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ABSTRACT 

The object of this report is to establish the theoretical range of 
radio frequency impedance of the human body in the 1-30 MHz ringe. 
The report dtifines whole body rf impedance, sunmarized available 
specific tissue impedance data, and predicts likely values of total 
body impedance for various electrode sizes and locations from known 
specific tissue data and skin impedance. The report also discusses 
the relation of body impedance to electrode impedance, skin impedance 
and specific body impedance. 



FOREWORD 

During handling and loading of electrically initiated ordnance 
in an electromagnetic environment, the human crew member may become 
a significant part of an rf path throuqh which the ordnance may be 
unintentionally fired. 

To better understand the part which the human crew member con- 
tributes to the overall problem of Hazards of Electromagnetic 
Energy to Ordnance (HERO) , The Engineering Studies Group of the 
Weapons Development and Evaluation Laboratory has been assigned 
the task of determining the rf impedance of the human body in the 
frequency range of primary interest (2-30 MHz). 

This report is a theoretical study of the problem which was 
conducted by Dr. Herman P. Schwan, Head of the Department of 
Biomedical Electronic Engineering, University of Pennsylvania, 
Philadelphia, Pennsylvania while he was employed by the U. S. 
Naval Weapons Laboratory. 

Released by: 

D. W. STONER, Director 
Weapons Development and 
Evaluation Laboratory 
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I. INTRODUCTION 

A considerable body of specific tissue impedance data is available 
in the literature.  A complete knowledge and understanding of the tissue 
impedance's frequency dependence has been achieved over the total 
frequency range from 1 cps to several thousand megahertz. On the other 
hand there exist only very few whole body impedance data.  This is most 
surprising since total body impedance data are a necessary prerequisite 
to any understanding of electrical hazards to mankind arising from 
contact with low frequency and radio frequency voltages. They are also 
of interest in several electrical diagnostic and therapeutic techniques. 

It is the purpose of this report 

A. To summarize available specific impedance data 

B. To define body impedance and to relate it to electrode impedance, 
skin impedance and specific body impedance data 

C. To predict likely values of total body impedance for various 
electrode sizes and locations from known specific tissue impedance data 
and skin impedances. 

Of primary interest here will be body impedance values in the radio 
frequency range from 1-30 MHz. 

II.  SPECIFIC BODY IMPEDANCE DATA 

The electrical properties of tissues and of matter in general are 
uniquely characterized by their dielectric constant e relative to air 
and conductivity <•  These data relate to the capacitance C (in Farad) 
and conductance G (in Mho) of a tissue sample as follows: 

ee (1) 

_A_ 
d 

(2) 

where cn is the capacitance of a unit volume of free space and equal 
to 8.84x10" •14 Farad cm  and where d (in cm) and A (in cm ) are the 
electrode separation and cross section of the sample. 

Equations (1) and (2) assume a uniform current field as achieved 
if the sample is confined by a cylinder as indicated in Figure 1, and 
neglect the possible existence of additional stray field contributions 
Cs outside the cylindrical tissue volume. The Figure lb indicates 
how such stray fields contribute: One stray field contribution from 
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the back of the electrodes establishes a simple additive contribution 
to the tissue capacitance. However, another arises from the fact 
that part of the current passes partially through the tissue, then 
through the walls of the tissue confining cell into the medium outside 
of the cell, usually air. and eventually back through the tissue. This 
contribution depends both on C and G of the tissue's sample, and is 
difficult to assess. Fortunately, the contribution of stray fields to 
total observed tissue capacitance values is usually small at frequencies 
up to several megahertz provided that the cell radius r is not too small 
compared with d. This is due to the fact that e reuiges from about one 
hundred to many thousand and the C-values given by (1) are therefore 
much greater than stray field contributions. 

If spherical electrodes of radii r^ and r2 are completely surrounded 
by tissue as depicted in Figure 1c, the equations (1) and (2) are to be 
replaced by the equations 

C - ee0/K (3) 

G - </K (4) 

where the cell constant K is given by 

K = 4- (— + —> (5) 
4^ rl  r2 

This case is of particular interest to us since, from symmetry, it 
directly relates to the electrode geometry shown in Figure 2a.  Here 
a half spherical electrode arrangement is assumed. For this case 

K - i- (i- + -L) (6) 
2TT ri      r2 

The arrangement 2a approximates the situation which exists if two 
simple disk electrodes, Figure 2b,  are attached to the human body. 
The impedance observed with the arrangement 2b is usually fairly 
close to that in 2a if the electrode areas of the disks are made 
equal to those of the half spheres in 2a. 

The specific admittance of body tissues is defined by the 
admittance of a volume unit of tissue 

Y = K + jü)eeo (7) 

• 



Its inverse is the specific tissue impedance 

Z = —-4  (8) 
s  K + ]u)ee 

Thus specific admitLance  and impedance are complex quantities and defined 
in terms of e and <.     The magnetic properties of tissues are of no interest 
here.    They are trivial,   the permeability being equal to or very close to 
that of free space and the magnetic losses negligible.    At frequencies 
below 100 MHz,   the ratio tan 6 ■- K/u)ee0 is usually significantly higher 
than two as demonstrated  in Figure 4.     Since the magnitude of Z    is taksn 
from equation   (8)   to be 

izj   --i- 1 — (9) s 
*1 +  1/tan2 6 

it is therefore permissable to approximate equation   (9)  by 

|zs| =4"= P do) 

where p is the specific resistance. This approximation gives the 
magnitude of Z accurate to about 10% or less. 

A survey of e and p = 1/K data for tissues in the radio frequency 
range is given in the older literature (Ra^ewsky et al, 1938). Values 
at low frequencies have been given by Schwan and Kay (1956, 1957) and 
values in the high frequency range by Herrick (1950), Osswald (1937) 
and Schwan and Li (1953).  A detailed discussion of these and other 
data and of the reasons why their values are such as observed is given 
by Schwan (1957). A summary of all these and other pertinent data 
is given in the following Table 1. More detailed data in the high 
frequency range are presented in Table 2 and Figure 3. 

However, most of the material in these tables has been obtained 
on excised tissues. At frequencies below IDG KHz the specific 
resistance of blood is rather low in comparison with that of tissues 
given in the tables and electrical currents will tend to take advantage 
of the presence of blood.  Thus under live conditions, actual specific 
impedance data of tissues supplied with blood can be anticipated to 
be somewhat lower below 100 KHz than quoted in Table 1. At frequencies 
in excess of 100 KHz the difference in blood and tissues specific 
resistance becomes less pronounced and blood's influence on the tissue 
impedance should be less noticeable. 

Several conclusions can be drawn from the data: 

A. All tissues can be divided into several major classes 
including tissues with high water such as muscle and all body organs 
and tissues of low water content such as bone and fat.  Brain and lung 



TABLE   1. ' 

Alternating current properties of body tissues 

The table« include a) ranges of values as quoted, b) averages of values and c) single values, 
characteristic for a single sampl- of tissue.    The values,  falling under the category a) give a 
more comprehensive idea of the variability involved.    The values pertaining to single samples 
characterise best the frequency dependence and have been chosen for this purpose. 
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Ttble 1 (Continued) 

DM D%U D(U - 

CoordliMtca Rcffrenccs CcorJiMtei RefciTDcrt Coordiul« tUrerenc« 

\A-c,a w 6/ [M] UA-F W 
t / [3] 1A-C.0 W HI ■    [«] 
*A m »A m iS A in 
IB w SB m 1SB 19.9] 

A A-C.O [i] 8/ M iTA-F M 
41 [3] 9A in 17/ [«) 
§A m iOB m i9A-a,I [10.11] 
IB w lli4—/'(Retiit.) w 20A-0 W 
iC.O [5] 11 .-((Diel. conBt.) 12] 21 A, B, D- I im 
6/ m m 

11 / I«] 22A,B,a-I [13] 
6i4 ItA [7] 23 A-C, K.O.I lu] 
9B.D.F [9.9] MB [8.9] 24A.B,a 

Mi4.fi.0-/ 
»A.0.H,I 

[IT] 
[13] 
[15] 

Htjtrtnct» pertain to maleruü at Mated: 

[1] Dog. in situ at 37° C. [2] Frog, excuod piece at 23° C. [3] Sheep, at 18* C. [4] Human, 
minced material at 23° C. [5] Dog. in litu at 37° C. [6] Rabbit, at room temperature. [7] Rabbit, 
excised piece at room temperature, [i] and [9] Human and various animal», excised pieces 
and minoed material at 23° C. [10] and [//] Human, minced at 37° C. (except blood. 20° C.) 
[72] Beef and pork, csciaod at 20° C. [13] Dog and hone, esciaed at 3S' C. (except bone and 
bone marrow, 25* C.) [14] Human, exciaed piece at 27° C. [15] Human, exciaad piece at 37* C. 
[16] Sheep, at 18* C. [17] Beef, minced at 22* C. [18] Human, blood at 6- 34* C. [19] Theo- 
retical Analyaii. 

Biftrtneu to Table 

[/] SCHWAN, H. P.. and C. F. KAY: Circulat. Res. 4. M4 (ISM); i. 439 (1957). 
12] — Z. Naturfortch. lb. 245 (1954). 
[3] — Z. get. esp. Bled. 10», 531 (1941). 
[4] RAJCWSKV, B.: Results of biophysical research. Vol. 1. Leipzig: Thiemc 1938. 
[5] KavriiAK, W.. and F. D. JOHNSTON: Amer. Heart J. M, 42 (1943). 
[6] FMCKB. H., and H. J. Cumna: J. gen. Physiol. 18, 821 (1035). 
[7] — Physics 1, 106 (1931). 
[S] STACHOWIAK, R.: Ann. Physik 37 V, 495 (1940). 
[9] — Pflüg. Arch. go». Physiol. 244, 570 (1941). 

[10] ScHAircR, H.I Z. ges. eip. Med. 100. 70« (1937). 
[//] — Erforachung u. Praxis Wtanebeh. Meditin. p. 71 If. Leipzig: SteinkopfT 1937a. — 

Fortachr. Röntgenstr. 64, 59 (1934). 
[12] OMWALK. K.: Hochfrequemtech. u. Elektroakuat. 41. 40 (1937). 
[13] HEUUCH, J. F., D. G. JBLATH and O. M. L»: Fed. Proc. 9. 60 (1950) and personal 

eommunication. (See for detailed data SCHWAN. H. P.. and G. M. PIBUOL: Amer. J. 
phys. Med. «8, 371 (1954). 

[14] SCHWAN. H. P.. and K. Lti Proc. I.R.E. 41.1735 (1953). 
[IS] Calculated from data given by ENGLAND, T. S.. and N. A. SHAAFLIS: Nature (Lond.) 

Ill, 487 (1949). 
[18] RAJBWKY, B.. and H. P. SCHWAN: Z. ges. exp. Med. Ill, 553 (1944). 
[17] HAHTMOTH, L: Z. Naturfonch. »b. 257 (1951). 
[i«J SCHWAN, H. P.: Z. Naturfonch. tb, 361 (1948). 
[/9] — Ann. Physik 40 V, 509 (1941 a). 



X 
ü o 
o 

CO 

o 
m 

■** i 
e8 l 
S o o 
3 t*% 

g 1 
•*a s o 
>t o o 

*4 

J2 H 

««-. Jg 
O o 
o o 

1- 
t) 

* § 
•*J 8 5 
.2 o i du 

o 

V £ 
• »4 ä 
o o 1 o 

N 

00 

1 o 
o 

•4J *l 

c 
e8 N 
-M s s * 
o O 

m 
ü 

£ 
5 2 
4) in 

H 
^<M4 

a> •»^ 
Q 
cv) 

3 
PQ • 

< 
H 

c«       oo 

2   ! 
•o -^ 

13.       s   23 

3     l 

•o »o ^« 

to 

e^ 6 e^       i « 
io IO ^r       «o 

c» S 

CO 

M 00 • • 

• • 
CO *• 

•O  CO 

ii •      • 

•«»'   «O   -< M» 00 

t^       t^ o oo oo 

^ 0 « *      »* t«       co ^r co <-« co    • 
q»       q> <-■ OH M M r« 

M» OB 
wH JO 

5 *§§   § 

I 
a 

I 
es 

! 

12
 

15
-1

7 

<* 

24
0-

37
0 

21
0-

60
0 

43
-4
6 

49
-5
0 o 

co 44
0-

00
0 

44
5-

86
0 

75
-7

9 

98
-1
06
 

o 
WH 

3 

67
0-

12
00
 

10
00

-2
30

0 

73
-7

9 
78
-9
5 

85
-1

15
 

76
-7

7 
13

0 

Ä S o o o co 
O     1-1    «H 

R 

i 

o 
O    »H SU 8 = i  i 

SWS  o 

0>    0>    WH 

i 
C-5 

^r       o> «o ^S S 

to       co ob o O 
WH WH   WH C«! 

e* 
SS 

■ 

 . _.—.—- 



Figure 3.  Specific resistance p and dielectric constant e at 370C 
between 10 and 20,000 MHz.  Results were obtained by Osswald (A) , Schwan 
and Li (+), Herrick et al (•), England (o)and Cook (x). 
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take a somewhat intermediate position in this classification according 
to water content. Finally blood has a higher water content than any 
tissue and is, therefore, in a class by itself. The tissues with high 
water content have up to tenfold higher conductivity values and dielec- 
tric constants than fat and bone. 

B. The conductive part of the specific admittance is always 
higher than the capacitive one.  The ratio of these two currents is 
given by l/uee p and is shown in Figure 4 for two cases of high 
water content, muscle and blood.  For frequencies up to 100 MHz, it 
is greater than two and, therefore, the magnitude of the tissue 
impedance simply given by equation (10).  However, at frequencies 
in excess of 100 MHz, equation (9) or the equation (8) is more 
appropriate.  Since we are in this study primarily interested in 
the radio frequency range, we can safely approximate the impedance 
magnitude by specific resistance values and neglect capacitive 
currents. 

C. Tissues, which by the very nature of their cell membrane 
shape are anisotropic, also display anisotropic electrical properties. 
This is indicated in the Table 3 which includes data by Burger and 
van Dongen (1961) and Rush et al (1963).  However, the electrical 
anisotropy decreases with frequency.  Above 100 KHz tissue cell 
membranes appear virtually short circuited since the membrane 
reactance becomes small compared with the ionic pathways in series 
(Schwan, 1957).  Hence the reason for the electrical anisotropy 
disappears and tissues display essentially isotropic electrical 
characteristics. 

III. BODY IMPEDANCE CONSIDERATIONS 

Electrode impedance 

Electrode polarization phenomena take place at the interface 
between electrodes and a conducting medium such as body tissues. This 
electrode polarization results from the presence of boundary potentials 
between the electrode and the conducting medium.  Details about elec- 
trode polarization will not be reviewed here, since covered in detail 
elswhere (Schwan, 1968).  However, in the present context it is im- 
portant to realize that an electrode polarization impedance element 
exists between the electrodes and the material in contact with them. 
This polarization impedance ZD = R- + jX_ is highly frequency sensitive 
and has a reactive component which may be characterized by a polariza- 
tion capacitance C- = V^X- where the polarization capacitance C- is 
assumed to be placed in series with the resistance.  We can write 

C = C f"m ; R = R f"n (11) 
p   o     P   0 

and it is observed that approximately 

tan 6 = R u) C  ;  6 = m -^- (12) 
P   P 2 

11 
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TABLE   3 

Tissue 
Schwan 
and Kay 

Burger and 
van Dongen 

Rush, Abildskov, 
and McFee 

Liver 

Heart 

840 

965 

700 

563 

p, - 252 

Lung 1120 

Fat 1500-5000 

Skeletal 965 

Muscle 
(human or dog) 

Skeletal 

Muscle 
(rabbit) 

2100 

2500 

ph = 675 pL = 2300 h 

P1  = 245 P1 - 150 

ph = 1800 

P, = 125 

Values p^ and p, are high and low resistivities of anisotropic tissue.  The 
skeletal muscle value given by Schwan and Kay was obtained with a small 
electrode providing a nearly spherical field.  It is therefore a "random 
orientation" value and compares with the mean of the p. and p^ values. 

13 



The power factor m varies somewhat with frequency and with other parameters 
such as electrode material.  For platinum electrodes, for example, it varies 
slowly from 0.3 at 100 Hz to 0.5 at 100 KHz. The Figure 5 presents some 
typical values for polarization impedances. 

Another important fact to be realized is that the electrode polar- 
ization impedance which is observed if an electrode is in contact with 
a biological fluid such as physiological saline solution is considerably 
smaller than that found if the electrode contacts tissue.  In the latter 
case electrode polarization impedance values are approximately twice to 
three times higher than in the; case of physiological saline soultion. 
This ratio of two to three applies for soft tissues with high water 
content such as muscle and body organs. No data exist for skin. But 
it appears possible that the aforementioned ratio is higher and variable 
for skin, depending on the skin's condition, particularly its "wetness" 
and preparation of its surface layers. 

It appears that electrode polarization contributes but little to 
total observed body impedances above 100 KHz, the principal frequency 
range of interest in this study.  Even between 10 and 100 KHz its 
contribution should be small.  The validity of this statement may be 
recognized by using typical electrode impedance data at high frequencies 
as suggested by equations (11) and the data in Figure 5 and comparing 
them with body impedance data to be reported below.  However, it must 
be stressed, that for rather small "point" contact electrodes, electrode 
impedances can become high even above 100 KHz.  We shall assume that 
electrodes of a contact area of at least 1 mm are of interest in this 
study and that therefore, electrode polarization contributions to the 
body's impedance are sufficiently small to warrant their neglect above 
100 KHz. 

B.  Skin impedance 

Skin is a very heterogeneous tissue composed of different 
layers with different impedance characteristics.  Its thickness varies 
between 2mm and 8mm between different parts of the body and, to a 
somewhat lesser extent, from individual to individual.  The electrical 
properties of skin are highly sensitive to the skin's condition. The 
upper layers of skin can be quite dry. Under such conditions the skir 
resistance can be very high.  However, if the upper skin layers are 
moist or even wet, the skin resistance can decrease very substantially. 

Unfortunately, the determination of skin impedance properties is 
not easy.  Its heterogenous structure makes it undesirable to specify 
specific impedance properties.  However, it appears useful instead to 
consider skin impedances in terms of skin impedances per cm2 skin 
surface area. The Table 4 lists some values for the skin surface 
impedance per cnr as function of frequency.  The data change strongly 
with frequency and the magnitude of the phase angle is higher than for 
tissues, at least at the lower frequencies.  It is  considered quite 
possible that a good part of the rapid increase in quoted skin 
impedance values with decrease in frequency is simply due to electrode 

14 

■ ■■ 



Figure 5.    Frequency dependence of polarization capacity C     (solid 
lines)   and resistance R_   (dashed lines)   for platinum iridium,  elgiloy 
and stainless steel electrodes   (From Jaron,  1967).    Typical electrode 
size 0.14 cm  .    However, data are presented in terms of values per cm  . 
Note that Pt-Ir has a substantially higher Cp and lower Rp,  i.e.,  a 
lower electrode impedance than the other materials. 

15 
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polarization, i.e., that the quoted values are the sum of skin and 
electrode impedance values.  However, for frequencies in excess of 
100 KHz the quoted values are primarily resistive in character and 
approach values of 100 to 500 Ohm-cm .  These values will be of 
primary interest to us.  Skin thickness varies between 2 and 8 mm, 
depending on body location and probably is not very different from 
3 mm for most sites where electrodes might be placed.  Hence the 
equivalent resistivity p of skin is about 3 times the surface value 
quoted in Table 4, i.e., close to 900 Ohm-cnr at 100 KHz.  This value 
is about 2 times higher than that for muscle.  A much smaller difference 
is indicated by skin data obtained above 100 MHz, i.e., at the other end 
of the frequency range of interest in this study (Table 2).  While, un- 
fortunately, no skin data between 0.2 MHz and 100 MHz appear to be 
available, the above reviewed data indicate that skin behaves above 
100 KHz not drastically different from muscle from an electrical point 
of view.  This fact enables us to treat skin alike to muscle and, 
therefore, simplifies our problem of body impedance value prediction 
considerably. 

C.  Factors affecting body impedance values 

It is apparent from the above presented material that the body's 
total observed impedance is dependent on several additive components: 

Electrode polarization impedance, Z 
Skin impedance, Zs 
Body impeäance, Z 

It is the purpose of this study, to provide data on total body impedance 
values in the radio frequency range, i.e., about 100 KHz.  At such 
frequencies, the electrode impadance can be neglected as discussed 
before.  We have also concluded that the electrical properties of skin 
are not too different from those of muscle and that it therefore is 
justified to replace skin by muscle. 

The body's impedance Zp in turn may be divided into two parts. The 
first part represents the impedance of the subcutaneous fat layer Zp, 
which is situated between skin and the deeper body tissues of high water 
content. The se-ond part is the impedance ZT of the body tissues, which 
are located beneath the subcutaneous fat layer and is usually primarily 
composed of muscular and organ tissues and bone. We may therefore write 
for the total body impedance Z the following equation 

Z = Zp + Zs + ZB (13) 

where Z    and Z    can be neglected for frequencies  above  100 KHz and wnere 

ZB  »  ZF +  ZT (14) 

The subcutaneous fat layer varies of course considerably from person 
to person and from one part of the body to another and it will be difficult 
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TABLE 4 

Typical surface skin impedance values as function of frequency 

Frequency Surface Impedance 
KHz Impedance Magnitude Impedance Phase Angle ({> 

1 14,000 Ohm-cm2 

5 3,000 -70° 

10 1,800 -65° 

20 1,000 -55° 

50 500 -30° 

100 300 -20° 

200 250 -10° 

The impedance phase angle $ is defined by tan $ =  X/R where the impedance 
equation Z ■ R + j X in turn defines resistive and reactive comoonents 
R and X. The admittance phase angle is given by tan 6 = K/ü)te0. Hence, 
tan (|) ■ -1/tan 6 or $ » - (T/2 - 6). The data presented have been reported 
by Vransky and Emanuilov.  The impedance magnitude is in the range in- 
dicated by Kinnen's admittance values at 100 KHz. However, the phase 
angles quoted by Kinnen are surprisingly higher and perhaps subject to 
inquiry. 
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to take it precisely into account.  The contribution of Z to the body's 
impedance depends on the one hand on its blood content and on the other 
on the amount of space which is taken by bone, a comparatively non- 
conductive material.  The effect of blood is noticeable at frequencies 
much below 100 KHz.  As mentioned before, it may be neglected above 
100 KHz. 

For electrodes whose diameter is larger than or comparable to  skin 
thickness and subcutaneous fat layer thickness, the fat layer impedance 
Z may be estimated by 

ZF = pF d/A (15) 

where d is the thickness of the subcutaneous fat layer and A the electrode 
area.  For most electrode locations of interest, the subcutaneous fat 
layer is sufficiently small so that the assumptions underlying equation 
(15) appear reasonable.  However, for electrode placements on the abdominal 
area, subcutaneous fat layer thickness values in excess of one inch are 
possible.  Even in this case the equation (15) may provide an order of 
magnitude estimate.  Its application and introduction of the specific 
impedance values of fat as given in Table 1 indicates that in this case 
very large body impedance values are possible.  The "deep tissue 
impedance" Z in equation (14) is determined by electrode configuration, 
specific impedance data of the tissues found inside the body and the 
geometric arrangement of various tissues passed by the current.  The 
influence of electrode geometry will be discussed in the next section. 
Here we will address ourselves to the question:  What specific impedance 
values are appropriate? As shown in the tables of specific impedance 
data, all body tissues of high water content have comparable properties. 
An exception to this rule is bone, whose impedance is rather high.  We 
shall assume that  the effective specific impedance of soft tissues 
surrounding bone can be presented by the mixture equation 

(16) 

where pT the effective specific impedance of the tissues beneath the 
subcutaneous fat layer, pH that of muscle and other tissues of high 
water content, p  that of bone and V the volume fraction occupied 
by bone.  Since the specific impedance of bone, PL is high in com- 
parison with Pu, the approximation 

PT - PH/(1-V) (17) 

is indicated.  The mixture equation (16) will surely deviate from 
whatever appropriate mixture formula may apply under a given set of 
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circumstances.  But the dielectric theory of mixtures shows that the 
error of ecruation (16) is usually not large.  It should be noted also, 
that V is the volume fraction of bone and does not necessarily include 
the rather well conducting bone marrow contained by bone. Hence, V 
is significantly smaller than the volume fraction taken by bone and 
its contained marrow.  The error resulting from assuming V = 0 is 
therefore small in all cases where electrodes are not immediately 
placed very close to bone. 

In conclusion then it may be stated that the body impedance 
characteristics include a highly variable subcutaneous fat impedance 
element (equation 15) and another tissue element whose specific 
impedance is given by equation (17) . 

IV.  BODY IMPEDANCE VALUES 

The following two cases will be discussed since they are of primary 
interest.  In one case the electrode surfaces are large in comparison 
with the limb cross section, in the other they are small. 

A. Large electrodes 

Quite obviously it is not possible to attach to parts of the body, 
such as the trunk, or the limbs or even the fingers, electrodes in a 
manner as indicated in Figure la.  However, it is possible to surround 
limbs with band electrodes of sufficient width, so that in effect, a field 
configuration exists similar to that indicated in Figure la. To this end, 
one has to merely assure oneself that the area of the band electrodes is 
at least as large as the cross section of the limb under consideration. 
In this case the body impedance contribution from electrode impedance, 
skin impedance and, in most cases even subcutaneous fat is not pronounced 
and equation (13) reduces to 

Z . Z . JLä (18) 
B   1-V A 

with due consideration of equations (2) , (10) , (15) and (17) and where 
d distance between band electrodes, A limb cross section and V relative 
bone volume. 

In many cases it will be of no interest to consider electrodes 
which are as large as specified above.  In these cases, therefore, 
the considerations cf the next section are appropriate. 

B. Smaller electrodes 

If the electrode area is smaller than the cross section of the 
limb to which the electrode is attached, the impedance contribution near 
the electrode is large.  In this case the equations (3), (4) and (6) are 
indicated, where the specific resistance p ■ 1/K is some average of the 
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specific resistances of skin, subcutaneous fat and tissues of high water 
content and bone since the current passes through skin, subcutaneous fat 
and the more deeply placed body tissues.  The skin impedance is obtained 
by dividing the skin impedance value per cm2 by the electrode area, i.e., 
equal to about 100/A(cm2) Ohm.* The effect of bone may be considered 
as indicated by equation (17).  In view of the fact that variability of 
p from one type of sott tissue to another appears to be always within 
a factor of less than ten, it is appropriate to set the effective value 
of p somewhat, say twice higher than that of the specific resistance of 
tissues with high water content such as muscle. One will probably 
obtain in this manner an equation which is in most cases accurate within 
a factor of two.  Hence, for the total body impedance 

7     mhm)       100 ^ 100 + ^P (Muscle)  .LLL + JJ MQ» Ztotal (0hm) " —  —2 +  1 - V 27 77  7J (19) 

nrl  ,Tr2 

or, in view of the approximate nature of this expression and using 
p (Muscle) = 200 Ohm-cm 

,     --30 + .-§0i (20) 
total    2  1-V r 

r 

or 

= 100   100  1 
total   A   (1-V) ^ 

where r is the smaller of the two electrodes of radius r^ and ^ (assumed 
to be rather unequal) and A the corresponding electrode area.  The value 
for Ztotal ■*y be  as much as double as large if the two electrodes are of 
comparable size. The first term in equations (20) and (21) is usually 
small, unless the electrodes are small in area. However, for electrode 
areas of less than 1 cm2 the skin impedance contribution becomes larger 
than that of the body. 

C. Comparison of calculated and measured impedance values 

Only very few total body impedance values have been quoted in 
the literature.  Table 5 qiiotes values which the author has found in 
an older German text (Vilbig, 1939).  These values are compared with 

2 
* Table 4 gives a value of 250 Ohm-cm at 200 KHz, Table 2 a value of 
120-140 Ohm-cm for the specific resistance or 50 for the surface 
resistance, assuming a skin thickness of 4 mm. Since the skin impedance 
often does not contribute the major part of the body impedance, it 
appears that a geometric mean of 100 Ohm-cm2 is justified. 
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the values deduced from equations (18) and (19), .-'here the choice of 
equation was dictated by its appropriateness in accordance with the 
principals indicated before.  The effect of V was neglected since 
it really represents the relative volume of bone exclusive of its 
inner comparatively conducting marrow and since this relative bone 
volume is usually much less than 50%.  The comparison of experi- 
mental and calculated values indicates that the derived formulas 
give body impedance values accurate within a factor of two.  Additional 
confirmation was obtained in some preliminary measurements taken at 
the Naval Weapons Laboratory in 1968 (See Appendix A) . 

More recent body impedance data are available at frequencies below 
1 KHz (Sinbel, 1966) .  Since part of these data below 1 KHz are subject 
to inquiry on account of electrode polarization errors, we have only 
considered 1 KHz data in detail.  These data may be summarized by 
stating the following impedance magnitudes: 

Left arm 400 - 460 Ohm 
Right arm 370 - 490 
Left leg 370 - 490 
Right leg 360 - 490 
Trunk 30 

The following composite values were measured: 

Arm to arm 1500 
Right arm to left leg 900 

The arm to arm value is about 3-1/2 times higher than that reported in 
Table 5, reflecting appropriately the frequency dependence anticipated 
in Section 4 below.  The limb data are also about double to three times 
as high as the theoretical values quoted in the lower part of Table 5. 
The right arm to left leg-value above is again about 3-1/2 times higher 
than the value in Table 5. The trunk value is about 1-1/2 times higher 
than the 1 MHz thorax value in Table 5.  Clearly, the values given by 
Sinbel, those given in Table 5, and those calculated from the equations 
derived in this report are consistent if adequate allowance is made 
for the frequency dependence of the specific impedance of body tissues. 

D.  Frequency dependence and phase angle of body impedance 

A specific impedance of 200 Ohm-cm was assumed for body 
tissues of high water content in equation (20).  This value is fairly 
typical for the frequency range from about 0.1 to 1 MHz.  As the 
frequency increases this value drops to about 100 Ohm-cm near 100 MHz. 
It increases as the frequency is lowered to a value somewhere between 
500 and 1000 Ohm-cm at 1 KHz.  Thus it may be anticipated that body 
tissue impedance values are about three or four times higher at 1 KHz 
and twice lower at 100 MHz than those at 100 KHz or 1 MHz. Clearly, 
while there is a marked frequency dependence, it is fairly gradual. 
Variability in impedande values due to its frequency dependence is 
small in comparison with the uncertainties inherent in the assump- 
tions which led to the equations derived. 
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TABLE 5 

Electrode 
Location 

Electrode  Resistance (Ohms) 
Area     0.375 MHz 1 MHz 

Calculated Value 

Hand to hand 90 cm 475     460        400 
(d - 100, A - 50) 

One finger 
to other arm 

10 
65 

500     470        500 
(d - 50, A - 2) 

Across left arm 20 cm 
from hand 

32 
32 

34 21 42 

Across elbow joint 32 
32 

37 21 42 

Across shoulder joint 32 
32 

47 31 42 

Across neck, side 
to side 

32 
32 

36 18 42 

Forehead to neck 32 
32 

82 57 42 

Chest to back 150 
150 

31 20 18 

Thorax, side to side 150 
150 

29 19 18 

Right wrist to left leg 75 
75 

248     234        200* 
(d - 50, A - 50) 

Left wrist to left leg 75 
75 

274 266 200* 
(d - 50, A 50) 

Body resistance values at 0.375 and 1 MHz. The electrode areas are 
listed in column 2. Column 4 lists calculated values using equations (18) 
and (19) and the quoted reasonable distance values d in cm and limb cross 
sections A in cm2. The difference between the 0.375 and 1 MHz-values 
fluctuates only between 10 and 30 Ohms, while the resistance fluctuates 
by a factor of ten. This may be explained in good part by variation in 
skin impedance between the two frequencies quoted.  Phase angles are 
sufficiently small, so that resistance and magnitude of impedance values 
are nearly identical. Measured phase angles agree with those calculated 
from Figure 4. 

* These values consider only the impedance of one arm, since trunk and 
leg add to a lesser extent. 
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Inspection of the Tables 1 and 2 indicate that the electrical phase 
angle of tissue impedance varies much less with large variation in water 
content than does either dielectric constant or resistivity.  Thus it 
appears warranted to equate the body's phase angle with that of muscular 
tissue. Tan 6 varies according to Figure 4 between 1.5 and 5 in the range 
from 10 KHz to 100 MHz. Hence the phase angle 6 should be between 55° 
and 80° and its complement, the tissue impedance phase angle 4*, between 
-10° and -35°. 

VI.  CONCLUSIONS 

The body's impedance is highly variable, depending on electrode 
location, electrode size, frequency and the nature of the tissues 
beneath the electrode. However, at frequencies above 100 KHz com- 
plexities reduce significantly since electrode polarization phenomena 
can be neglected in all cases where the electrode is at least 1 am. 
in area and the skin impedance is less variable than at lower frequencies. 
At frequencies above 100 KHz it has been therefore possible to derive 
equations which are useful in the estimation of body impedances. 
Impedance magnitudes predicted by these equations compare well with a 
few values quoted in the literature and experiments and range from 20 
to 500 Ohms, i.e., over a range of almost two decades depending on 
circumstances.  The body impedance's phase angle should be between the 
phase angle values for skin and body tissue and has no great effect 
on the magnitude of the impedance. 
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APPENDIX A 

SOME PRELIMINARY BODY IMPEDANCE MEASUREMENTS 
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APPENDIX A 

Some preliminary body Impedance measurements. 

Frequency range:     1 to 100 MHz 

Electrodes:     1 cm long,  1 mm diameter,  other electrode large    round 
contact. 

Material:     One finger held the small electrode, while part of  the same 
hand rested against ground. 

Impedance amplitude:     1.5  to 0.6 K Ohm as  frequency increased  from 
1 to 100 MHz. 

Impedance phase angle:     Between 20°  and 40° 

Comments:     If  the finger was wetted,   the impedance values were somewhat 
lower,   if the impedance was  taken between finger and 
other hand,   some 20% higher. 

Calculations:     Since one electrode is  small and the electrodes of 
greatly unequal size,   equation  (21) appears indicated. 
The electrode area is A * 27rr ■ 0.31 cm .     It  is judged 
that about 1/2 or 1/3 of  the total electrode area was 
touched.    Hence,  A ■ 0.15 cm  .     Hence,  from equation 
(21)  Z equal to 700 Ohm if V - 0 is assumed or  1100  if 
V ■ 0.5 is assumed.     The calculated values compare with 
the impedance amplitude range measured.    The  first 
term of equation  (21)   is higher  than the second since 
A is small.    Hence,  skin impedance primarily contributes 
to the measured impedance. 
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