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A THEORETICAL BASIS FOR MICROWAVE AND RF FIELD 
EFFECTS ON EXCITABLE CELLULAR MEMBRANES 

A modified Hodgkin-Huxley (HH) model has been developed which 
provides a basis for understanding how oscillating electric fields 
at microwave and RF frequencies might directly affect n~rve, mus
cle, and other electrically excitable tissue. In the HH model for 
the current-voltage rel~tions in the membrane of the giant squid 
axon, certain rate constants a-re non-linear functions o,f the in
stantaneous electric field across the membrane. Due to these non
linear functions, an oscillat~ng component of membrane potential 
may cause a steady (DC) change in all a and B rate constants in 
the HH model. These rate constant shifts result in a number of 
interesting predicted effects of microwave or RF exposure on nerve 
function. 

The model predicts that an oscillating component of membrane 
potential will change the conductance of the membrane to all ion 
species which traverse voltage dependent membrane chann~ls. Volt
age sensitive channels for sodium, potassium, calcium, and other 
ions have been demonstrated in membrane of muscle cells (skeletal, 
smooth, and cardiac), in nerve cell axon and soma membrane, and 
even in the membrane of the extensive dendritic branchei of some 
cells. Modified HH models of the type to be discussed may be use
ful in predicting the effects of CW, pulsed, or amplitude modulated 
RF and microwave radiation on,neural a~d neuromuscular·systems. 
For example, in the squid giant axon, the model predicts that an 
oscillating component of membrane potential would increase the 
membrane potassium conductance (gK) and decrease the sodium con
ductance (gNa) in the steady state. This increase in gK and steady 
state decrease in gNa results in hyperpolarizatlon of the membrane. 
Hyperpolatization would have an inhibitory effect on an irradiated 
neuron or muscle cell. Spontaneously firing cells, e.g~, pace
maker cells in neural or cardiac tissue, would be expected to de
crease their attion potential generating frequency in response to 
an oscillating electric field of sufficient magnitude. Heating 
produces effects which are in the opposite direction. Other pre
dictions of the model, and pos'sible physical interpretations, will 
be presented. 
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SUMMARY 

In the Hodgkin and Huxley (HH) model of the current-voltage 
relations in the giant squid axon, the total membrane ~urrent I, 
written as a function of V, is expressed by the following system 
coupled equations*(!): 

of 

.I= CM ff+ gKn4(V - VK) + gNam3h(V- VNa) + gl(V Vl)' 

where 

and 
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dm/dt = am(l - m) - 8mm' 
--- ---· 

dn/dt = an(l - n) - Bnn' 
-- .. 

dh/dt = ah ( 1 - h) - !\ h, 

· . V + 10 
an= 0.0l(V + 10)/(exp 10 . -1), 

Sn= 0.125 exp (V/80), 

am= O.l(V + 25)/(expv ~0
25 -1), 

~ = 4.exp(V/18), 
m 

a 
h 

s 
= 0.07 exp(V/20), 

(1) 

(2) 

( 3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

h = 
·-· ,·,__. ---~ 

V + 30 1/(exp 10 +l). (10) 

The a and B rate constants were assumed by Hodgkin and Huxley 
to be functions of the instantaneous electric field across the mem
brane (1). We will continue to make this assumption as an alternat
ing field is applied. An expression for the total field across the 
membrane is 

V(t) = V0 + Vm coswt (11) 

where V is the DC displacement of the membrane potential from its 
resting

0
state and V is the peak amplitude of the oscillating com

ponent of applied mWmbrane potential. 

The instantaneous values of the a's and B's are then obtained 
by replacing Vin Eqs. (5) - (10) by V(t) as given by Eq. (11). 
For example, the instantaneous value of Bm would be given by 

V + V coswt 

* 

a (wt)·= 4 ex ( 0 m ) ...,m P 18 ( 12) 

For the sake of brevity, the constants and variables in the HH 
equations will not be defined.in this summary. The reader is 
referred to HH (1952). . _____ , 
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Note that B (wt) is a periodic non-negative 
expressed iW a Fourier series as 

+oo 

Bm(wt) = ~ Bm k exp(jkwt) 
where k = -oo , 

1 \ 21r . . 
Bm,k = 2n j Bm(wt) exp(-jkwt)dwt 

O· 

The average value of Bm(wt) is 

\2,r . 
Bm,o = t j Bm(w.t)dwt 

0 

2 

function which can be 

(13) 

(14) 

C 1 s). 

The quantity B is a non-negative monotonically increasing function 
of Vm· Theref~ti an oscillating electric field across the membrane 

· can result in a steady (DC) change in all a. and S rate constants. 

The change in the rate constants can have far reaching effects on 
membrane function. The modified HH equations can be solved numerically 
to determine the effects of an applied oscillating component of mem
brane potential on the ionic conductances, the membrane potential, as 
well as membrane and propagated action potentials. 

Some of the predicted effects have been outlined in the• abstract. 
Because of space limitations, only two of the more interesting results 
will be outlined in some detail here. 

Fig. 1 illustrates the predicted steady state decrease in gNa 
and increase in gK in response to an applied oscillating electric 
field. The resulting hyperpolarization of the membrane is also shown. 

The effects of an applied field on membrane action potential(AP) 
generation are shown in Fig. 2. Here an increasing level of applied 
AC field actually quinches the generation of an AP in response to a 
fixed stimulus (depolarization). 

It should be noted that HH type models exist for many excitable 
membranes other than squid axon (including cardiac and skeletal muscle, 
myelinated nerve, etc.). Modification of these various mathematical 
models to account for applied microwave and RF fields might be useful 
in explaining the RF and microwave field effects on nerve and muscle 
tissue observed in the literature. 

In·estimating the level of the oscillating component of electric 
field developed within the membrane, the model discussed by Barnes 
and Hu (2) was used. Without repeating their formulation, a membrane 
near the surface in high water content tissue exposed to a 10 mW/cm2 
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plane wave would result in an AC membrane potential of approximately 
2 ."0 µV. The effects of such a field as predicted by the modified HH 
model are not significant. However, if a pulsed field with a peak 
intensity of 10 W/cm 2 is applied, the 2 mV potential could cause signif
icant functional changes. It should be noted that thermal effects of 
applied fields of this magnitude will be considerable for all but the 
lowest duty cycle waveform. The effects of low duty cycle pulsed 
waveforms on the above model are currently being studied. 
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FIG. 1. Response of model axon to a pulsed oscillating component 

of membrane electric field (10 msec pulse, Vm = 25 mV). 

The membrane potential and the sodium and potassium con

ductances are shown. These curves are solutions of the 

Hodgkin-Huxley equations (see text). 
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FIG. 2. Computed membrane action potentials 1n response to an ititial 

membrane depolarization of 7 mV for different values of 

V ~ Curves are solutions to the Hodgkin-Huxley equations. m 


