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RF-Field Interactions with Biological  Systems: 
Electrical  Properties and Biophysical 

Mechanisms 

Abstmcr-Electrical  properties of tissues, mmmolecular solutions, 
and cell membranes are wmmuized at  frequencies  from the extra low 
frequency (ELF) to microwave range. Rwioudy presented dielectric 
data are  supplemented  by new results and a more deeiled discussion 
Ot the physical mech.nisms for the ob- tempernture coefficients 
of the dielectric properties The dielectric data are discussed in terms 
of  the interaction mechPnisms  which give rise to  obsened relaxationd 
effects. Possiile mechanims for nonrhennul weak interactions be- 
tween radio-ikequency (RF) energy and tissues are discussed and 
evaluated. 

II 
I. INTRODUCTION 

N THIS  SURVEY,  electrical properties of tissues will be 
reviewed covering the  total  frequency  spectrum up to micro- 
wave frequencies. More recent  data, some previously un- 

published, wiU be presented.  These new data will help to re- 
move some  inconsistencies which have been pointed  out [ 1 ) .  
We will also add to the few data presently available at radio 
frequencies  (RF’s), discuss temperature dependencies in 
greater  detail than before, and  extend some tissue dielectric 
data  to higher microwave frequencies. Biophysical mecha- 
nisms responsible for  the observed tissue electrical properties 
will be related to membrane properties, to  the  state of extra 
and  intracellular water, and to biopolymer  properties. 

One of the oldest reviews of such  data is provided  by Ra- 
jewsky’s monograph [2] .  More modem  data  and  interaction 
mechanisms have been discussed in  detail  by Schwan [ 31,  and 
with  essentially the same data, by Schwan [ 4 ] ,  and by Johnson 
and  Guy [ 51. A recommended independent extensive survey 
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is by Geddes [6] .  Recommended basic texts  on  the  inter- 
action of alternating electrical  fields  with matter are those of 
Froehlich  [71, Debye [81,  Boettcher  [91,  Smyth [ 101,  and 
Hill, Vaughan,  Price, and Davies [ 11 I .  Other reviews of the 
electrical properties of biological molecules and tissues are bp 
Grant, Sheppard  and South [ 121, Schanne and P. Ceretti 
[ 131,  and Cole [ 141. These last two  books survey the vast 
field of impedance measurements on cells and cell suspensions 
at  audio and  radio  frequencies  used to study  the electrical 
properties of cell membranes. A recent review of microwave 
interactions with biological tissues has been presented  by 
Stuchly [ 15 I , which contains many additional references. 

11. FUNDAMENTALS 
The electrical properties to be surveyed include  the  conduc- 

tivity u, resistivity p = l /u,  and the dielectric permittivity 
relative to free space E .  The  conductivity is d e f i e d  as the 
conductance G of a unit volume of matter.  The dielectric 
permittivity is the capacitance C of a unit volume of matter, 
divided by the  permittivity of free space E ,  = 8.8 X F/cm. 
The  admittivity y = u + ] ’WEE, may be defined as the  admit- 
tance Y = G + j o C  per unit volume, while the impedivity z 
is the impedance of a unit volume  and the inverse of the ad- 
mittivity, i.e., z = 1 / y ;  o is  the  frequency in rad/s. 

One frequently  introduces  the complex  Permittivity E* as 
an extension of the  permittivity by setting e* = E’ - je” with 
E‘ = e and ue”e, = 0. Magnetic properties shall not be con- 
sidered since the magnetic  permeability of biological matter 
is for all practical  purposes equal to  that of free space,  and 
magnetic losses are negligible. The  one  exception-magneto- 
tactic bacteria-will not be discussed here [ 161 . 

For  most material the  permittivity  and  conductivity  proper- 
ties are frequency  dependent  or dispersive, and,  consequently, 
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time-dependent  characteristics prevail in  response to a current 
or voltage step. Consider the simplest possible response, that 
of an  exponential of the  form 1 - exp (-t /r)  for  the dielectric 
displacement, i.e., the charge acquired  by  a unit volume of 
matter exposed to a unit  step  potential.  Then it can be shown 
that [8] 

E* = E m  +- Eo - ea 
1 + jwr 

with the subscripts 0 and 00 indicating the limits of E* at very 
low and high frequencies,  respectively, and w the angular 
frequency. In like  fashion 

y = y  +- Y o  - Y ,  
OD 1 +jar 

if the time  response of the  conductivity  ischaracterized by an 
exponential. 

If the response in  the  time domain is more complex it may 
be often  written simply  as  a  sum of exponentials,  and  the cor- 
responding  responses in  the  frequency  domain are of the  form 

These equations are special cases of the Kronig-Kramer rela- 
tionships [91.  It is apparent  from  them  that  the response of 
any system  may be modeled as a  sum of relaxation processes, 
with  each process being a noninstantaneous  exponential 
relaxation from one state to  another.  The Kronig-Kramer 
relationships show  that  the  frequency response of the  conduc- 
tivity entirely determines that of the  permittivity  and vice 
versa for linear  systems.  This is particularly apparent if we 
write the  equations  for  the case of only  one relaxation time 

€ = e a  + Eo - Em 

1 + (or ) z  

u = uo + (0, - uo) 
1 + 

where ea and uo represent  contributions  not  due  to  the relax- 
ation process. From [ 1 ] or  the Kronig-Kramer relationship it 
follows 

( 5 1  - uz = (€2 - € 1 )  Er/T ( 5 )  

so the  conductance and capacitance  changes  between any 
two frequencies f l  and fz are interrelated  through  the  time 
constant. 

It is well known  that  not all responses to an activating step 
stimulus are exponential.  For  example, diffusion  proceeds 
intrinsically in a different  manner. However, molecular 
orientational responses  and Maxwell-Wagner interface charging 
processes are known  to be exponential.  Thus  the dielectric 
properties which  result from these  mechanisms so prevalent in 
biological media can be described in  terms of relaxation 
precesses as indicated above. 

Frequently  there is a  broad distribution of relaxation  times 
clustered about a single mean value. In this case the behavior 
can be well approximated by the Cole-Cole function [ 171 

TABLE I 
DIELECTRIC  PROPERTIES OF TISSUES AT AUDIO  FREQUENCY 

(37OC) 
Frequency, Hz 

Tissue 10 20 100  1000  10000 

Dielectric  Constant E 

Lung 450 85  25 
Muscle (2500)  800 130 55 

(1000) (150) (90) 
Liver 850 145 55 
Heart 8 20 3 20 100 

Fat 150 50 20 
muscle 

Specific Resistance p ,  ohm-cm 

Lung 1120  1090 1040  950 
Muscle 96 5 (414)  880 830  760 

(403) (395)  (375) 
Liver 840 800 76 5 685 
Heart 96 5 925 845 600 

Fat 

Data in parentheses  from [ 211  (23OC); al l  other data from [ 201. 

muscle 
1500-5000 

which leads to a  circular representation in the  complex  permit- 
tivity  plane,  with the  center of the circle depressed below the 
real axis and  with E' = E and E" as the abscissa and  ordinate. 

111. LOW-FREQUENCY DATA 
Data summarized  by Schwan and Kay [ 201 are  presented in 

Table I. The  data were obtained  on living dogs and care was 
taken to correct  for  electrode polarization effects and fluid 
accumulation  near  the  electrode  tip. These data are extended 
to lower  frequencies using excised muscle data  from  another 
study [ 21 I .  For excised tissue,  techniques which are not 
possible for in situ measurements, to correct  for  electrode 
polarization,  permitted  data collection down  to  20 Hz. Table 
I shows a  comparison of these data with data by Schwan and 
Kay. The specific resistance of the excised samples  are lower, 
no  doubt, because excess saline was used to bathe  the samples 
for good contact with the heavily platinum black covered 
electrodes. The dielectric permittivity  data, less affected by 
this excess saline, connect fairly well with the  data given by 
Schwan and Kay [ 201. There are differences  in temperature 
between  these two  sets of measurements, and  hence  a  shift in 
the  frequency of the dielectric  dispersion is to  be expected. 

Many tissues have anisotropic  properties  at low  frequencies 
and RF's due  to  the preferential orientation of the tissue fibers. 
The measurements by Schwan and Kay were performed with 
a tip  electrode with an approximately hemispherical  field, 
thereby averaging effectively over various orientations.  The 
'lower frequency  data by Schwan were obtained with the field 
perpendicular to the muscle fiber  orientation.  The  extent of 
possible anisotropy remains largely unknown. Application of 
the Fricke mixture  equation  (22) to  the case of elongated 
ellipsoidal nonconducting tissue cells in  a conducting medium 

o - x ( l  - P) 
(7) 

0 e  X + P  

where p is the volume fraction of the cells, u and ue are the 
conductivities of the cell suspension and  medium,  and x is 
1  and m, respectively, for long cells perpendicular  and parallel 
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TABLE I1 
SPECIFIC RESISTANCES OF VARIOUS TISSUES AT R F s  

p ,  ohm-cm 
Frequency, MHz 

Tissue 0.1 0.3 1 3 10 30  100 
~ ~~ 

Liver 220-540 220-480  210-420  200-350 180-270 160-220 150-195 
Spleen 250-500 250-460  230-380 180-240 150-170 125-145 110-140 
Kidney 145-260  140-250 130-215 115-170 105-158 100-155 
Lung 

(deflated) 165-200  161-193  150-180 135-165 114-148 105-141  100-140 
Brain 440-830 430-780  420-700  390-605  300-460 230-360 200-300 
Skeletal 

muscle 172-240 170-230  165-200 160-185 150-170 140-160 130-155 
Heart 

muscle 185-242 180-240  178-230 163-200 145-175 138-170 136-168 

Measured  immediately after excision.  Typically 5 to 10 samples. Upper and  lower  limits  are  given. 
Temperature 23’C. (Data  taken by Rajewsky et al. [ 21 from  human  autopsy  material.) 

to the field, would suggest that  the  ratio of the transverse to 
longitudinal resistivities should be no larger than a factor of 
2. Sapegno [23]  reported a ratio of two. Burger and van 
Dongen [ 241 and Rush [ 251 noted substantially larger differ- 
ences ranging from  factors of 3 to over 10. Virtually no work 
has been done op the permittivities of tissues as a function of 
the sample orientation to the field. 

IV. PROPERTIES OF RF’s 
Resistivity data  from a  variety of tissues are summarized  in 

Table 11. We also measured the dielectric  permittivity of the 
tissues, which was not measured by Rajewsky and his group 
[ 21 , and  determined the  temperature coefficients for  both  the 
conductivity and the dielectric constant [26].  Stoy  and 
Schwan [ 261 achieved much  better  reproductibility,  thereby 
reducing the larger range of uncertainty in Rajewsky’s data. 
Some of our  data are  presented  in Fig. 3.  The muscle data are 
fairly typical  for  most  other tissues of high water content, 
but  the brain data  are  different. While the  data  connect fairly 
well with those of Rajewsky et   al . ,  they differ somewhat with 
those given  by Osswald [ 3  1 ] to be  presented later. 

v. IN SITU VERSUS EXCISED TISSUE PROPERTIES 

It has been long known  that  death  and decay profoundly 
change the dielectric properties of biological material.  Oster- 
hout in 1922  correctly ascribed these changes to the break- 
down of cellular structure and cell membrane function  [271. 
A contributory cause is the  redistribution of intracellular  and 
extracellular ions. Of particular interest are Rajewsky’s 
measurements of the tissue dielectric  properties as a function 
of time  after excision,  with  a  simultaneous determination of 
the metabolic rate.  They  show  that  the low-frequency proper- 
ties begin to deteriorate  after  about a day, following a signifi- 
cant decrease in metabolic rate  [2, pp.  170-1731 . This dete- 
rioration is caused by a  breakdown of cell membranes,  which 
are primarily responsible for  the low-frequency properties, 
as shall be discussed below. High-frequency data in 
contrast are relatively unaffected. Since the  data  at high 
frequencies  relate to  the water and  protein  contents of the 
cell, we expect  much slower and less pronounced  deterioration 
in  the high-frequency properties  after excision from  the animal. 

There are, however, changes that  occur when tissue is ex- 
cised or  after  the  death of the animal which might affect its 
dielectric  properties. The loss of blood  in the tissue is likely 

to be most  noticeable at  low frequencies. Loss of moisture 
might account  for  reported changes  with  time after excision 
in the dielectric properties of fat  at millimeter wavelengths 
[ 281 . 

VI. PROPERTIES AT MICROWAVE FREQUENCIES 
The  data of Schwan and Li [29]  and  those of Hemck e t  al. 

[30] are  presented in Table 111. They  show good agreement, 
and agree as well with data by Osswald [ 3 11 and  Hemck [ 301 
presented in  the same table.  Unfortunately, Herrick’s data 
have never been published stating  the details of the  procedure 
and  only were made available as a  private communication to 
one of the  authors (H.P.S.). More recently Foster, Schepps, 
and Schwan [32]  -[33]  and Lin [ 341 have repeated  some of 
these  measurements  with high precision  and extended  them to 
higher  frequencies.  Table IV presents  these  results for brain 
and muscle. The need for  accurate brain tissue data is particu- 
larly important  for  studies involving microwave energy de- 
position  in  head  models. 

Few data are available above 18 GHz. Edrich and Hardee 
measured the dielectric properties of muscle and fat using a 
waveguide technique  at  40-54  and 85-90 GHz [ 281. The 
probable  errors in these  data  are greater than  for  the  tabulated 
data  at lower  frequencies,  and they  are  consequently  not 
included  in this Table. Gandhi e t  aZ., on  the  other  hand, have 
searched with great precision for possible changes in  the dielec- 
tric properties of cell suspensions  between 26.5 and 90 GHz, 
in  order to uncover any  changes attributable to resonant 
effects [ 351 . However, they did not measure e’ and e” di- 
rectly. As we show below,  the dielectric properties of tissue 
should,  at these high frequencies, be given by the Debye 
equations  for  pure water  with proper gowance  for  the frac- 
tion of tissue which is occupied by low  permittivity protein. 

Frequency  Dependence 
The muscle data (which  are  fairly typical of soft tissues of 

high  water constant)  demonstrate  the existence of at least 
three major relaxation mechanisms  labeled 01, 0, and y (Fig. 
1).  Corresponding center frequencies where E = %(eo + e,) 
for each  dispersion  are near 80 Hz, 50 kHz, and  25 GHz at 
body  temperature.  The 0 dispersion in particular shows a 
broad distribution of relaxation  times  attributable in part to 
a  variation  in  distances between intracellular and cell plasma 
membranes, and can be  described by the Cole-Cole function 

Authorized licensed use limited to: Dartmouth College. Downloaded on November 17, 2009 at 14:35 from IEEE Xplore.  Restrictions apply. 



SCHWAN AND FOSTER: RF-FIELD INTERACTIONS WITH BIOLOGICAL SYSTEMS 107 

TABLE I11 
DIELECTRIC CONSTANT AND CONDUCTIVITY IN mmhoicm OF VARIOUS BODY TIFLJES AT 37'C 

Frequency  (Mc) 

25 
~~ 

50 100 200 400  700  1000  3000  8500 

Muscle 103-115 
Heart 

Liver 136-138 
Spleen >200 
Kidney >200 
Lung 
Brain >160 
Fat 
Bone 

muscle 

mmow 

Muscle 
Heart 

Liver 4.76-5.41 
Spleen 
Kidney 
Lung 
Brain 4.55 
Fat 
Bone 

muscle 

mmow 

85-97 

88-93 
135-140 
119-132 

110-114 
11-13 

6.8-7.7 

6.80-8.85 

5.13-5.78 
6.62-7.81 

6.9-11.1 
2.22-3.85 
4.76-5.26 

0.4-0.59 
0.2-0.36 

71  -76 

76-79 
100-101 

87-92 

81 -83 

5.59-6.49 

5.13-5.56 

(a)  Dielectric  constant E 

56 52-54  52-53 
59-63  52-56  50-55 

50-56  44-51  42-51 

62  53-55 50-53 
35 35 34 

4.5-7.5 4-7 

(b)  Conductivity K in  mmho/cm 
9.52-10.5 11.1-11.8 12.7-13.7 

8.7-10.5 10 -11.8 10.5-128 

6.67-9.09 7.69-9.52 8.7-11.8 

11.1 11.8 1.3-1.32 
6.25 7.14 7.69 

0.29-0.95 0.36-11.1 

49-52 

46-47 

5.3-7.5 
4.3-7.3 

12.7-13.3 

9.43-10.2 

0.83-1.49 
0.43-1 

45 -48 

42-43 

3.9-7.2 
4.2-5.8 

21.7-23.3 

20 -20.4 

1.1 1-2.27 
1.16-2.25 

40-42 

34-38 

3.5-4.5 
4.4-5.4 

83.3 

58.8-66.7 

2.7-4.17 
1.67-4.76 

(a) Values at 25, 50, and 100 MHz from  Osswald (1937); at 200,400, and 700 MHz from  Schwan  and  Li (1953);at  1000,3000, and 8500 MHz 
from  Herrick et al. (1950). The  values  from 200 to 700 MHz  have  been  obtained at 27OC and  are  adjusted to 37OC with  the  help  of  temperature 
coefficients  discussed  above.  (From [ 4 ]  .) 

TABLE 1V 
DIELECTRIC PROPERTIES OF TISSUE-RECEST RESULTS 

7 

6 -  

Tissue  Frequency, GHz 5 -  
(water  content, 
weight  percent) 0.7 1 3 8.5 10  17 4 -  - 

- 

3 7OC MUSCLE 
- 

w 
Dielectric  Constant E c7 3 -  - s 

Dog skeletal 

Dog  spleen (0.75) 54 52  47  40 38 34 
Dog brain- 

- 
muscle (0.75)  56 54 50 42  40 34 

2 -  

I -  

white  matter (0.72) 38  37  34 29 28 

grey  matter (0.82) 48 45 43 38  37 

Specific  Resistance p ,  ohm-cm 

Dog  brain- 

Muscle 71  67  31 10 8.6  4.5 
Spleen 105 83 36 11 9.1  4.8 
Brain- 

Brain- 
white  matter 143 133 77 19  15 

grey  matter 105 91 45 13 10 

More  recent  data  by  Foster et al. ([32] and  unpublished).  The vari- 
ability  in  the  permittivity  and  conductivity was about 2 percent  in E 
and p at al l  frequencies.  At 3 GHz, Lin [34] quote E = 35 f 5 and 
p = 50 f 25 for  unspecified  brain  tissue at a  temperature  of 37OC. 

(6), as  demonstrated in Fig. 2. At microwave frequencies 
between 1 and 20 GHz, the tissue conductivity increases 
quadratically  with  frequency, because  of the  dipolar reorienta- 
tion of tissue water, while the  permittivity  more slowly 
decreases. 

01 1 I 1 1 1 1 1 
0 1 2 3 4 5 6 7 8 9 1 0  

LOG f (Hz) 
Fig. 1. Dielectric constant of muscle as function of frequency. The be- 

havior is characterized by theee  distinct relaxation regions labeled 
a, 8, 7 and  occur at RF's and ELF and  microwave  frequencies. The 
conductivity (not  shown)  increases in appropriately related steps. 

VIII. TEMPERATURE COEFFICIENTS 
Temperature  coefficients are  obtainable  from  the  data  pre- 

sented  by Osswald [31 I ,  Stoy  and Schwan [ 261 (Fig. 3), 
Schwan  and Li [ 291, and  Foster et  QZ. [32]  -[33]. As indi- 
cated  above,  the  dielectric  constant  may be represented by 

Ae7 
€ = € -  + (8) 

7=1 1 + O'W77)a ' 

If the  three dispersion ranges are well separated, i.e., if 71 >> 
7 2  >> r 3 ,  then  the analysis proceeds fairly readily.  For  each 
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RESISTANCE RIOHY Cm.) 

F i g .  2. Impedance  plane  plot  of  the  impedance 2 = R + jX of muscle  tissue.  The main circle with sup- 
pressed center reflects  the Bdispersion effect, while  the  small  circle  attached to the big one at low 
frequencies is caused by the (I dispersion. 

~~ 

DIELECTRIC  CONSTANT c 

a DOG BRAIN 22.12 
n DOG BRAIN 4O'C 

- I  

i 

F ,MHz 
Fig. 3. Dielectric  properties of muscle and brain tissue as function  of 

frequency  through the  RF range. 

dispersion the  temperature coefficient  reflects those of E - ,  
EO and r = 1/27rfc. The critical frequency f, increases with 
temperature  at a rate of about 2 percent/'C for all dispeyions 
(1.91  percent average for  the  temperature range for  16 C to 
36OC for electrolytes). This value is suggested by the follow- 
ing argument. 

I )  a' Dispersion: The a dispersion  may  be due  to a fre- 
quencydependent access impedance of the-folded  inner mem- 
brane  system of the cell or  tubular system [ 361 . This access is 
ionic and hence its  temperature coefficient is equal to  that of 
the  conductivity of the  electrolyte, i.e., about 2 percentPC. If, 
on  the  other  hand,  the (Y dispersion arises from mobile counter- 
ions  associated  with  fixed charges on cell membranes, then 
from  theory proposed by Schwarz [37],  the characteristic fre- 
quency is proportional to  the mobility of these counterions, 

giving temperature coefficients similar to that of the  conduc- 
tivity of electrolytes. 

2 )  j3 Dispersion: This dispersion range is caused by Maxwell- 
Wagner polarization effects in which the cellular membranes 
are charged through  the  electrolytes. Hence the  membrane 
charging time  constant varies inversely with the  conductivity 
of the  electrolyte, i.e., 2 percentPC. 

3)  7 Dispersion: Here the  relaxation  frequency, is close if 
not  identical  to  that of free  water and,  hence,  its  temperature 
dependence is  equal to that of water.  This  happens again to 
be close to 2 percent/'C. 

In the discussion above, we have ignored possible changes in 
the impedance of cell membranes. This is justified by the small 
change  in the  membrane capacitance with  temperature (e.g., 
0.3 percent/'C for  erythrocytes [ 381 ). At audio frequencies 
and above, the  membrane  conductance, which has  a larger 
temperature  coefficient, is always negligible compared to its 
reactance. The values e o ,  E-  and eo - E- change compara- 
tively little with temperature since the difference eo - E-  is 
proportional to the membrane  capacitance (1 2) or close to 
the  static  permittivity of water which has a small negative 
temperature coefficient comparable to  that of the  membrane 
capacitance. 

Thus,  for  each of the  three dispersion regions, the dielectric 
constant  exhibits a small negative temperature coefficient at 
low  and high frequencies, and a positive coefficient in between 
which results from  the-strongly  shifting dispersion. 

Temperature coefficients ire more  difficult to predict if 
there is a distribution of relaxation times.  But an upper esti- 
mate of the  temperature coefficient near the relaxation  fre- 
quency may be provided by assuming one time constant. 
Consequently, near the characteristic frequency, 

de  do  EO - E-  _-_____ - (9) 
E u E o  + E W  

where de/€  is the relative change in dielectric constant  due to 
the relative change in conductivity dola and  with eo and E, 
fairly independent of temperature. In all cases we note also 
that EO is much larger than E , .  We conclude, therefore,  that 
the  temperature coefficient varies with increasing frequency 

Authorized licensed use limited to: Dartmouth College. Downloaded on November 17, 2009 at 14:35 from IEEE Xplore.  Restrictions apply. 



SCHWAN AND  FOSTER:  RF-FIELD  INTERACTIONS WITH BIOLOGICAL  SYSTEMS 109 

through  the dispersion range from  about -0.3 through a  maxi- 
mum of +2 and back to -0.3 percent/OC. 

Similar considerations apply to  the  conductivity; however, 
some important differences  exist. For  one relaxation process, 

the  infinite  frequency value is 

urn = uo + (eo - em)f,/18 x 10" mho/cm. (1 1) 

Since urn >> UO, this U, is proportional to fc which has a 
temperature coefficient of about 2 percent/'C. If the fre- 
quency f is close to f,, the  numerator of the  ratio (f/fc)2/ 
(1 + ( f / f J 2 )  decreases with  increasing temperature twice as 
quickly as the  denominator, so that  the  ratio itself changes 
with  a temperature coefficient of about - 1 percent/'C. Thus 
conductivity  temperature  coefficients  of  about 2 percent/'C 
at frequencies well above and  below f, change to  only 1 per- 
cent/'C in the dispersion range. For overlapping dispersions 
and distributions of time constants these  differences  should 
become somewhat smaller as may be judged from an appro- 
priate discussion of (6). For CY values near 0.5 one can derive 
a temperature coefficient of about 1 percent/'C for e and 1 
to 2 percentPC  for u for  the  upper  part of the  RF dispersion 
range and in  excellent  agreement  with the values derived from 
the brain tissue data  in Fig. 3.  The above discussed values 
are also in agreement  with the values quoted  for  the lower 
microwave frequency range in [ 3, table 91 . 

IX. INTERACTION MECHANISMS 
An insight into  how electrical  fields might affect biological 

matter is gained from a discussion of the dielectric properties 
of the various tissue components. 

A .  Water 
The dielectric properties of pure water have been well estab- 

lished from  dc  up  to microwave frequencies,  approaching the 
infrared [39].  For all practical  purposes they  are  character- 
ized by a single relaxation  process centered near 20 GHz at 
room  temperature.  Static  and infinite frequency permittivity 
values are, at room temperature, close to 78 and 5 ,  respec- 
tively. Hence the microwave conductivity increase  predicted 
by (5) or  (1 1 )  is close to 0.8 mho/cm above 20 GHz, much 
larger than  typical low-frequency  conductivities of biological 
fluids  which are  about 0.01 mho/cm.  The dielectric properties 
of water  are independent of field strength  up  to fields of the 
order  100  kV/cm. 

Three dielectric  parameters are characteristic of the electrical 
and viscous properties of water:  a)  the  static dielectric  permit- 
tivity eo observed at f << f ,  = 20 GHz, b) the relaxation 
frequency f,, and c)  the  conductance of ions in water. A de- 
tailed study of the  internal  conductivity of erythrocytes re- 
vealed the intracellular ionic  mobility to be identical  with that 
of ions in dilute  electrolyte  solutions if appropriate allowance 
is made  for  internal  friction with  suspended  macromolecules 
[ 401 . Tissue conductivities near 100 or 200 MHz, sufficiently 
high that cell membranes do  not  affect tissue electrical  proper- 
ties, are comparable to  the  conductivity of blood  and to some- 
what similar protein suspensions in  electrolytes of physiological 
strength. Hence, it appears that  the  mobility  of ions  in the 
tissue fluids is not  noticeably  different  from  their  mobility in 
water. 
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Fig. 4. Microwave dielectric  properties of barnacle muscle  fibers at 
l0C. The  relaxation  frequency for  the intracellular  water evident 
from  these data is the same as that of normal  water,  showing  that  the 
intracellular water and the bulk fluid are dielectrically  identical. 
These  measurements were performed on freshly  excised single muscle 
cells  which  were  contractile  and-in  this  sense-physiologically  viable. 
(From [ 331 .) 

Characteristic  frequencies  may be found from  dielectric 
permittivity data  or, even better,  from  conductivity  data.  The 
earlier data by Hemck et al. [301 suggest that  there  is  no 
apparent difference  between the relaxation frequency of tissue 
water and  that of the  pure liquid [41].  However,  these data 
only extend  to 8.5 GHz, one-third the relaxation frequency of 
pure water at 37'C (25 GHz) s o  small discrepancies  might 
not have been uncovered. We have recently completed mea- 
surements  on muscle at 37OC and 1'C (where  the  pure water 
relaxation frequency is 9 GHz), up  to  17 GHz. The dielectric 
properties of the tissue above 1 GHz show a  Debye  relaxation 
at  the  expected  frequency of 9 GHz [33] (Fig. 4). 

The dielectric properties of electrolytes are  almost identical 
to those of water  with the addition of a (30 term in (14) due to 
the ionic conductance of the dissolved ion species. The  static 
dielectric  permittivity of electrolytes of usual physiological 
strength (0.15 N) is about  two  units lower than  that of pure 
water [ 4 2 ] ,  a negligible change. 

B. Protein Solutions 
The dielectric properties of proteins and nucleic acids have 

been extensively reviewed [431,  [44]. Protein solutions ex- 
hibit  three major dispersion ranges. One occurs  at RF's and 
is believed to arise from molecular rotation in the applied 
electric  field.  Typical  characteristic  frequencies range from 
about 1 to  10 MHz, depending on  the  protein size. Dipole 
moments are of the  order of 200-500 Debyes and low-fre- 
quency increments  of dielectric  permittivity vary between 1 
and 10  units/g protein/lOO ml of solution.  The high-fre- 
quency  dielectric  permittivity of this dispersion is lower than 
that of water because of the low  dielectric  permittivity of the 
protein leading to a  high-frequency decrement of the  order of 
1 unit/g  protein/l00 ml. This RF dispersion is quite notice- 
able in pure protein solutions,  but in tissues and cell suspen- 
sions it only contributes slightly to  the large 0 dispersion 
found in these materials. 

At microwave frequencies the dielectric properties of tissues 
are dominated by the water  relaxation centered near 20 GHz. 
The  magnitude of this  water dispersion in tissues is typically 
diminished by some 20 dielectric units  due  to  the proteins 
which displace a  corresponding  volume of water. 

Between these two readily  noticeable dispersions is a small 
one, termed  the 6 dispersion by Grant. It was first noted  for 
hemoglobin [ 45 I and then carefully  examined for hemoglobin 
[461 and  albumin [471. This dispersion is characterized by a 
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fairly broad spectrum of characteristic  frequencies extending 
from some hundred  to some thousand MHz. Its magnitude is 
considerably smaller than  that of the  other  two dispersions, 
and it is thought  to be caused by a  corresponding dispersion of 
the  protein  bound water and/or partial rotation of polar 
subgroups. 

Grant  [48]  and Schwan [491 have recently pointed  out  that 
the  conductivity of protein  bound water is higher than  that of 
water  and electrolytes in the  frequency range from -500 to 
-2000 MHz. Grant  has suggested that this might establish  a 
local interaction mechanism of some biological significance. 

Dielectric saturation  for  proteins can be predicted from  the 
Langevin equation  and occurs in the range of 10  to  100 kv/cm. 
Indeed, onset of saturation has been experimentally observed 
in PBLG' at 50 kV/cm [SO] which is in good agreement  with 
the Langevin estimate. Any irreversible changes in protein 
structure  that  accompany  its  rotational responses to  an elec- 
trical field are  unlikely to occur  at field levels smaller than re- 
quired for  complete  orientation, i.e., dielectric saturation.  The 
thermal energy kT (where k is the Boltzmann constant,  and T 
the absolute temperature) is  in this case greater than  the  prod- 
uct pE (where p is the dipole moment, and E the field strength), 
representing the change in potential energy that occurs  with 
rotation.  Thus changes in protein structure caused by nonsat- 
ururing electric  fields would probably occur  spontaneously  in 
the absence of any exciting field at normal temperatures. 

Illinger [ 5 11 has discussed the possibilities of vibrational  and 
torsional substructural  effects at microwave or millimeter wave 
frequencies. A calculation of internal vibrations  in an alanine 
dipeptide in water, using a  molecular  dynamics approach, has 
been  recently  presented by Rossky and Karplus [ 521. In this 
model, the lowest frequency  internal oscillations which occur 
(dihedral angle torsions at  1500 GHz) are strongly damped. 
Conceivably, large proteins might exhibit lower frequency 
internal vibrations. But we would expect  that any macromo- 
lecular  vibration which displaces the surrounding  water will be 
overdamped by the water medium, which is quite lossy at 
frequencies below 100 GHz. However, a  detailed analysis of 
the response of such  a resonator  surrounded by a lossy medium 
has not  yet been applied to this case. Illinger has  not discussed 
the field strengths  required to saturate submolecular  vibrational 
transitions. But the Langevin equation predicts that  saturation 
for smaller  polar  units  requires  higher field strength values [ 71 . 
Thus we would expect  that biologically critical field strengths 
are, for  the various modes suggested by Illinger, probably well 
above the levels required by the Langevin equation  for  the 
complete rotational  orientation of .the total molecule. 

Schwarz has discussed additional relaxation mechanisms 
which might be anticipated from  the polarization of the bio- 
polymer's counter  ion cloud  and from chemical relaxation 
processes including proton transfer  and  zwitterions [53].  
Counter  ion redistribution caused by the applied field is diffi- 
cult to experimentally distinguish from  the  rotational response 
and  could contribute significantly to  the biopolymer's di- 
electric  properties. Evidence for dielectric  relaxation  due to 
fast conformational changes has also been presented [541. 
Schwarz's considerations largely pertain to low field levels 
where the dielectric  permittivity is independent of field 
strength.  The field strengths  at which nonlinearity  becomes 
significant are not well known,  but field  induced conforma- 

'poly-7-benzyl-L-glutamate. 

tional changes are indicated at a level of 30  kV/cm [ 551 near 
the  temperature  at which a conformational  transition  sponta- 
neously  occurs. 

In summary,  the dielectric properties of proteins and bio- 
polymers have been investigated extensively. For  the  rota- 
tional  process the field saturation levels are rather high, for 
internal vibrational and torsional responses perhaps even 
higher and for nonlinear RF responses due  to  counter  ion 
movement and chemical relaxation  the levels are unknown, 
but  probably also high. In all these processes reversible polar- 
izations occur in competition  with large thermal energies and 
irreversible changes are not  expected  at field strength levels of 
the  order of a few volts  per centimeter. 

C. Membranes 
Membranes are responsible for  the dielectric properties of 

tissues and cell suspensions at RF's, as demonstrated by studies 
involving cell suspensions. Yeast, blood, bacteria,  pleuro- 
pneumonial-like organisms, vesicles, and cellular organelles 
have been extensively investigated by many investigators in- 
cluding  Fricke [ 561, Cole [ 141 , and Schwan [ 31. This work 
has  led to a  detailed understanding of the role of cell mem- 
branes in the polarization processes of biological media in the 
RF range, which was facilitated  by the relatively simple geo- 
metrical  shapes which cells in  suspensions possess. The princi- 
pal mechanism for dielectric  polarization at RF's and below is 
the accumulation of charges at membranes from  extra  and 
intracellular  fluids. For spherical  particles the following ex- 
pressions were derived [ 31 

for  the limit values of the simple dispersion which character- 
izes the  frequency dependence. The time constant is 

In these equations C,,, and Gm are capacitance,  and conduc- 
tance  per  cm2 of the cell membrane, R is  the cell radius;p the 
cellular volume fraction, ui = l/&, and u,, = l/p, are the con- 
ductivities of the cell interior  and suspending medium.  The 
equations  apply  for small volume fractions p  and assume that 
the  radius of the cell is very large compared  with the membrane 
thickness. More elaborate closed form expressions have been 
developed for cases when these  assumptions are no longer valid 
[ 571, [ 581, and an exact  representation of the suspension 
dielectric properties as a sum of two dispersions is available 
[ 591. If, as is usually the case, the membrane conductance  is 
sufficiently low,  equations  (12)-(  15) reduce to  the simple 
forms  to  the right of the arrows. 

A physical  insight into (17)-(20) is gained by considering 
the equivalent  circuit  shown in Fig. 5, which displays the  same 
frequency response defiied in (12)-( 15). The membrane 
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e o  e' 6 
Fig. 5.  Equivalent  circuit for the 6 dispersion and  corresponding  plot in 

the  complex  dielectric  permittivity  plane. 

capacitance  per unit length C ,  appears  in series with the 
access  impedances p i  and  pa/2, while the  term ua( 1-1.5 p )  
provides for  the  conductance of the  shunting extracellular 
fluid.  Hence the time constant 7 which determines  the fre- 
quency where the impedance l/wC,R and (ai + a,/2) are 
equal is given by (1 5). Using typical values of ai, ua -0.01 
mho/cm, C ,  = 1 F/cmZ, R = 10pm and p = 0.5, with (12)- 
(1 5), we see that  the dispersion must  occur at RF's and its 
magnitude eo - em is exceptionally high. 

From  experimental dispersion curves and, hence, values of 
the  four  quantities UO, am, (eO - E - ) ,  and 7, the  three  quanti- 
ties C,, ui, and a, can  be determined with an additional  equa- 
tion available to  check for  internal consistency. Values for 
extracellular and intracellular resistivities thus  obtained agree 
well with independent measurements. Dispersions disappear as 
expected after destroying the cell membranes,  and their char- 
acteristic- frequencies  are readily shifted to higher or lower 
frequencies by experimentally changing intracellular or  extra- 
cellular ionic strengths. This gives confidence  in the  model, 
whose validity is now generally accepted. 

This  work led to  the  important conclusion that  the capaci- 
tance of all biological membranes,  including cellular membranes 
and those of subcellular organelles such as mitochondria, is of 
the  order of 1 pF/cmz. This value is apparently  independent 
of frequency in the  total  RF  range;  at low audio frequencies, 
capacitance values increase  with decreasing frequencies  due to 
additional relaxation  mechanisms  in or  near  the membranes 
[31,  [601. These  mechanisms will not be discussed here and 
have been summarized elsewhere [ 31 , [ 601 . 

From  the membrane capacitance, we can estimate values for 
the transmembrane potentials  induced by microwave fields. 
At  frequencies well above the characteristic frequency  (a few 
MHz), the membrane  capacitance impedance becomes very 
small by  comparison  with the cell access impedance (pi + pa/2) 
and the membrane behaves electrically  like  a short  circuit. 
Since intracellular  and  extracellular  conductivities are com- 
parable, the average current density through  the tissue is 
comparable to  that in the membrane. For  an in situ field of 
1  V/cm  (induced by an external microwave field flux of about 

10 mW/cm2)  the  current density i through  the  membrane is 
about 10 mA/cmZ since typical resistivities of tissues are of 
the  order of 100  a-cm  at microwave frequencies. Thus  the 
evoked membrane potential AV = i/jwc is about 0.5 pV  at 
3 GHz and  diminishes  with increasing frequency. This value is 
1000  times lower than  potentials recognized as being biologi- 
cally significant.  Action potentials can be triggered by poten- 
tials of about 10 mV across the membrane, but  (dc) transmem- 
brane potentials  somewhat below 1 mV have been recognized 
as being important [ 6 11. 

Frey  [621 has  disputed the applicability of the model dis- 
cussed above. He also quoted Terzuola and Bullock [ 631 who 
had observed that  rather low potentials in tissue can be signifi- 
cant. But there is overwhelming evidence to  support  the classi- 
cal biophysical model discussed above,  and it is not  contra- 
dicted by the findings of Terzuola  and Bullock. These authors 
carried out  their work at low frequencies, where responses to 
small in situ fields are possible as we shall discuss now. 

If f << f,, the  total  potential difference  applied  across the 
cell is developed across the membrane  capacitance. In this 
limit,  the induced  membrane potential AV across a  spherical 
cell is AV = 1.5 ER, where E represents the applied external 
field. Thus  the cell samples the  external field strength over 
its dimensions  and delivers this integrated voltage to  the mem- 
branes, which is a few mV at these  low  frequencies for cells 
larger than 10pm and external fields of about 1 V/cm.  These 
transmembrane  potentials can be biologically significant. 
Since at low  frequencies the resistivity of tissue is 500 to 
1000  acm,  the corresponding current densities are about 
1 mA/cmZ. This current density happens to approximate 
that which, if applied to the  total  human  body, produces re- 
sistive heating  equal t o  the basal metabolic rate. 

The  ability to  integrate an external field over large cellular 
dimensions in order  to achieve significant transmembrane  po- 
tentials is  found in  certain  electrosensitive fish such as rays  and 
sharks  [641 . These animals have long tubular  structures,  the 
Ampullae of Lorenzini,  which extend over distances of more 
than 10 cm. These tubular  structures are filled with highly 
conducting seawater and the  total  potential difference  between 
their  ends is applied to  the  receptor epithelium  located at  their 
inner  end.  Detection capability is furthermore restricted from 
dc  to a  few hertz by the geometry of these structures. Thus 
spatial integration is combined with an extremely low-pass 
fiiter response in  order  to overcome thermal noise which is 
typically about 1 pV across the  membrane. Obviously, such 
high-field sensitivities in  electric fish do  not imply  any special 
sensitivity of mammalian nervous tissues to low-intensity 
microwave radiation. 

X. POSSIBILITY OF WEAK NONTHERMAL INTERACTIONS 
The considerations  presented above do  not suggest any weak 

nonthermal mechanism by which biological systems  could  re- 
act to low-intensity microwave fields. It requires fields of the 
order of a few kV/cm to orient long  biopolymers, and prob- 
ably still higher fields to excite  internal vibrations or  produce 
submolecular orientation.  External fields acting on biopoly- 
mers must further overcome strong local  fields, which are 
1.5 kV/cm  at a  distance of 100 A from a  monovalent ion  and 
1.8 kV/cm  at  the same distance  from  a  hemoglobin  molecule. 
Microwave frequencies  are well above those corresponding to  
significant rotational diffusion  times,  excluding orientational 
effects. Transmembrane potentials  induced by typical non- 
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thermal microwave fields are vanishingly small relative to 
potentials required for  stimulation and compare with  membrane 
noise. Field induced  force effects are  unlikely to be significant 
on a single molecular or cellular level, since the threshold field 
strengths necessary to overcome thermal disturbances are too 
high [651. 

However, some  principles  emerge regarding possible mecha- 
nisms of weak microwave interaction, if such a concept exists. 
Field force  effects become more probable as the volume of the 
exposed  particle increases [ 651 . Transmembrane potentials 
become larger for a given in  situ field strength as the cell size 
is increased.  Finally  molecules can become significantly re- 
oriented by the field if @ > kT, (where I.( is the dipole mo- 
ment, E the field strength, k is the Boltzman constant, and Tis  
the  absolute  temperature).  Thus larger physical  dimensions or 
larger permanent or induced  dipole moments are  more likely 
to respond to weak fields. But these very factors  tend to limit 
responses to low  frequencies for these interaction mechanisms. 

The large dimensions necessary for biological responses to 
weak microwave fields might be achieved by a cooperative 
reaction of a number of cells or macromolecules to  the micro- 
wave stimulus, which increases the effective size of the  struc- 
ture  and correspondingly  reduces the threshold that is required 
for  an  effect. Adey suggested that such  cooperativity might be 
induced  in the  counter ions loosely bound  near  membrane 
surfaces which contain a  loose  framework of charged poly- 
saccharides [ 66 1 . 

Froehlich  has suggested [67] ,  [ 681 that giant  dipole  mo- 
ments may be formed during enzyme  substrate reactions and 
that  the corresponding  dielectric absorption processes might 
be highly resonant and nonlinear and likely to channel energy 
into lower  frequency  modes of vibration. He also considered 
the membrane as a  likely  site of resonant electromagnetic 
(EM) interactions, and derived an estimate of the resonant 
frequencies from  the velocity of sound  and  the membrane 
thickness to be of the  order of 100 GHz. Acceleration and 
deceleration of variety of biological responses which suggest 
resonance$ have been reported by Webb [691, Devyatkov 1701 
and,  more  recently, by Grundler  and Keilmann [71] in the 
millimeter  frequency range. But some of these studies have 
been criticized on technical  grounds  and the Russian work, 
only summarized in 1974, has not been  published yet in 
detail. Furthermore,  Gandhi has conducted  continuous di- 
electric  spectroscopy  measurements  at millimeter-wave fre- 
quencies  with no  indications of any resonance processes I351 . 
He also found  no  effects of millimeter-wave radiation on a 
variety of cellular processes which were not  attributable  to 
sample  heating. 
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