•tnt'tic- r,man"nce. Sciou·, 
21 1 1 :  1 tTl6- 102�. 197�. 

tl\3. GOllLOJ,;. J . . . I. I • . R I V A I I  •. . I. w. t"1 .t:�1 J ),;1 ; _  .J. 
CHA M RERLA I K .  ANll G. \I' l "IHNTR\". ! li,I""'"" 
rrlu:■tion and far infr■rt"d di..: 111•,-..;ion in purr li4u1rl 
c-hl"'rnfonn. Clt,m. flt y.,. IA'ff. 1 M: �J I - :! l (i. 1 �r;-:1_ 

16-4. GR .-"NT. E. Th" ,:.tructu,·f' nf ,•••t.,,· n ... hehhorin..,- rro1 .. in .. . 
r,,pti.cft:-=, ■M aminn acirli- a., ,l....ctun-d fr•ttn ,li.,lf'rtrir 
mu:-:ur .. me-ntit. -�"'' l.'l' lvod �rt. 12�,: 4 1 i't - t2i. l�it,. 

Jfi:1. (;f-tANT. •:. l>.-h•nnin;,,\i.m ur hotm�, \l ;4\t'I' in hi,.fot'"lt·•l 
ft'lale,ri1l:t from 1li.-lt'"Ctrir mr:11-urt"nu•nt.: l n: 7'11,· PJi v·"',.."' 
lln•i• of El,rtr,1111rtg11,lir {Hfr,•url1111,1' _ ,,,,;11, H,ul,1!7tr11I 
St•l,m•. "'1h.-rl t,� 1.. S. T:t.\· t.,, .,,..I .\ . Y. l ·h,•u111,:. 
ColleJ:f" ••ark: l 1nivf'rllity uf Mar,·h1nd. 1�7f. I'• I 1:i- 120 . 
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c ; H t-: ►:� . I>. t-: A Cr:1m.·v.ork •)f pdncirl.-!'. fnr ttw> unifira• 
t•n11 nf hi,.-.nrq,"1,r.: ·" " •' ,,·r J\rnrl. Sri. 211: 6-
.1:,. , �r;" 
GHrr� HEHr. .  R Impart or l' Xtrt-mt>ly lov.• frt>ttUf"ncy 
r lt-elf ,,nn•�,. l it· firlrl< on �i1 t.n htopodit. f;,.,;mn . 
f��,i,,,,,,,./ _ 1: i-&:t - 7.t,O. l�it. 
f. B �'.f-:SIH<Htj_ R S.in�uinr• t"\ltrm(·lf lov.: frf"tJU"P'll'Y 
t- lt'rl r11ma�wti< i .. J,b: Eff.-d nf lnnJ(•l rnn f')l,J"'O�Ut t- on "1"1il 
arthnip,<h: 11\Ci 11th,,r anin11.J.;. in n:11 urf". In: H1,J,,g1r11I 
1-.:,, .. r1 ,, nf l:lrrtr·,.,,.1111••• ,.,. n·,11..-"' . ,-rli1, ... 1 liy t •. ("_ Juhn�un 
■nrf M I. Shurt' . H nck,·ill••. M l >: Hurrau of R.,lill--
101,.."lr:il H,,:.h h. H E W  f'uhl. i7-t«Jto. Hf;,;_ p. lKi - 200. 

J f;�. ,: u u; S H A l " M .  H .  f:. M r.onllM A S .  ASP M. T. 
M � lt l<Ot\. l ..onj.'- l t-nll f'fl"t•fl� nf "-"f'-'k ,4:,.-7� H1. rlPclft>· 
JtUJ£TWlll" fit-Id� 1•n tht" �Jimt• m,.lcl rA,rnn,m po/y 
r,ph,1ium In · /-twl,>QINil F,f{rr-t ... t!f f;/,dr11n1n9ud1r 
n ·,. ,·,· � .  ,,,111 ..,i h� L C. Jnhn�,n ,incl M. 1 . . �hnrf'. 
H 1 N"k\ ill1·. M l ) .  Hur .. �u ,,r Rar!iol11�c-at Huhh. H E W PuhL 
;1.t(tl )II. p ,.U9- .t.�!-I 

1 ·w. (� H l frt � .  D. H .  Th•· phy:o:i11lnJ...':i anrt ft>ophy�i� of birci 
t1,1, 1)!,11 i,,n (J H,·,· Hu,I 4-S.  25:, - :?fti . 1%!l. 

J '7 1 .  t : H l��ETT . .1 . }) . .  4.STI .I m:Lnnc;E. Cr-tttrol J\·,,,,.,.,,_.,. 
s,,1,r111 1.",f(rrf . .: n� .... , •. ,, .. ,,r,d h11 R,f'lflt,111 Ttrtlf' iu Sq w.,..,.rl 
. \f,.,1t.·u� fj11o ,.:,·d fur Sh,,rl I',ri,wl� tn f:.rtrrtuf'I_, 

/., . . , I ' · ,  ,,,,,. 11r11 Ft, J,/, l'••n..-;u-ul:t . F f .: !\:.,·:.ti Arrf'r.'-(\;olt'l' 
�1 , ·, 1  I : ,  . .. ).;.,I, l 'ui,: '.'\ :\ �I H I .  1 1 :fi. pr; 1 ,  11 1 - 1 1 .  

I t':! 1 ; }{ 1 1 1 1;-;I\ Y .  I .  T. l'11:--,1lil,• phy.:h·:tl i,.ul •  .. l tal 1•.: r,,.- tht' 
ir.t 1 •1 ,1di11n ,,r ,.1 .. 1•tf'111ni4L'TWli, fi,,1,1.: \l ilh  hi11!1,i:!"Jr mt>h\• 
hnrn•·· .-\ ,1r1 ,,· r  A ,.,.,1 Sri .  t.Ci: J J '; - 12:\, l �'i:'t. 

1 73. GHOllS"' Y .  I .  T. �1•un,n;.1l mf'mlin1 1w:o:: • rhp.ic·al �yn• 
l hP•d� . . \fn tlt . R1, ,.:,•, ;lH: 1 � 1 -:! 1 �. 191fi. 

1 74 C ltlll l:-:� Y.  I. T. Mnl,•rular :md phy�irwJ ti,-,,.,:. of 1 i:-:..:u,· 
ini ,•r:.trl1•m' ""·it h t"lt"drnm��nt.'lir fit'lil � .  Hinph )' ,in,I 
hie-.., ... .  ,·,.11 ,.nsr1 U,•.,: f'rugrnltl H1,/l I�· 12- KO. l�'ii. 

1 75. (;Hl'K lll.Ell. W . .  r. lsEI I .MA�K.  ,..-11 H. rl! ( l l! I . IC"H.  
R"� ►n;1.nt �ow1 h rat1• r . .  :--J••u:-e> of yt-a:-:=t ('t-11 irrarl i:.tlNI 
h,· "" f"ak mirro.,,.-:,, t-!'o. f•t,�� 1�11. fi-:!A :  4t."l - 4til;. H:r;-;_ 

J "';li. , ; t · Y  . .  l. W �11:,nt11;111nn 11( intfun•1I .-1.-('l r,)tn:.t)!nt'ti<' fi,·ld 
p;tl l t•rn,: in l i-.�u,· �11,I A .. :,:,'(·i,1t t>cl hi,1lua.ri,· "ITtt"{!<-. In: Hio-
1,,!1',. l:(1�,·f..: n ,ul H,•, , l tli Hri :,t rd ... u( .\l 1rn11n1 rt' H,ulm
t,,.,, . ,,,fit i,,t h� t · , ·1.t'r.:ki. \l..",m,:.a\t·. 1-',,li:-:h M,�t. Pulil . .  

' I !";� . 1' · :!• H - :! l fi 
J fl .  1 ; l ' Y .  A \\' . fh11phy-..,,· .. - ••1\t·1 1...1: ;,lo,.,,r1'ti11n :m,l 1lt:-:t ril,u 

ti,,n l n  H,,,lu,11011 1/,1 :,,n{.� • .\',,,, . J .. , ,i:. 1 11 r1 U11d u, 1 ,. , ,,_,. _  
H1,,l,,u11· f.)(rr-ttt fl)llf �.,.,,.,�  r,m.•cidrN'llimuJ , Hru:-:!>-tlit: 
.1,1 ; _..\ fl ) )  L�rt Ul t' :,:.,,,._ IR. 191.:.. . 

1 ,�. ,a :y. A. \\'. Fut ur,· l"Y:0-P.tt"t'"h rlirt'c:t i(lfl" ,i;nrl ntf'd,. in hi,► 
ln..,.,r l'lt't1r11maicnPtir ,.,d,ation. A 11 H .  1'T Arnd . . c;;n. 241: 
:.,:{� - :� :,. 1 �;:,. 

JI�. 1 : t:Y .  A .  W. Ri11ph_,·,:1na l ('hu;1c:1,,rii-tir� uff"l("\"\,:oma._.•1wtir 
fi.,Jrl:- . Probh•m . .: ,,( dv�m1t'l ry and dnslmf'l lir te-chniq:ut,-.. 
s,, .. .. .  q•I R,.-t. .  r� .. w·om Hull .  1 5: R I - AA. 1971. 

, ,., 1 : 1 · , .  A . \\' . .  < . K , ·unr. .I. c 1,1 :-;.  ""' 1>. r H !tl�
T•::-.:�•:� . .\111• 1·0\l .t t t· j,i, Jut't·<l at·ou.,.l it· ,. fft't·ti,: in  m;,m, 
rn;.1li.1n Nmlitnry "}!'-11'"1..: �1111 phy�it•I m.tt .. ri11J� . • �NH  ,vr 
Ar11d Srr. 247: 1 !44 - 2 1>1. 1�7f>. 

It<! . (;t" Y .  A.  W .. J. F. 1 .E H M A l,: S .  A�h .I II. !<To:-: f;. 
H H ( l l( ;E .  Thi•r:1 1..-utk app1i<"at ilm ur .. l�•1·trmna,cnt"L1r 
fit;\u•r. rr,lf' .  lf,'f:f; :!:!. Suppl. t :"  5:",-i� .  ) !-1;4_ 

\ It!. <:l'\
°
. A .  W . . . I C. I . It,: .  •M• t'.-K CHOlJ. El,•<1"► 

ph� ,i, ,luric-al tfrt-rb 11( t'lt'tlt·oma),,!m:llr fit Id:-: on animuls. 
In. Fu11dnt11,urnt n url Ap11J,rrl A.•p,rf� if .\"n"•lortizn19 
Hnd1n 11m, , tdit f',I by S. M. M �chaf"lson. N, ... York: 
r1 .. num, 1 915. p. 16'; - 2 1 1 .  

!!Cl. (j l " \" . A .  W . .  J (" I.I S.  P. 0. IO ! A M A I! .  •NII A.  F. 
EM �: HY. f-:ff,..t"t .,( 24:-4.1 M flt r�rtiat ion ,,n t ht> rahl•it t>yt>. 
lf:f.'1.' Trt> n.• .  M,rr,111�1 1,.. Tlt,01'\' T�rlt .  t'L 4!fl-◄91-t, SPlr,. 

1114. HA C:M A P.: S .  � - .I . • Cl. r. c:A Nl ll! I . •  � .. C". H l l l " f( . 
Nf:\'. �un1rri1·:.4I f"lilkulalion n( .-IN·lr,1m;.1cndir rni-r�y 
dl"pt"it inn fo, ■ rt>11i:tliC' mu,l,•1 nf n1a11. 11-.,•1; 1; 1 rn ,'"' 
M 1rrnu.,1·r T,.,nrv Tf'r/it 2';: W.l.C -K119. t!fi9. 

lllo. HALRF:Rl,. f .. I . .  C:l lTK OM I'. W. N f:U,OS. •�<> R .  
SOUTH ER�.  f'trrntfin" R>iytltm.t i" l'ln nh , f,u,rt• o nd 
Mm,1 mnl11 1;,,.,_.,d ft> F.l.f .\1•1 90,t,r n ,rrl/,Jr 1-:lf'dn'r 
F,f'lrl� tm4 l "ur,v11t•. Sprin�t-M. VA :  Na.ti Tnh. 
Information �f\ tft'. 1975. S9 fl .  

1 ,_.i_ HAM EH . .J . H. H,,,l,J9irnl f;,, , 1 1, 1 " "',. ''' 11/ rli,· Jl11n,u,, 
Nm,u "'t f.,,.,. l'r,711,ur,1 R,,rl,1 1 ! 1,.,, l l;.1-.. 1 h11m1• . c 'A 
Nurt htc•r S1•<U't' J.aht,ratori,�. l>oc."unwnt NSI. li.$- 11:19. 
1 \-lt;.', 

1 R7. U A M E H , .J .  f< . EHt·rl� of ln\l·-1,-vrl, ,. ,..-.·. fr"•ltt"nry t'l,,r. 
tric- heM"i on h11ni�n "•rtion timt' C"'m11u t1 .  R,l'lnt• IJ1 c11. 
2< A I  217-2:U. l !l>,I 

I�. H A M  ER . .  J .  H Effrc-t� or ln"'· .J.,\·f"I. lov. - frt•qut>nry f>l,•t· 
trir ftt- l1h on hllm;i.ti hmr jotlc-m••11t. In: /'rur . .  \tit / t1 f  
H1 ,m1f'f,n,.�lo�r1f (°

1111 grr.�-t. .  ,\(, ,ufrr,111, Sw,t:.,,./,,,,tf. l !'fi.11 . 
trlit..-0 by S. \\" . Trorni,,.. anrl W. H. W..-i ht• RPrlin: 
Srrin!lt'r-Vnlac. p. �� -

1�. H .J,. \ I F . R . . . ,s11 .I .  WEISfS"C� :H . Hiol,1R'lt·al rrfrrt-.· .. r 
tn-hni<".a1 t'lf'\•u;r :.inrl f' lt'C"ltumal."twtir \" f ,F fit•lrh. /,ii J . 
H111111r/,.111·1•I. 1 ;::!1:J - :! l !"1. 197�. 

19"). HAYW."- lt P  . .I � .. ASP �! A H A f..: t-:IL R,,.J,, n( rrri•i1r:1I 
artt·ri;,I hJ,,.,.1 in 1 hi· n•i:-ul;.11i11n 11f hr;on t1•mp1·raturr 1fl 
mn11l,..1·y ,\ ,,. J .  l'h�,·,nl 2 1 ;', :t><� -411'.( . 1��"1. 

1 � 1 .  H .... zz..a. n n. 1 ,. t ; _  , rctn . . rl /{,.,,,.,,,,.,,, 1-,),..<1:< tl Ut/ .\I.·,, . 
11rr"""'·" '!f l<,1rl111 J"r,·,, ,.,· 1 1ry '.\! 1 ,· r .• u•••••·st HrN·k, 1li, · .  
�P· Hun·.au uf Ha<l 111l111{1(:.tl H1•�hh. H E W l�uhl. il-Wr!ti. 
1�-;-; 

I�.!. HEH�f ' H h l lWITZ- J\ A \ ' F� A S .  M �tn1d 11r".: rt,, .. ,pa 
th· .. :- clan� un,· n•ad1•111 rhimi,111•• h11m1 1J!1·ta·. C. H. ,.\,-,uf 
Sri. Srr. ( 2;0 10-1!'- HI:',�. 1"111 

Ht\. HE RTZ. H f:1,rlMr "·n t•n:. l.nnrl<1n: M a t·mill:m. ) :,«:� 
( :,.if'"' Ynrk: 1 1,,,·n. rt•pnnt,•11 in J �l:! t 

1 !1-1. H I I . I . .  IJ. W .  M . •  I. HAC :M:\ :>: .  A. I U A Z I .  1 1 . P. 
r:A Sllll l .  I. I. l'A HTl .rlll". "'' I . . .J . sn: KS.�A�  
•:fft·t'I u r  milht111'l1•r \l. .t,·f'� , . n  l,;,,1·l • •na arnl \" I t'll"'.,:,:. l n
J•,,,.. l !U #,  (;,. ,, A "�rmhly . /,ii t ·,. ,..,, R,11li•1 .,r , . U,,,.

lnff,,.,,, ,._._,_,,,., .... '!' F,/,rlr-,n,1,1Q""'". u·,,,.,.1' . . lltllfl >t(· , .  /.9i,,, , 
p :u. 

HG. H I S � I .J-:. f• t ·. J•r•1t11n trw11-.lu1·.tl1nn Ill �t1hnii1 ,,rh,,11ilri:tl 
p;ntidr . .: a111I rt"c•,m.:titutt"rl �1•1l1111•nl"' or t h•· r.--:pir;sl ,,ry 
c-h:ain. In: .\l,,ln·ulu r S7>t•r ui/ 1:.,tl•m1 11 111I SY"' ""'''"Y "' 
Mrn1hmn, 1·""'''"'' · t1li1 .. ,I hy .&. . K. Snl11mor1 11:n,I � 
Kam,,\·t-k� Camhridgf. M A :  Han ard U nh.-. Prt"\'l."'. J 97Ft, 

l' tt:!.-2'!)(., 
1%. HO. H .. r. l'I S I. A \" IT("H . •  ,m w.  P. EfJWA H I I!'. 

Ch:mcf' in a\ tra,t" ;it,�nrt-w•d ,t, ... t' ntP  "' a l{TOUP or min• 
under rtpt-.il t'rl t'.'tposurt' lo 9 1 5  MHz  mi("ro"'·.a\·t nirli-4• 
tion. In: R1ulu!71ral l;Jf,ch ond M.-n ... 11rn111·>1/!f of lfotf,,. 
Frrq11,"qt '.\ltrro1nu·,� . Mi1 ••'1 .hy P. t ;  H ;1.v.:trd. Rod, -
vill�. MD Rt11·nu ,,f Hadiult}�C""�I Ht»lth. H t;\-\' rubl ;7. 

1 -; 

1�i. HnJ'FIE l . ll  . .  f .  J .  H,•l�t inn h,•t" ,-,•n �t ni!'l tln·. p11•1•·r�I n· • 
ily. and 1tt11·rtr;,i in a m1idt"I of hemni,?lnhin action. J . .\f,d. 
R .. ,, 7i: 21rl- Z!:!. 19;:i 

198 HOPrJ F: U J  . . 1 J. Elntwn tran.:f,·r l ,i•t \l. t'1'n hi1,l1 1.._.,, . .,1 
molt-cu),-� b� t ht" m1;,illy Jt'"l l \ att·rl tu1111elinJ!. Pr,x. J\'nf/ 
Arnd S,1 l 'SA 11: �fi.4{•- :tM4 . 1974 . 

J99. HOWI.At-;D.  H. ('. (lrifntation t,r Euro1,.,·:rn robin� l o  
Kramer c.a,z:t'�. thmin..,t i11,:- ru-,,.;ihl,· "'"urt.1•� o f  rrror and 
bi:(� in hramn CIJtf> !ltUdlt-!'o. Z .  TU'rp��,,,,,, 3.1: 29a
� 1 2 . 19,�. 

20<1 H l 'ASG. A. T .. M f;. �;i,;c;u: . .J A. E l .l>f:H . . J I\. 
K i t,; � .  ANU T. K . WAHi>  Th.- ..-ffh'I ur mirru,u,·..-

.. : . 
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n<l1:.tim t24� M Ht) on tht' morphulv� anrl throm()-- en/ l.Jf,rh of E."l,rtn1rt1ffg11rtic \.\"n1•,11: Roc1(\·tflt-, Ml>: 
"'•mt>i< of lympho,-yh·�. Rudin �,,. 12 .  Surrl. 6: l i:1 - 177, Run•au of k>t1liu1o,cir-a1 Hf'1h h. H EW rubl. 77-ttOIO, Jli6, 
1 !1i;_ Yttl. I ■nil 2 

201.  1 1 1 " 1 11 ) 1 .t:STI II\ .  ,; _  "· ·  ANII ll I. MdH:f:. A 1•1·n..-lr,-- 21i. J t•sn:st: � .  "· IL ..... V. lllt l ln:. wo1.n;. Mirr,. 
trir prnhf. fnr m .. ll:-Urf"mPnt nf mk·rnv.·avt JV}wf'r n+'n"-'ity 
un,h•r f.tr•fit'lrl ('-orul ilH.n�. A 11 tt .  NJ" Arntf. Sri. 247: 510-
t-ifi. l�i!.. 

:llrl. H l - �1: An:. f I' . .  M. P. FUJ I H A RA.  Al'I> S. R.
� k A !'J K M A N. Mut :.r.,ni(· tffrd,. nr hiith "tnnv,.h t-lt'("• 
l rtc i .. ,,,�. I n: r,,,< ,,.,,, A N •flt. Hm1f,1rt{ I.if, Sri. :-:�mp .• 
R,,.f,.�rol f�J.frrh '!{ 1," .rlrrmrl11-l,1,1,•.fr,-1.11uHrt tlrrtm
"'""1'"'''" ,-,,1,1, _  H,,·ltln ,11(, ll"A . 1!':1. Rkhl-11,wi. \\' . .\ :
..... 1 1  .. JI,, 1'urt h"- 1•�t J .$1hon1l11rk·:.c. Ht';� . f' ;,;_ 

20-1. H l 'NT. E .  I. . • •�•• R. ll. P H l !. l . ll'S. AJ  .. ,.i,11, physinl 
rl11i--1m,•try· for -.-h,.f.- animal r:<J...-rimt'nl�. l r1: Jni,,r F. �. 
A ""!I _ f;ror�n l•1.vf1t1,tr •lTnli ,mlu,n., .\f ;,.,..,,,.,,. ,., [Jo.�l"I· 
rtr.11 1rurl1-lln11. /}10...-t 1!( l'rt1vr1". \J.'a ... hln,rtt�I. lll": Waht'r 
H.-t'1I . ..\nn)· l n�t . Hr� .. 1�'7:!. JI. if-ii. 

2<'-l. HI · ,-; 1�1; .  T. 1 1  .. f. �TRl'S�. •�•• W. Wf: I I JE.  l 'l••r 
Ht•:-1ktrinnt·n ctn Huni�hi.-uf" l .� J''·• w,llirn / . . } Jt'j?t"nul..,r 
,:tn,l.t•n t'h·kt ri�·h.- Ff"lrit-rn . .  \'nh1nn1-ttr,1Mhnpr,, ,;: 
2°l � Z'i.  l �ill. 

20:J. H,·,· ..:n .  ('_ H,·>H'l i,,n� c·himiqu ..... c-ouplf'r!' ('t1n1-i1l .. r....-!' rn 
l;m1 •1111• filt rn rwi,:..--,-- h.oui.-. HMII ,\(utlt. Hi111Jhyi-. :i:,: 
:1 1� 1- :tr;_ l !l";'.t 

tilt} 1 1 . 1 . 1 :,,.;1 a•: H .  "- · H Ui!"JH>Ninn anti ah.�1rptio11 uf mit·n,
\\ ;n .... in )i'.:1,;.-:- :..u,I li,1mtl:--. /'rt1p /}i,lut, . ◄: :ri- HU. t�i:!. 

20;_ J l . 1 . 1 �( : f--: H .  K. fl M illimt-lf'f "'- il \"1• ;.n,I (;.,- infr-4rt"1l -1h
l't11rpl 111n in hihl,,�n•I ,-:ptt·m�. In :  Tl'lt J •J,�:-,rnl H,1:-i."- ,�,
f;I, ,., ,.,,.,,,1g11,../11· Int, ntrliu11tt. t1•1tli Hi,J.,91r,1I s., .,- 1, ,11!<. 
t"(l1l1•d 1,y I . . �- T,1�·l11r .trnl ., . Y. l"ht•Ull)l'. folft•J,:r ] ';nk: 
l l ni\"t-'t:o:ity 11( �hryl:.uul. J !,a";"";_ p. ,tt - fifi. 

2(�. JLJ . l \f. E R .  J.;:. H. l nh·rac-tiun l)t'l \\ .. t-n mift 1t\\ ;n., ,in,t 
millimt'lt'r•u� ,-., 1•lt••·lr11ma�11rtir fi.,1,11- Jtllfl l1i,,l.,l-..•irkl !-p:. 
lf"m�: m,,lt",·ubr 1111 ·rh>1ni�m�. I n: H,,,/119,r l: . .'�1,-,,,, ttmf 
H, .,lflJ /111:u rtf,-. •!I .\f1n•r1,,11 1·, /(,1,liut,,m . t"flit1'fl h�- P. 

2{t!". 
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21 1 .  

t ·,,. •r:-k1. W.-,-1-;1 ,) :  l 't,fi.,_h \1,•11. f'ul,1 • l !l"fj.  11. 11;,1_ 1 �-
1:-:-1 \( ; _  R. Hritrn).' 111r Th.-uri..., ,Ip� .. t'rromatn .. ti�mu!". 
l . /'J,µ.-.ilc :ti :  :l!'.-1 .  :!:",>t, l�.l�. 
J,<M A I I .O\" . t: . S11 . .  AS I •  S. �1. Zl " lll;O\" .\ _ l'h) •irv
chf"mira.l mtf'h:.t.n1:-m.: 11( tht" t-iiulo�ntl .trtt\·i1y uf nilfru
,, :1,·t'i-. H11,I_ ,\11 11!-. ti. �,- J 7 .  HI';; c l n  Hu:-.. 1;111_ 1 , t-:n).'li•h 
l l".fl l • i:.1 11111 . .  �rli n}."l • lfl. \' _,\ ·  .l11i11t J 'uhl. n .. :-:. �t•I"\ in• H1•p. 
.I PH� -;1 1 1 11 1 .  1 !1':";, fl '.l:l- !� I. ) 
.l.'i( 'OR�1 t?-,; . R � .  ,:-,; 1 1 ( ·. �l 'S� h t l\ l t. Eff.,,1 " .,(rnkrn
":.tvt• irn.cli�tiun 1111 int,·rmtl lf'mJ,..nclUTt' anil vi,ihilit� in 
n1u·..-. In; l'rnr. ¥•,d T rt Sr'1·ir1 Cm1.f. ,.,. H1Hl11!1w11l 1;�;u1� 
'?f ,\fio·11 11..,11·r i· ,,, ,·911 . t'tlil l·t1 hy t:. t;_ F';1t th4,all ;md f'. \\'. 
l-hmac2r1. Griffo,:- Air  Forft- R.1�f'. };\": Air Rt':<;f'an·h 
anrf [)t''-"t-ln11mt-nt Command. AS.TIA  VO<°umtnt t-:o. 
A l l  1 1 ,,. f;(JJ. 1 9'°"'. p 2:\4 - 24 1 .  

21� . •  1 .� r-; ;:,-;_ ll. E . .  R . A .  T E I . I  • .  T .  W .  ATH EY. Al't> N. S .  
H A � K I S .  R;.<li1�ir .. ,1uf"nrr nuti :.1 t ion 1.,,-"J� in urh:.n sr..a. 
Hr11l1!• Sri. �1..-r. Suppl. J: ◄�-:'Jfi.  H-17-;_ 

21'.l. JOlf S"l lS. l" .  <".. 1 ·. H .  l l l 'Rt-t:Y. I'. \\". I IAll llt:11.
H. M AS�Ol! l l l .  S. J . .  � 1 .1.t:I\ .  ASI• J .  I'. l1 1T<"Ht; l,I.. 
l l.t-:-:rript i,·f' 1--umm:.cry: ra1li,t.frt-qut-nl·�- r:..tf1:ittMn do!"im
t"tt·., h;1otihc111k. Rurlw St"i. 12. �urpl. 6: ;,-; -611. J!,1;-;_ 

2 14 .  JOHS�o:--:.  ('. < " . .  ('. H. lll' R r-; t.r . .I .  I.. l.J J R I !�. ·"" 
C. K.  1 . 1\' J K<;:-=-To:-.; FiN-rurtic- Ji\1ui,I rryt:lal pru� (nr 
sh .... ,rh.-cJ ra<liv- frt-+ fllt'l'h'Y J)O\\tr ttm�ratur.- mtlil'-Urt
h'lt'nt in ti�'-Uf> rlurint irradiat ion. Anu ,  sr A rnd . •  f;.(i. 2-e-;; 

. 

;'a2'i- �1 1 .  1 9;,;, 
2H, .. JnH ��Ot-.:.  C. C . .  At-:0 A. W. (:t1

): . Noni,'"iiin,:? ,-lt'<'t rt� 
m.t,mf"lif v.·a,\"f' trT'°<'I� in Liolotfral ni1t'°ri.al,:. arxl i,i,·iclf'fflf.. 
l'r,.-. lf:EJ; 60: 6!12 - , th. 1972. 

. 

216. JOH��ll\, C. C .. '"'" M. L. SHORE 11:,liton<J. IJiu/,,p,-

v,an hyp.-rt ho-rm ia 111nrl th.- ,·i"uxll� .,.,·nkt"O 111•lt-oti:tk 
prt-limirutry 1Jht.:.t-rvation� ,1( ,-uinn piK,-. In: H,11,loguul f:f 
frrh n Hd Mr111i:t,rrmr,,! '!f HnrlU, Fr,'lur 11q1iM1rnm-.1 1-.,- _ 
f'<litf'fi b�· ll. (;_ Hil.U.llrrl. H11c-k\·i11,-_ M lJ: Huruo ur Raicho
Juizic-■I Ht-:1l1 h. HEY.' J'uhl. ii-Hflti.. J!-t':"';. p. M-61 .  

:!Ut .l l 'STt-:SE °' . 1 >- n . .  AP.:I• !\:. W. h: l �t: .  U,•hni11n,l t'((t""r1 ,· 
..r '"" 1 .. , ... 1 mu·rnU )t\'p irr:.rii:-11 ;,,11 IU I hi · •·h1..;t'( I !-p:o·r �itu:, 
1i 1 1n. I n: fi,.,,,.!,u·,r/ f;(1�r1,, ,,,,,/ II, .,IIJ, /11,1.!1rol1o11,� u_l 
·" •rrmn11•, 1(,,.,,.,,,,,,, . .-,li1t•1I 1,y S. F. C ·i.•ary. Wii-.hinl!· 
tun. IH ': 1 1 . � f ;u,1 . Printin)i'. t Jffirt- . l'ulilir Ht-ii lth �n;,-t· 

. Puhl. RHH , l !Hf: •<•2. l�,11. 1'· 1 ,-1 · _I ,�. 
21� . .l l l�"Tt:st:N. u. R . .  u. M. I .E\"J N,-;n�. ·�·· I. It. 

Jl '�T•:��: s.  l\.y,·ht•t'i·ni< !-t n•:,,::,,:ur:,,: ar,• p,,t .. nt rn .. il ,:,111.-... 
nf tht· I ht' rn1;1f t·.,,cJ•m�t· ln mi,·r,rn. i. \ t-'  lrl'�•fiwti,,n. In: /111•
luylt' f,,:(/rrl., 11 ,irl 1/,1:nnl:- 1�/ ,\ f 1rruu11 1·1· H,1 rlu1f ,.,11. t-fl 1t 1-,I 
h�- J'. ('z...n-ki. \\'111n:11w: roti�h M.-cl. f'uhl. . 1 974. J.>. t:U -
1◄(1. 

2t't. I\Al'ZMAIO·:f\ .  t. K. f'1·t' 1 1 1i,,nry �t'n�itin• hi,ll'h .. min,i 
r.-�rti,111�. H, .. ,,1,_11"". ('l'l,u,. ◄· z•� · 2t.:l. 1 !.fa; 

2:l l .  I\Al  'ZM t\ H E h .  I . .  lo: .  Cati1111 l,iutlinc m,,.ft,I, for t h.- i1111•r• 
Mr{iun 11( n1t-nilir.1n .. � "it h EM fi,-l,f., .\°,·11ro:<ri Hr,. /'·•• 
9r,1111 Hull. l ;'I: :,.-4 - f.tl. 19;;_ 

-al. 1- A t "ZMA1tn.: .  1 .  1.: . • •s•• w. 1c A l • �:r.  Th,· ,-rn," .. r 
••< '.it' · ktltl 'I I c.1mnu1 -1111nin,,hu1 � ri,· ,.,-i,l fn,m t-41 t·•·•·••l,1 :1� 
n•r1f' .\ . Hni,, , f(.,._ fi.'I: XH -:t,t.!. 1�-;;: 

Ul. 1; .-\ \ "ZM A ltt:I;.  I .. K . .  ·""' 11·. 11 . .  � l lf:Y. \\"1••k ,J,.,_. ,.,.. 

�ra,fo•HI ,; rh:t11J!1· iuuic· JtHII tnu1!"mi1 1l 'I" flu,r'-' iu 1·11T1r;\. 
Hm"' H,·'!t .;,�- :-:r:-- :�u. 1�1;4 

214, K.\ I �E H .  •· , . . ht"rt'nl ,.-.,t"ill:-it iun.: in t.111lntin1l ,:y:,,:1t•m:o-. I.
Rifor-c-:.it i,10 ph••n,1nu•n.1 aml ph:1-.:,, t 1-.t11.:it i-H1" in liln f'll1.} m,,. 
!"-Uh;0-·tntt f' n•;1i·ti11n �dth ft' l'rt>t-1...-rtrit· twh;.t,· jur. Z . .\"ut , •·· 
fnrs,·h .  :l'ht: 2�4 -:iu-l. 1!1-;1'\. 

't:/J,. I\A l � f lL F. , ·,.h,•1·,•111 1o:,:dll;1 1 i , ,11:,: in l1i11l"J..'ll°:1l .,,.�1,-ml',
IL Limit c-�·d .. ,·,,lbcp .. ., :.nil t hv 110:-t-t c•f 1n,·.,Jh11L' ".t\f'� 
in FrOhlic-h'!< hr.Un -.·J&v., mnd.-t. Z .\ ,11to·f,r,rlt. 3:b. 4 1 -04 -
4:ll . ,�;,_ 

t;!,;_ � A t .AHA.  T ,· .. 1·. ••- Ft · ...:01 .n,· A . As1, � .  s . « :o:-.:T
�A HI I\" A. H1 . . l111,..rif t•fft"t'I .. ur r:.tcl1;1l j .. 1 , in t ht• :�•- :tc11 !t, I l l  
r.1 111,!:I'. I n: H, . .  t .. �i,· f;prr1:-: '""' llrolfl, 11,,:u nl." . , ,  ,\(,r,·u-
1nt1·r Rnd111t1t,11 , t'ifitt-11 loy I'. c 'r...r!"lci. "'.1n,JI"": l'ofi:,,:h 
M.-,1 .  Puhl .. rni.t .  p. !lt - 5;. 

22-;. KA LM l.lr-: .  A . •  I. l:h-ctn,1"·•·<'t"'Pl f,t11 i11 �h:.irk:-:. ,irwl n�·,... 
1'"nturr [,011rl,,11 21:.?: 12:\2 - 1:!:t• . 1�. 

2:'L�. KALMl.l � .  A . . t .  Thv ,,l.,.r1 1w 1-t'n�f' of ,-h111rlc:,,: •ncl r�y!l. 
J. f."11• lli,.J. 1,.';: '.H1 -�ll1. 1�, I .

229. K A  LMl .l l'\ .  A . .J . l:::lf'('tro-otif'ntat ion 1 n  ,:h.1rk,: ancl rll�·!'.
Thf,ory ancl t-'.\Jllt'rimt"nt.tl f'\·i<lt-'nN> . • r::.r-npps '""' · ()r-,n ''"!7"· 
Rrl .f.rr. C'nntrac-l 7:J-:\!,t, 19i:l . p. J - 22. 

:tiO. M A I .M l.I � .  A. J. Thf' «lf'tt'rtiun of tlt-'C"tt;,. t"wlch: frnm in
anim•lr ancf anim,itf" ,-:ou1Tn,: otht-r tNln ,-lt-t1ric- orvxni,:, 
In: H<t Nrlhu,,4- ,�, s,,,:1117 l'li !(-"i,./,�y f,,'lulr .. ,·, 1·r1J-.. ·, 
tuu( Otl'lrr s,--,·,nh:rtf HrnJ,tur,- i,, l ... 11wrr , ·,r1,-hro 1 ,� . 
frlitt"rl hy V. Alht:-- Fr!'l.1tarA. ?--'. .-v. York: Sprin,rr-\'t-rl•)l. 
1!17.t. \·o1. JI 1. 11.art :J. p. u;-2°'1 

:tU . KALM I.I N.  A. J .  1::sprrimPnt .t l  .,-i,l••nrP of ,:.,<1mar-nrl 1<' 
orif'nl•tion in •la!--mnhnnrh fi,-,h .. i-. In: ·"-"  in1,rJ ,\/ ,(tml,,.u,
1•:ni'19ntiun nm{ Hm11 1·tt9. t'tlit ...-,1 tty h'. . S..·hmitlt - K11nif:! an,l 
W. T. l\.eton. t,;f'"'-' Yotlc: Sprinllf'T-Vf'rla,-. 197h. )J. 
!IH-35.l 

�. KALMJJ 1'.  A .  J .  Eltttrom.t,-nf"lic- 1,.rv11bnn• �)"!"lt'm!'> in 
�sh ... r.. In: 8""'"'9'""°" Effrrt.'< U'ori.-hup, f'ditNi by T. 
Tf'nforrlt. kt'rlct"l,-y , CA: J..av.·re-rx-f" Rt>rk,14")' J .ab. Put.I. 
LBl,-,452. !�,�. p. 8- 10. 
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tfH-1 1 . f  � I f ". Af ,,. ,.,.H'•ll 't' ,\111/11,,"J( 1:.i',rf" nwd AP,>lin,liuH«. 
�1•rin1,.-fi1•M. I I .: Th-•m••. 19i1' 

:!70. 1 . IS l 1A1 : ..: u .  M ,  A� l l  II. M A RTI:--; , l>i,• St·h•·t'rt"llri,-n
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ftM .. ► z. \'"'· l'lt!i•'°' r,o: 21!'-2.t:'I. 1�. 

�11 .  I . I N l 1,Hl!;1<, M . . . ,su H. M A HTI�. M•�-•i< ,rr,..,, on 
rl:.indnt hf.t.�. In· _.,. ,,,,,,,,, (),-irNlolmH 1111,I .\",,rifl"'luu, . 
.. ,1i: , .. 1 hy �- R. ( :itllt•r. K. S<-hmWh- Koni,: , r.. J. J,u .. ,h .. . 
a,w-1 IL 1::. Rrn .. ,·ill,- � ..\SA Puhl. SP-11t!. W•:ohiu1,,.'101 1 ,  
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Tit+- ph� �iul ,:tali• ,,( ,..,lut,·:- ahll • 1 1 t•r in li,inc ct·II:- ■r• 
('"•1rJi111( ln l ht- .,.,.1oc•1;1l1 .. 1 1 - inrluct111n hnll•l iw:-i-.. " " "· Nl'
,A,. , , /  Sr, ti\!; ti - .1;_ l !li'.(. 

2,;t_ LIS.':\1..\!'-: .  H. W. 1 ·untinuuu-. t""l•�trk:.el �iJ.,.'Tl:.11..; Crum t lw· 
hil 11f a fi-.h, (:111111i,1 rrlr11, Hi/,d1rH1t (°U\". XnlHrr /,,.,,,tf,,,, 
t t;";: 211 1 - 211:!. 1 !1.i l 

2i.t . l . 1�...;�1 A S .  I f .  W. ( ,n t h,· fundi:011 :ow l  ,,,·,1l11t iun ,,r ,-!t·t·tri1· 
01"£:l411 .. Ill fi:-:h J. ,:,,. J;, . .  , :t:,: 1 :,,- 1 � 1 .  1�:,M 

2i[t. l . llTl.l-:. \\' . A. 1"ht• t•., i:-h•nt•f' or f"t•n;.i�lt'nl ,.:htri= in t h,· 
t,raiu . .  \f,,,A. H ,.,_ ... ,., t!•. 101 - ltll, l�i4. 

2;1• .  1 . 1 11" 1 . f.: . W. A 1 h,· r,h� .. ir:.i.l rh:.i.rvr\t'ri-.t it.-, of E�I fi,·lil 
. inll'r�rt i,on \l. i 1 h  r1 1,,l,·n1l.1r -.y:o:lt•m,.:. ,-.,·, ,,,,.,,,.d Hr.•. J•.,,. 

!,l•"U ••· /(11II ] :)· fi:! •� . Hf;;_ 
:!;-;. 1 .rrn . 1 : .  W. A .  ,� 1 , < ; .  I ., SHA\\'. A ,::tat i,-r in,1 th,•1ory 

... f .. f,.,n .1�1 lun, h·nn m .. m,.�·- Hrltor. H,,J. 14: I IF.- a:c•. 
1 �;: •. 

2,�. I .O\'f: 1 . Y . fl. H .. ,\ 11· l ; l 'Y . R. 11 . .  ) f l ll�SI I�. ASl• M 
M A T H •: '-'·�. Al1n;ii1i,,n 11( h1•h.id11r•I ,erwl hi,11·h,•mif:1I 
,..._r�m•·t,•r► 1lurinc i4tNI r,,n►1•11u<'nt t,, :',«tJ µ '-'" nn� c-h1-.111if 

2.t:",11 MHz mirtO\Ul\t •  1•, 1� 1:-:un•. In: /'rr.r. l111 ,\f,rr.11011.,. 

1•,11,·,·r / ,, ... ,. n ,uf , . .' .\'ull ( ',,,,,,,,_ .,,.,. ,,,, . r ·,,,.,H H, •• ,,,, 
Sri , -"V"'I'• l�·J,·r1ruu•11!111dir f',rl,I.: i11 H1,,lu!(lf'11I Sf:i<· 
l,·11111. tHluu'f't. 1 .0;,- _ p :U. 

2,�. I . I ' . • . .I. ,fl lKf>. ,; l'f:TTIT. 1'. 1 .1: I I I IA .  •"'' S. 
M l c 'H:\ E l .�l l�.  �,-uru1·111l,�·ri1H• :tl'MI t"nl'tli••l�"11:1niit- r,, 
!'f., ,f l..,.. of Ow ,lnJ! --ul1,i0 ·,·1 t-tl 111 rr1mi:1I ,.,, .. ,,11,·t · to t-1:'lf t  
M J i  7. 1t1i1·1'1 0\\ :4\ I'. Jo /',:,,. . . \11r1·11u"111·,· /'u,, tr  S!li"I'• , I ',ti, 
t·�rs,l 11 -�f U'nlt-rf,.,, . , ,,,,.,,..,,,_ ( 'o n,1,/n . • \f,111 ,�:.i. 

tJC, I . I ' . � . �  u:1w.1 -. �I. M t r ·n .u: 1 .�"� - s. n:rrn. 
,., , ,  ll  " H J \' E H .\ 'l l1o•nu:1l ;u"l ,·1wl,-..·nn,,l 111,."'"W:1I ,.ff,·rt � 
1 ,f 1 ·• • .t i;, .. ·1,-11 irr:.cli:u i,,11 uf r�t► h_r 2-1:,11 M Hz mwru..,. :.,·•·--. 
l<mf,,, ,..;,.. 1:!. !-,:uppl fi: i. 1 ;.,;_ t!1;;_ 

2� 1 .  Ll' tll: :S .  I!. A . . �I ! ' I I !:!'. ,  I I. H l !S�:� .  A. ,\_ I'l l . I .,\ , 
A�I • W H. A I H;\' EfT,•c·1 .. of t hn:-tt't'Ulic _.ff"t'l rum�i:
n,•1 tr:\II� U"Klut·••'I run-,·nt on h11mmn,- n•..:111m�i,•,,11.,:,.....: of 
h.,n ... f"f'II:- ;,, ,.,,,·. ,. In· Pr,.r 1.�;11t --' " " "· .\frtli,,p. 
1;1, rtr,.rh,·m ir,,I .,·,., . . Hu.,-/rrlrurlt,m i.,l r� Sr ,np . . . �f. 
{,,,,,, .. _ .UO. l!l�I{ Al,-.:t r  4f..i . JI. ;:, . . 

2� . M .\ H H . M . .  t . . V.-. !; l t l \'r:lt!'. ANII I ' . I'. ll l' H � ,;. T'h, 
f:_r,, •. , '!' tw,· 1:n,·ryy. ,._.,, ,.,,,,,,,, /,,nw l"r,·qur ,,ri fl•:r.r, 
£lrrlr.,.,,11!1u ,·I;,. H11:1,.,,,,,,, ut• (fl,,,."'"' Hrlt,,ru,r f., tlrr 
l',y.·,m ,1 1,d th,· 1(,,1 ( ;, . .,r'-'1:1 111:-:titutt- 11fT1•,·hn11l11�·" UN f{ 
Fif\-41 Rt>p., Ff"f.na:.r�- 1 !'-:-:t. i'L i,. 

21tl. M A l!T I � .  H . ,  '""' M .  I . IN l lA U!: R. llrl'fnl i,•n1n£ i n  !:rol
m:.t=h••t fc•M. 1'11rl ... rh1·. Zuni. 2 1 ·  2 1 1 - Z!tc. 1 �";':t_ 

21'(.t . M :\SCA lU-; r,.; H A S. �- tl.-<"tr.-ti; in hio1lh�·"il-,:. J. 
l:;ltdr,, .. ,,_.1 .  I: 1 4 l - l -hi .  1 �r;r1. 

21<>. M A ,,Sol'll l .  H . .  1 · . H. J ll;f!t,:f:Y .  P. W. H,\f! R!:f! .  A"II 
M .  t·. l�h' A t\ l lE R .  Elt"t·trnm11)...,H"(k ■1 1-.orptinn in muhi
ls),.-rNI c-ylinilriral m,.cl,•I..: of man. IF:£#." Tm ,-,. 1,/irm
H"fr, Tit,·,•� Trrl,, :!i: ft lfi -6 1�. J!li�. 

tk;, MA,X\\'ELI •. J .  L. A Tr,ot,.•� m, #,:,,.,.,,;,.;,, ,,ml Mt1J1-
'"''�"' O�l). Nr"· Ym-k: f>cwrr. r't'pt"intNI in l!t.·..t. 

Vii. M,·A RTH Ul< . G. R . . .  I . I .. I.Ol<llS. AS1>( ' .  H. l>ll Rl>EY.  
Mit·ro-. :.v, rarlistiuu ;tltc•N J1('ri,ctxllit »c-lh·ity . .  r tt,:.l,1.tHi 

��t•ntil uf r�l 1,.-ut. Hndtl, .'in. 12. Supp1 ti: 1 :,; - tfo11. 
l�Ti. 

2�. Mdt t-:►:. U. 1 0,,tt-rmiru.tiuu of th.· :,1 ..... urJ" ''"' ,,r nii,·r ... 
,u\·t tJMlia11,,r. h� ■ hiuh�n1I JlJll't'itnt'tl in • z,:,1 1 )1 Ht  
mic-rmn,·, f).,M. Hrnlll, t••r·•· 2ti; :tK-,- �•u . 1 �1-1. 

2�. MdU:E .  U. I. l>t-t.-r,nimat iurt .,f .,.,.;._.r.,_�- .. 1 .... ,,q,1 in11 uf 
mif'ru�•,·r ,,..Ji•tiun u:-inc thr c-1111linc run .. lt••·hniqUt• . 
J. ,\ftrn-1lf'l'lt"f' /'ull'l'r �: 21::1-till, 1�;.t. 

:t!OI M, ·f!f:�:. ll. I .  I'. !:. HAMHlt 'K. J .  7.l � K l  . . I'. TILI X 
Tc ti\. A�·1 ,  c ·. It f'A tnan :n�,. :-:.,m,· ,·0'1·t1 , 11( 1-,,-, .. u1·,· 
or tht> .lapM,.....,., . • ,u:.i1 ,-mhr}'tl 11 12.◄:, t  a11. mi,·l'ml ;t\ I' r;.ulm 
ti,.n. A,IH . 1'T .-\r111I. Sri. 24i: :c-;-; . :t� . .. 1 �;: •. 

�J. M d�EE.  I >. I .  ASfl H. WAt 'HT►:I. . ►li,·ru" :" ,. ,.,r,.,.. ,_  
on n,•n·,· ,·it .1li1 ·;. In: J'r,,r_ '"'· t ·,,,. ,,, l{,,rf111 .,ri. , -"!t"'t• 
H 11 J11g1rul l,,�IJ,•rl,, ••I J,;lrrtnmt11911,•tu· l\"u1Y..-, A irl1r. \ "_.\ , 
19: : .  p. !-Iii. 

:.�rl. M E H K E 1  .. t' \\ t lrii•nlMl tl,n h11•�d .. ,- .. r 1tinl:- it1 1': r.'"h 'I' 
r:1J:,·"' u,wl1•r ,l ilf,•1·1•11t phy:,:i,·.tl 1"\11•..: :\,,,, ,\' I '  :\11111 Srt 
]19<: tKt. t,.l, 1 ,; 1 .  

2!Ct. M J-:Rl\t-:J . .  F W . .  ,s1• H .  FHnM�H:. l 1ntn�ui·h11uc-,•n 
Ul>t•r ,l:i� < •ri,•1;t i1•n1nj!.:wrn,,,cru n;1rhtli,·h ti1·h1•1wl,•1· 
fio( k,·hlrh,·n tf."ntlrt,rtu 1(,-1.,-r,dn l. Xu1,, rw1s,., ,._ .. rh,,tt, u 
,t:;: .i�•- :,1•1. J!(i-'< . 

�- MER�EI ., F. II' .. II 1:. rl<O�l�Jf: . •  ,.,, 11· 11'1 1 .T:'( ' I J �n. 
K irh1 bi:-:tll'llt•,- Oru•nl i.-ru11J:!l\ t"rm"1,:n1 1._.j n»,·hl lu·11 
tUJ,!t•nruhiRtll Hul\.:t>hlrhrn. l'o!J'IH•,1,-,, ".!'l. !ti>- . Ii:\. 
1!11�. 

��:,, �, t-: tua: 1 .  . •. \\" . '\.:It \\". WILTS• ' l f hu. �bc-11-•1 1- ltlll· 
urul ltkhtu11c,li11,l,-11 tlll,!1'11 t'\Jhic1•1· l<1ot '- 1•hkh1·11 , I-." 1·:1J,., 
,,,,. n,h.·rHln t t ·••!l'"l 11,,rfr 2:,.: i 1  - ii. I Hi:",. 

�tu,li1·i- ,,1 1 hl,.-.. l. l ,r:,in hurk•r 1111.•1·m,·:1hili 1 �  ;1fl ,·r 11 1 i , ·n, 
¥-.1 \ t •  irnuli-4(1111\ Hmlit1I. 1:,11·,rm,. H11111l1t1� J :,· :11:-; . :c;-; . 
) !Jj')C_ 

2!-li. M E Y E IL M . t-: . .  ,s11 JJ It J.,\)t l tL �-n .. i 1 1n1�  ,.i , , , .. 
f•iJ,!,••"1 lo t·h:111c. , . ..: in lh-• mitl,!m•t i,· fi,,hl. J•,.,,,.1,.,,,.,.,, .'-•· 
:�: :t 1!•- :tri11. I " •�: 

:.�'-"". �1 l < "H A l-: 1 .�I IS°.  -:-· �I �1•Ut ,11·1 .. l•oe·n11t· , , ·-- 1• •!1 ..... ·:- 1 1 1 ,1, -c ·
atfl t •t \\ hul1• , . ,  .. ,,. U\h'l"t tlll,:4\'t• in.1111:,11110 ,,._.,._.,. .. ,., .• , .. .. 

.,,,,.,.,,,,.,,..,. r,,. . ,"11 1',-.·li. I!•. J :lt - a:oc. l !t";' I
::��1 )1 1 (  ' 11 .� t-:1.�n:-,:. :-,: :\1 . l'h,•rm:il ,.ff,., 1 .. ,.( �i11&.:I• · :m, 1  1 ,. 

..... :,t,-tl t·:\Jll1,.u,,, . l tt mi.•rn\4 .t\ r:--. lw Jl.,,, .. !I"" 1-:u- ,·h .,. .. ; 
H,•,1l1h H,i:11 1'1llt 1 1.f .\f,,.r,.,,.,,,., H,,,,,, , , ,  .... . , .. litt"I I,� I '  
( 'r..•r,.:ki. \\":it�;.\,·: J',.li:-h �1,-1I. l'uhl . .  1 !-11.t . 11 I · U 

:fuu. J.1 1 C 'H:\E l .�O;\. �- �1. ( '1·ntra1l urn,ni:- i- �  .. 1rm rnJ►•t1--, •., 
\U mi<·ro\\ aq•-ir,,lun•d htatinf,! . .\"r uru,-,·i. Hr:!!, /'rurr·1111, 
R11II. 1 5: !U-- 1 ,i1. 19fi. 

:1t.11 .  M l ('H . H: 1 .sn�. �  M . . 1<. 1a• 1 1 .u:T. w. ,;. l .nTZ. �. T. 
LU. At..lJ n .  I .. MAf: '" · !\t•Ufltt•l"Ml•"(·ri1w · ··�, .. .  ,. .. ,./" in t h-• 
tkl :rnd 1lul,! C-'-1 "'•�1 lu :,u:,(.) MHz fl '\\" � mkr,1\\ :l \n 1 11 
H1o .J,,91r,1I tb'rrt,r 11 111/ .\frm0trrm,•11t ,f /l11d1u 1'1·1 ·q111·11,·!1 ' 
Mur,,wm•r:1 , ,-<till-cl h.,· H. <:. H;it..7...trtl. lf11c·h·i11 1•. M il: 
Hur1·.tU .. r fhcli,tlnJ,..;t" .. I Ht•:.th h. H l:W l'uhl. ;-;.Nr,!1;, l!li;, 
]•. 21>1 - 2;9_ 

:llrl. M WHAEI.S< I�. !'. M .. It. :\ . !:. 1' 11 1 1,1 1 •�1 1!1, _  wrd . \I 
HI ) \\" l •. -' 1' ll. ) 'hp,l,,luck' M►Jll't1. ,; of 111i,·,·o\.l. Mn• in :1, 11.il 1••11 
nf mammak Am. J. l'li11 .. ;,.1, tm· :t:,t . :(;,1;_ 1!11:i l .  

:W:I. M h'HA[ l.!-0!'\ , !- .  M . .  R. A. E. Tllt >Ml'SO�. •" Id.  II'. 
HOWLA" ll. Rtol,,p,r 1-;1),rt,, •�I .\l w, ,,., .. ,,, l:r11m11n 
,-.;.," Yor�: Hunw Air 1J.,,,.1., 1"'w111 f 0('ntrr·. f ;nffi .. :-- Air  
Fnrtf' fbH·. n .. , ,  flA l >l"-TH -li';'.41:1 I !•;; 

:k.M. MI �ULA.ICZ\' h-:, H. H11rmut11• rt·:e,·Hut1� ,rnd t-h�n,-!, .... i,1 
e-oilncrint- ,:land!" uniln in"utnt.'t' of mkro"" •'·4•:,,., .\lnl. 
L,t111. :t!f: :1! 1 -!',1 , 1�;:l. 

!Wt. M t �OI.AJCZY�. H . 1tlicr11,u,·.- in·.:uh:.1 i,ot1 1md 1•1Vli11·ri1"' 
func-li1ni-. Jn: H11J119ir l:b,·rl• ,,.,,, H, .. ,ltlt H,,:on/,. �!I 
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.\f r....-r,111,..,.., Rnd111fl,m , '"°il.-rl hr I'. C 'vr�ki. W1r.-aw: 
J•1•!! "!t � ... d l'uhl . l�i.S. I' -11;-fJ I  

306 Ml  1 .H l lY. W. t " . .  ,.._ , .  �- M .  M l < .HA F.1 .�0J\ . Th_\-,·oirl 
,�r h,,ph� ..;inln� ur mi<'rll\l.'l \"f' nrllation. A,r-n11pnr, M,d. 
4-"t 1 121:- 1 1� 1 .  )��:!. 

:10,. M l  H1 1 . I . . H �f::S: f:I .A H .  M P H A \ ',-, I S .  1;, 1 : 1tA�-

:tl,. N I COi.iS . 1; _ A....-n N. Ll:FEVEH 1f,:,Ji1,,r!-I M 1•mhr.inr._, 
rfi,u:.ip:.iti , r  .:( rUrt Ur('� arwi t;>Volutt•,n Adi·. CA,m /'Jr•" 
t9 ) - :l74. 1 �:;;, 

:12�. t; I IWNo\· .1 _  1; \" . • rnn l .  I'. �tll- 1 1 1 .f i\'A .  Th,• ch••-.•·· 
tf'ri'-tic-� of t,, .. ;. il('I(' fl'rfPC-1'- nr mictcl\,nt\ t• .. comhin.-tf 1it. ith  
t h,• :a1rti,,n o f  �1,1\ \ ·n•y irn,ti»ti,in and h,•o1t . In Hwlu�i,.. 

SI-: H . I I .  M IOS . .\�II . I .  ( "1 1:-;T �:. l'ri•l1tn1 11:.ry r,-::uJt .. un f:ttrrh """ H,,,tth lln:11nf.,. of .,r,n,1w•it•, lrn1dff1t,,m . 

;�t>(_ 

!W�•-

'.IIO .  

� 1 1 .  

:t Jt. . 

:I J :I 

�H.  

� 15  

:tJf; 
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• :tM 

:t!I .  
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t h,- ,·H1·d� of mi,·,·0� 11\·1•" un th,- rt>tin.1lnh 1.:ti111:,·1 i ,· .. ,·:::. t'"'t i11••I hy J•. t '.r.,•r�ki .  WM-r:-.ilil·: l'uh .. h M ,.,f J'ulil . .  1!1';�. 
l1·n . I n. l'r,,r /1 1t 1 ·., 1,111 R,,r(,u Sr, , . ...:�w11 Hi ,J"!I"' 51. ;,1-1 . 6,!j 
f:11 ... , . ,�  "' ,-i·, .. ,,, ... ,,,.,!,"'"'',,. " ,, ,.,.�. A 1r-lir . \'A . 1.v:-; , fl Hli. :tLt-i. 1' 1 1 .�,n N . " Cl .. 4.NI I  I .. E. 1 · ..:1·1 1-:1 : :-:.n, :\ tn,-rhallhlll 
� 1  ·1 1 · 1n: 1 . 1 . .  I '. , ·1i,. ,11 ,u<em,,11o· , ·,.,,,,11 1,!1 ,,,,./ l,"m·•·�1y 
TnY ,._,.,fttrl 1 1 111 Hu.fmm, En�l:nML (;Jynn lh•�_,rd, l .ttf . ,  
1'-":." 
M 1 Tt " H E Li . . J• 1'.-dunn:rnr..- •net roll!--Prnti•m of tr.-mntif" 
"Y. 01·k l ,y prol1 1n•1·,1u 1 •l� �olUft' port('r 1'-)'.:lrm�. H11ot•t1rt• 
c:•·' • ,i r.:t -�1 . l !. f;:\. 
�1 • ,, .-\ 1 1 .-\ �  . .J , ·  . . A�tl H. S. H t l .  Thl· rHi-rt 11f :..mhi1·11t 
I ,•n.""1 1"''·:,tor,· ,111 t tw rt'llfurt i, ,n of mi,•ruw:.., , . t't\t"rJ..') ;4:l,.:,u-1.,. 
1 1, 1 1 1 1-y nu,·1• l(,,d,,, S,·i 11. �111'1'1 Ii :!:",i' - :!li:!, l�';i' 
�I• ,sf: l . f:Y  . . J . 1 . . ,; A. < l.l DL\ S S . A"" A . ;,, w,\ lt l >. 
l'.n•1 :.1,·t n i 1 �  ,111 .-in,: fol.';(1 l·miic·�I hyput h,·nni� in t hr nnr• 
,n;.c l t·,,1"{ 1 • \ .  f.'1·1 • .\',·,,rnl :\';· l i'i! - I t;·: .  l !I;:!. 
�1 1 · u .u: 11. 1; I ' . II T , · 11 1-:s . .I .  A .  l l lB I IET. JI .I .  
, · H r\ . .i.-.;11 .f .  �H: l l ES Eff,•1·1 uf v. .tnt1 anti t·oM t••tn· 
J'• " ' ;1 1 1 1r, · ut1 , ,. ,.. , . ,  . . .  r T:-: 1 1 .  , ; 1 1  .i11•l 1 '•·•,l�di11 in n,t �. 
/ ', .. , .. , . ,-; _,,, /i .. ,; li t-•/ l�"i: .;� ;"1. 1,1:.1 
:.,1 1 L I. I .E l< .  t· . . ,:-- 1, J I . n. H \ ' PI\ Art1o,n p .. t .. nl i.il 
ph, • 1111m,•n;1, in ,- , 1 1o·rin1t•nt.il hiumnlf'C"Ul.ir hJli•I mr.tnhntne� . 
.�·, , ( 111·,a l J i  f;ftl -til l 1 .  l �i"';' 
M I  ' I . I . Ir,::-.:. , 1. .1 . SI t'�•I) -i::l ;tlt • n1lriun1 ttu,.,..:: m,•mlin1m· 
,�t· "u..:. mito,:h,,nrln;.il t"onl r,11 uf ium1.1•<i r;1kium in 11\0· 
pJ�..;.m 1",tf,n1ti,"' /'mr. :t:,· :!.-1>'-!--1-:!.:.\1r, . , �1j'1:. 
:S: ..\ � ·\Y.-\ �I .� .  T .  H T  11.-\ �Dl f: I •. . I. 11 H � HHY . ,s,, 
.1 . :--:. t:l!-i►: � �I ..\'.'\ . Th,•rnial !-timul:.ttt11t1 ,,f ,,l,•t"1 1·i,·�I ,., •. 
t int,  ,,f :tin)!I•• Ullll .. of th1· flft•11pti1· n,t(i.,n . .-, ,,,, J. 
l 'I, ,rwl. ;!HJ. 1 1:!:! . Jti•i. )!Wt..'t. 
�:,: l••n:,I :\ nuf,•11 1\ uf �-i,•tu-..--- 1 ·� .. , . Ui . . ,,li� ,11·.1! ;iml •. , . 
1•,•rttn,·111;.I r1111<11l ,•r;, 1 1°111:-:. In .  H,,,t11111r f:.,;. ,·I."' ,�I l-,"lr-rt,·1r· 
n ,u{ .\l1 1purtlr f',,♦J,!, ,\..: . .:,,r,,,t,./ w1llr l'rr,,rrf S.-,1Jnr,·r. 
W.-. -hinL•1- t11. I • • · t 117;. p. 2"i- :\�. 
:--..i; 1u1ul .-\r;ri-1,·n,_\ . ,f �-i,•111·,..-. l '�..\. H, .. /,1111 ,· 1.:ri,·,·1,- '!I 
li·, •. ,·lnr ,1 111/ ,\fd!Jll.-111· F1,·ld, A.u,,r11"1f,·t{ ,..,,,. /' t·oJ>,1 . .:.-,I 
*/'r,, ,,.,., _(:,.,,_,;,,.,. , \\·;,:-:hi1:1...1 1111. J H · R, ·1 • ,1f l"111nn11t t,. ... 011 
Jh,.- plwr" E(f,·,·t· ,1f t,trE-nwly- l .m, - Frr•1u,•n,·y Rarhit· 
t i. ,n . 1 �i'i . ��11 ,, 

>=.a.1 1,m;1I A ,·cult•m� c,f �it'th'f':;, t:-;A H111/11p1r f:.�tah oJ 
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