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ELECTROMAGNETIC MODULATION OF CELL FUNCTION:
FREQUENCY CHARACTERIZATIONS OF INPUT WAVEFORMS

Arthur A. Pilla and Jonathan J. Kaufman
Bicelectrochemistry Laboratory
Department of Orthopedic Surgery

Mount Sinai School of Medicine
New York, NY 10029

ABSTRACT
The requirement that low level electromagnetic modulation of
cell and tissue function appears to require specific amplitude and
power frequency relationships is examined. Both real and imaginary
(Fourier) axis Laplace transformations are employed. A specific
frequency range in the various spectra emerges as relevant to obtain
biological response. These frequencies appear to correlate with
experimentally observed electrochemical relaxation processes at cell
membranes.
INTRODUCTION
Cells and tissues in vitro and in vivo exhibit functional sensi-
tivity to weak pulsating currents. Reactively coupled (external to
laboratory dish or skin) signals have been employed in a variety of
cell and tissue types (1-19,35). Emerging from all of these studies
is the existence of both electrical and biological windows (2-4,7,8,
11,12,17,18,20). Thus, while significantly different waveforms have
been successfully employed, it appears that certain frequency domain
characteristics of the signals are necessary. It is the purpose of
this work to examine the use of various forms of Laplace transformation

using both the real axis (21,22) and imaginary axis (Fourier analyses)

to quantitate signal differences.
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FREQUENCY DOMAIN SIGNAL ANALYSIS
For the variety of time varying signals which have been employed
for cell and tissue stimulation it is convenient to describe the wave-
form parameters in terms of the amplitude or power variations over a
given frequency range. This may be accomplished by the use of the
Laplace transformation in its most general sense. For an arbitrary

time function, f(t), the Laplace transform, F(s), is given by:
F(s) = f: f(t)e_St dt 4))

where s defines the complex frequency plane having real, o, and
imaginary, jw, axes. For s = ¢ the real axis transformation 1is
defined, the frequency functions obtained are real and have been
found useful for cell impedance studies as well as signal description
(23-27). For s = jw the operation is the familiar Fourier transform
(or series) and is most useful for the description of the amplitude
or power spectrum of the imput signal and system response.

In order to illustrate the use of this approach, inductively
coupled, approximately rectangular shaped electric field signals
will be considered. These have been most extensively employed in
the modulation of cell and tissue function. Generally the induced
electric field is bipolar in nature. Amplitude and time assymetry
are controlled. Pulse durations from 20 usec to 6 msec having
repetition rates from 1-100 Hz are common. For the major clinical
application to recalcitrant bone fractures (28-31) a pulse burst
signal has been employed. Waveform types considered in this study
are shown in fig. 1. The use of equation (1) in this study will be

limited to consideration of the input (electric field) signal. It
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FIGURE 1

Schematic illustration of the input voltage (at the cell) for two
widely employed, inductively coupled waveforms. Signal b is the
pulse burst employed clinically for recalcitrant bone fracture
repair when Tl = 200 usec, T2 = 20 uysec, T3 = 8 usec, T4 = 5 msec
and T = 67 msec (15 Hz).

has, however, been suggested that a model dependent frequency
analysis, using the hypothesis that electrochemical kinetics at
the cell surface are the real-time current pathways, would be most

useful. This will be considered elsewhere.

A - REAL AXIS LAPLACE TRANSFORMATION
This is performed for s = ¢ and can be utilized to obtain the
frequency spectrum of the input voltage and the input power
(resistive load). For the former the transform becomes, for a

single repetitive bipolar pulse (a, fig. 1):
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where Tl, T2 and T are the main and opposite polarity pulse widths
and the pulse period respectively. This spectrum is illustrated in
fig. 2. While an accurate indication of the input voltage frequency
spectrum, it is not sensitive to signal variations which have been
shown to move the waveform parameters out of the effective window
for observed cellular effect. Thus fig. 2 shows the effect of a 4
fold variation in T2 -~ from 20 psec (effective) to 5 pysec (ineffec-
tive). The differences are too small to be considered meaningful

for a sensitive signal description. This is in marked contrast to
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FIGURE 2

Real axis spectrum of the voltage (a, fig. 1) for T2 = 20 usec
(upper curve) and T2 = 5 psec (lower curve) obtained via equation
(2). For both spectra Tl = 200 psec and T = 67 msec. Note the
lack of sensitivity for variations in T2.
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the standard amplitude .spectrum (via s = jw) as will be seen
below.

The spectrum of the input power, P(c), is given by:

AZ

o(l-e

[l_e—UTl _ le e-ch e—oTZ
2

) 2

P(o) = (1- )] (3)

-To

where the symbols are as for equation (2). In contrast to V(o),
a plot of P(o) for the same 4 fold variation in T2 as above, shows
a large difference in the medium to high frequency range (fig. 3).
This spectrum emphasizes, as expected, the large changes in instan-
taneous power which occur due to the constraint of identical areas
(32) under the 20 psec and 5 usec signals.

It is of interest to consider the spectrum of the power, P'(0),
for the pulse burst signal commonly employed in cell stimulation
studies (b, fig. 1). This is given by:

_~(MHL)oTA

P'(0) = B(0) [+
l-e

1 (4)

where M+l is the number of pulses in the burst and TA is Tl + T2 +
T3 (see b, fig. 1). This is also shown in fig. 3, wherein it can
be seen that the spectrum of the power in the higher frequency range
is significantly larger for the single pulse having 5 usec opposite
polarity (T2) than that for the pulse burst. This has implications
in the choice of the most efficient signal coupling to real-time

cell surface kinetics as will be seen below.

B - IMAGINARY AXIS LAPLACE TRANSFORMATION

This actually constitutes the well known Fourier analysis and
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FIGURE 3
Real axis spectrum of the power for both signals considered in
fig. 2, as well as the pulse burst signal (b, fig. 1) obtained
via equation (3). Note the mid to high-frequency range over
which the 200/20 single pulse and the pulse burst have identical
spectra. In contrast the 200/5 single pulse exhibits signifi-
cantly higher values over (particularly) the mid-frequency
range.

is represented by equation (1) evaluated for s = jw. The Fourier
transform of a periodic signal 1s represented by a sequence of
delta functions existing at the harmonics of the signal, v(t), with
strengths equal to the coefficients of the Fourier series (33).
Thus:

nw t
3 [+}

. (5)

() = T V_ e
v n=E- I

The (complex) Fourier coefficilents Vn are obtained via:
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T/2
Vst s vme ™ot ar (6)
-T/2
with w, = %ﬂ- being the fundamental frequency associated with the

signal v(t) and T its period. The informatiorn contained in the
set {Vn, n=0,t1,+t2, ...} is equivalent to that in the original

signal. Thus, since Vn is complex, it may be written as:

- 36
vo=|v] etn . )

The real amplitudel VJ and the phases en completely specify the
signal v(t) and may each be plotted as a function of n. Only the
amplitude sepctrum [VJ will be considered here. The more complex
phase spectrum, en, will be considered elsewhere. The average
power of the signal v(t) as given by:

T
I vo(t) dt (8)
(o]

=

av

can also be expressed in the frequency domain as:

© 2
= 1 2]|v] (9)
k=1 K

P =% |v
av .

2
kI
Thus, a plot of the amplitude spectrum |Vd or power spectrum | V] z
is proportional to the power in the signal v(t) in a particular
region of the spectrum.

The signals to be analyzed here are shown in fig. 1. The

Fourier series coefficlents V, may most simply be derived by first

k
considering the single repetitive pulse p(t) (a, fig. 1). Denoting
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the Fourier coefficients of p(t) by Pk’ and defining TA & Tl + T2 +
T3, then Vk for the pulse burst signal (b, fig. 1) may be expressed
as:

_jkmoTA + ...+ e_jkwoMTA

v, = Pk [ 1+e ] (10)

=

-jklw TA
e o]
]

or V. =P

K™

where M+l is equal to the total number of bipolar pulses in one
period of v{(t). Expressing the summation in (11) in closed form
through use of the finite sum geometric formula, the amplitude

spectrum of v(t) is:

fvf = Il 18] (12)
where
sin{ks TA(M+1)/2]
I8y = lsin[konA/Z] [ as

Thus, [Vk!can be decomposed into the product of the single repeti-
tive pulse spectrum 1PQ and the "burst" spectrum | Bd . Note that

for single pulse trains (M=0), |B = 1 as required. This decom-

.
position leads to some useful insights in the analysis of stimula-
tion signals as discussed below.

The Fourier amplitude coefficients ]Pd are obtained through

straightforward application of (6) and are given by:

w3

2 2 o (TIH+T2), 4
[ck + Bk + 2 okskcos [kuo ———E———] ]

B

(l4a)
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sin(kw T1/2)
with o, = ATl =

k (ko _T172) (14b)

sin(konZ/Z)
and Bk = BT2 m—o—m—)—-—

(léc)
Equations (12)-(14) completely characterize the signal ampli-
tude spectrum. Several features of this spectrum are important
and should be pointed out:
(i) The burst spectrum |BQ acts as a multi-bandpass

filter as can be seen by looking at fig. 4. The

7.
12. |.
17. |-
22.

FREQUENCY <(kH=z>

FIGURE 4

Imaginary axis (Fourier) amplitude spectrum of the burst portion
of the clinical signal (b, fig. 1) obtained via equation (13).
Note that the "spikes" appear at harmonics of the pulse period
within the burst (Tl + T2 + T3 = 228 usec, corresponding to

4.4 kHz)., This acts as a gain function for the single repetitive
pulse (from which the burst is constructed) in the frequency
domain.

27. L
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resonant frequencies are determined by TA and for
the example shown (TA = 228 msec) resonance occurs
at integral multiples of fo = 4.4 kHz.
(ii) For the typical case of signal parameters where
T1 > 10T2 and ATl = BT2 (see fig. 1), IPkl
behaves as a uni-polar pulse spectrum, i.e.,
sinx/x, at least above the very lowest frequencies.
(iii) The effect of repetition rate (1/T) on the
overall pulse spectrum is indistinguishable from
a change in amplitude (squared). Thus, as far as
(linear) system response is concerned, it is possible
to keep T fixed and vary only signal amplitude A,
which simplifies the analysis.
Several different pulse spectra are presented in figs. 5 and
6 following equations (12)-(14). Figure 5 displays the amplitude
spectrum of the same pulse burst signal for which the corresponding
real axis spectrum of the power is shown in fig. 3. The spiked
nature of the spectrum is due to the repetition rate within the
"burst" portion (4.4 kHz for the clinical signal). The spectra of
three signals, similar to those described in fig. 3 for real axis
transformation are shown in fig. 6. The spectrum marked 200/20 is
that for a single pulse from which the burst signal is constructed
(for the clinical signal there are 21 such pulses in a given
burst) having the same repetition rate as the burst (15 Hz). Note
that there are no "spikes'" in this spectrum, but that the amplitude
follows closely that of the burst between "spikes'". As for the
real axis, the spectrum of the signal having T2 = 5 usec (marked

200/5 in fig. 6) shows that it has significantly higher amplitude
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FIGURE 5
The complete Fourier spectrum of the pulse burst inductively

coupled signal used clinically. Tl = 200 usec, T2 = 20 usec,
T3 = 8 usec, T4 = 5 msec, T = 67 msec (15 Hz).

in the higher frequency range than that for the 200/20 or the

inter "spike" regions of the burst.

DISCUSSION
The use of both real and imaginary axis Laplace transformations

to describe various amplitude and power relationships in the fre-
quency domain is useful to examine the frequency range over which
amplitude must be maintained to elicit biological effect. For
example, several systems have exhibited.similar respomse to both

the pulge burst and a single repetitive pulse from which the burst
portion is constructed (25). Examination of fig. 6 shows that,

over the mid-frequency range depicted, both the single pulse and

13

. 25
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FIGURE 6
Comparison of the Fourier amplitude spectra for the signals con-
sidered in fig. 3. Note that the inter spike amplitude for the
pulse burst and 200/20 single repetitive pulse (both at 15 Hz)
are nearly identical. 1In contrast, the 200/5 single pulse

(15 Hz) exhibits significantly higher amplitude over the indicated
frequency range (compare with fig. 3).

inter-spike regions of the pulse burst exhibit similar amplitudes.
This is alsc true of the real axis spectrum of the power for both
signals, as shown in fig. 3. One possible interpretation is that
the biological system ignores the much greater amplitudes present
at the burst harmonics and responds only at amplitude levels
corresponding to the inter-burst frequencies. This is reinforced
by consideration of the spectra for the single pulse having T2 =

5 usec (figs. 3 and 6). Here, for a signal having no burst spikes,
the amplitude is higher over the depicted range for all frequencies

except those corresponding to the intra-burst repetition rate of
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the pulse burst signal. Remarkably, several biological systems
exhibit no response (26,28,34) or greatly altered response (15)

to signals for which the opposite polarity amplitude (b, fig. 1)

is significantly increased by a decrease in T2 (i.e., the 200/20

vs. the 200/5 signals discussed in this study). Note that the
effect on a burst signal, for which only T2 is decreased, is exactly
similar to the single pulse cases.

The above correlations lead to the proposal that the ampli-
tudes of importance to the biological system are those generated
in the spectra of the opposite polarity (T2) portion of both single
and burst pulses considered here. In addition, values in the
mid to high frequency range (> 20 kHz) appear to be the most
relevant. Results from impedance studies of living cell membranes
(23,24,27) show the existence of a heterogeneous potential
dependent kinetic process having a relaxation time in the range of
10-100 usec. This process, which exhibits the functionality of
specific adsorption (ion binding), easily falls within the fre-
quency range of interest. 1If, as suspected, perturbation of these
electrochemical pathways are of functional significance to the
cell, then it is obvious that any signal, which exhibits similar
amplitudes or powers in specific frequency ranges corresponding
to those for which the electrochemical kinetic filter at the cell
surface is open, can be effective.

Clearly, the analysis presented here can be applied to any
waveform, including sine, from any source which can achieve the
required amplitude and/or power relationships in the frequency
domain. It is also clear that the discovery of an effective range

is merely the first step in the choice of the most effective

15
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signal for the modulation of cell and tissue function. Aspects,
such as time dose requirements are not able to be easily predicted
by this analysis alone. A frequent observation, however, is that
the proper signal parameters must be chosen before dose analyses
can be effective. Finally, it is important to emphasize that the
required amplitude/power relationships must be achieved at the
appropriate cell(s). Thus, geometric considerations, and their
effects on the overall impedance of the system, must be taken into
account (32) particularly when inductively coupled signals are
employed. The analyses presented here are general enough to
characterize the input waveform at the cellular level considering
all of the above points. These frequency characterizations are
the first step in establishing a standard by which dose relation-

ships versus cell type and pathology may be quantitated.
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