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Ultrashort Electromagnetic Signals:
Biophysical Questions, Safety Issues, and
Medical Opportunities

RiICHARD ALBANESE, B.A., M.D., JEFFREY BLASCHAK,

M.S., Ph.D., RicHARD MED'NA, B.S., M.S., and JounN
PENN, B.S.

ALBANESE R, BLasCHAK J, MEDINA R, PENN ). Ultrashe .t
eleciromagnetic signals: biophysical questions, safety issues,
and medical opportunities. Aviat. Space Environ. Med. 1994; 65(5,
Suppt.):A116-20.

Ultrashort slectromagnatic pulses are being incraasingly pro-
duced by modern high power microwave and laser devices.
Thase vltrushort puises can produce slectromagnetic transients
in tissue that prompt safety quastions concerning the possible
exposure of living baings to ultrashort electromagnetic pulses.
The existence of slect-omagnetic transients may permit mean-
ingful advances in medical therapy and imaging. Electromeg-
netic transients, potential medical applications, and anticipated
research avenues relevant to eccupational health and safoty is-
sues are discussed,

NGINEERING AND physical science have pro-

duced several devices that radiate ultrashort elec-
tromagnetic signals. These are high power microwave
devices that produce electromagnetic pulses with pulse
widths of just a few nanoseconds (a nanosecond is 10~°
seconds); pulse electric field amplitudes may exceed
100,000 volts per meter (V/m). Some lasers produce
electromagnetic pulses with pulse widths of just a few
femtoseconds (fs) (1 fs is 10717 s); associated electric
field amplitudes can exceed 1,000,000 V/m. These sig-
nals raise occupational heaith issues, and it is not clear
whether existing safety guidelines apply. These occupa-
tional safety issues have stimulated scientific inquiry
into the miechanisms of interaction between short pulse
electromagnetic signals and living tissue. Signal-tissue
interaction has kindled scientific curiosity along many
fronts crealing several opportunities for mcdical and
technological spinoffs.

From the Mathematical Products Division, Occupational and Envi-
ronmental Health Directorate, Armstrong Laboratory, Brooks AFB,
TX.

Address reprint requests to: Dr. Richard Albanese, who is chief of
the Mathematical Products Division, 16th Street, Bldg. 776, Brooks
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This article describes how ultrashort electromagnetic
signals propagate in human tissue, with emphasis on
pulses at microwave frequencies. Some details of sig-
nal-tissue interaction are presented as they relate to tis-
sue damage mechanisms. We discuss the usz of ul-
trashort signals for tissue imaging, Fioenvironmental
monitoring and localized tissue hyperthermia. In the
summary we chart future research directions and con-
cepls in this exciting new domain of radiation biology
and medicine,

Before starting the description of how ultrashort elec-
tromagnetic signals propagate in living tissue, it might
help to describe what these signals are like in air. In air,
these signals are bursts of electromagnetic energy
emerging from the radiating device. These bursts or lo-
calized packets of energy are characterized by a divec-
tion of motion symbolized by the vector K (Fig. 1).
When one is at a relatively great distance from a radi-
ating source or antenna (that is, when one is in the
so-called far field which is frequently a distance that is
five times or more _the diameter of the antenna), one will
find the electric (E) and magnetic (H) vector fields at
right angles to one another and each at right angles to
the direction of motion of the pulse (Fig. 1). When the E
and H vectors do not rotate around the direction of
propagation, one has a lingarly polarized pulse. Ia cer-
tain instances the E and H vectors may rotate around
the direction of propagation k providing an additional
level of complexity. Close to_a radiating source, the
right-angled structure of the E, f-l? k system usually
breaks down and the electric and magnetic vectors are
not perpendicular to each other nor to the direction of
pulse propagation. This breakdown in the right-angled
structure also frequently occurs when a pulse enters a
material sucli as living tissue. In air, the electromagnetic
pulse moves at the speed of light (usually symbolized as
c). However, slower speeds often occur in tissue where
the speeds may be one eighth the speed of light. In the
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Fig. 1. The electric (5), magnetic (i:l) and propagation (iE) vec.
tors in free space.

above description, we have wot defined what we mean
by an electric or magnetic vector or force. These defi-
nitions may be inferred from the following diccussion of
pulse-tissue interactions.

Pulse-Tissue Interactions

When a pulse strikes and enters a material such as
tissue, a complex sequence of events, not fully under-
stood at this time, is set in motion. It is critical to note
that, as an electromagnetic field strikes and mpves
tl.rough a material, it exerts a mechanical force (F) on
the charged particles in the material. This force is given
by the fundamental Lorentz equation written below:

x H Eq. 1

o<l

— - q
F=gE ++
q n

%ip Eq. 1, q s the charge on the exposed particle. Again,
is the electric field vector at the charged particle. The
symbol p is the permeability of the material to magnetic
fields, V is the velocity of the charged particle, and, as
before, H is the magnetic field. In this equaticn, the
*X"" symbol does not represent ordinary multiplication,
rather this symbol represents vector multiplication.
This **vector product’ produces a third vector (P) that
is at right angles to the two vectors whose product
is being taken, and the length of P (symbolized |P)) is
given by the expression:

]Fl = [V lﬁ]sino Eq.2
where 0 is the angle between the two vectors being
vector multiplied. Putting the Lorentz equation together
with the definition of vector multiplication, the follow-
ing can be inferred. When an electromagnetic pulse
strikes a matenal, charged pariicies in the malenai wili
tend to move in the direction of the electric vector E.
However, if that charge is moving, it will experience an
additional force perpendicular to its own velocity and
the magnetic vector H. The interaction of the electric
and magnetic ficlds will, in general, tend to curve the
path of the charged entity. In tissue, there are many
charg: ? zntities; for example: mnst, if not all, mem-

branes carry charges at their surfaces in association
with transmembrane potentials, and proteins have dis-
sociated ionic sites as does DNA. Finally, potassium,
sodium, cileride, calcium, and magnesium ions among
others all exist in tissue and, thus, are subject to the
forces associated with the Lorentz equation.

By generating charge movement and, thus, mechani-
ca] force within the tissue, the ¢lectromagnetic pulsed

" field deposits mechanical energy in the medium. But not

all Yorces generated in the medium stay in the medium
as mechanical forces because a second fundamental
physical factor is operative. The second fundamental
physical factor to remember is the fact that accelerating
charged bodies themselves become sources of radiating
electromagnetic fields.

To sum up, when an electromagnetic pulse strikes
human tissue or similar material, charged entities are
movead by the passing pulse; these displaced particles,
having absorbed encrgy from the electromagnetic pulse,
in turn, radiate a portion of that energy as a propagating
clectromagnetic fieid. This very complex and dynamic
interaction is modeled well by a set of equations known
as Maxwell’s equations. This set of equations describes
pulse propagation quite accurately, even in complex
media such as tissue.

Consider the pulse shown in Fig. 2. This pulse, in air,
is a square wave modulated sinusoid; the modulated
sinusoid has a frequency of 10'® cycles/s (or 10 giga-
hertz). Fig. 3 shows what this pulse looks like after it
ilas passed through I ¢1a of pure watei, the major com-
ponent of tissue. The shape of the pulse is somewhat
unexpected, yet this is the prediction of Maxwell’s
equations and qualitatively fits what has been, in fact,
observed in the laboratory (16). The propagated pulse is
slightly broader than is the pulse in air but, most prom-
inently, the fundamental sinusoidal structure has been
altered by the presence of large leading and trailing edge
transients. These transicents are called Brillouin precur-
sors and are named after the mathematical physicist
whuo first postulate¢ their existence (4). These transients
represent radiation from the :nitial and terminal tran-
sient movements of charged particles in the water as the
pulse first strikes and then leaves the local region in the

2.5

Volis / Meter

0.0 | !r

R

o 05 1 15 2
Time ( Nanoseconds )

Fig. 2. An example of an vitrashort electromagnestic pulse.
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Fig. 3. Tl.e pulse of Fig. 2 after passage through 1 cm of pure
water.

medium. The charged entities in pure water that are
reacting to the field are the small charge separations in
each water molecule associated with the 108° chemical
hydrogen-oxygen-hydrogen bond. When a water-based
tissue is stimulated by a pulse with higher frequencies,
addii:onal transients called Sommerfeld precursors are
expected (20). These transients are illustrated in Fig. 4,
representing the case of a pulse identical in shape with
that of Fig. 2, but involving a base frequency in the
optical spectrum (10" to 10'® cycles per second). The
Sommerfeld precursors reflect radiation frem the outer
shell electrons of molecules in the iissue.

The precursors described above were first postulated
in 1914 in classic articles by Sommerfield and Buillouin
(4,20). The mathematica! analysis of that era left out
some terms; therefore, the amplitude of the Brillouin
precursor was thought to be quite small compared to
what is seen in Fig. 3 and 4. Sommerfeld and Brillouin
precursors were first seen experimentally in a
waveguide structure by Pleshko and Palocz, but this
experimental work did not discern the error in the avail-
able mathematical treatment because of the special ma-

Q05 —- e e e e —eem o
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— 1
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> 001
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10 20 30 40 50
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Fig. 4. A transmitted pulse induced by an Incident signal as
shown in Fig. 2, hut ot optical frequencies and just micrometers
into the medium.
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terial used as a propagation medium (16). The mathe-
matical research of QOughstun and Sherinan, using a
refined version of the approximation used by Sommer-
feld and Brillouin, clarified the proper relative magni-
tude of the Brillouin precuisor, and independent com-
putations at Armstrong Laboratory, employing the
complete equations with no approximating forms, con-
firmed the advance of Qughstun and Sherman
(2.10,14,15,19). Having established this phenomenolog-
ical description of ultrashort pulse propagation, poten-
tial tissue damage mechanisms may now be considered.

Potential Tissue Damage Mechanisms

In this section and the remaining nortions of the arti-
cle, the emphasis will be on ultrashort pulses describ-
able using frequencies from 100,000 hertz (Hz) to 10"
Hz (1 Hz is 1 cycle/s). Long puises with fast onset and/
or offset times also give rise to transients or precursors
and, thus, are also included in the following. The reader
familiar with occupational or environmental medicine
and with nonionizing radiation hazards may recall that
guidelines have been published limiting human expo-
sure to nonionizing radiation. A recently promulgated
exposure standard is [EEE C95.1-1991 published by the
Institute of Electrical and Electronics Engineers on 27
April 1992 (9). This standard covers pulses with dura-
tions less than 100 ms and frequencies in the range from
10° 10 30 x 10'® Hz which would include a pulse such as
that shown in Fig. 2. However, IEEE (C95.1-1991 was
developed from biomedical data on pulses whose onset
and offset times (or rise and fall times) were much
slower than those shown in Fig. 2; the standard does not
embody the precursor phenomenon. Thus, in practical
terms, the sharp, ultrafast category of pulses being dis-
cussed here are not covered by IEEE C95.1-1991 nor by
any other formal guideline known to us; therefore, the
issue of potential tissue damage mechanisms becomes
particularly relevant for this category of electromag-
netic events. Until the issue of tissue damage mecha-
nisms associated to pulses that cause precursors is fuily
studied, the authors recommend zero human exposure
to such unique precursor and gendering pulses.

With the above medical assessment as a prelude, four
potential tissue damage mechanisms are outiined: mo-
lecular conformation changes, alteraticns in chemical
reaction rates, membrane effects, and thermal damage.
This list is not exhaustive, but is presented as a tentative
starting point for scientific thought and deliberation.

Molecular Conformation Changes

During the passage of an action potential, the nerve
membrane potential shifts from approximately —70 mV
10 +50 mV. Because the membrane is approximately
100 Angstroms (A) thick (1 A is 107 '* m), this voltage
change represents a shift from —7,000 kilovolts per
meter (kV/m) to +5,000 kV/m—a very large field
strength change in the neighborhood of the cell mem-
brane. In 1972, Meumann and Katchalsky wondered
whether these short hich peak voitage transient fields
could alter the conformation of large macromolecules
and, thus, possibly provide a mechanism for memory in
the central nerv rus system (11). These authors ob-
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served that very short pulses {about 10 ps in duration)
with peak amplitudes around 2,000 kV/m could cause
partial strand unwinding in polynucleotides. The poly-
nucleotides have charged ionic surface sites. These sites
attract free ions (such as potassium, sodium, and chlo-
ride ions) in the macromolecule environment to form
the so-called electrical double layer. Neumann and
Katchalsky postulated that the strand unwinding results
from the perturbation of the macromolecule-double
layer structure by the imposed electromagnetic pulse.
Further research is indicated to define the threshold
voltage and pulse repetition rate at which such confor-
mation changes occur.

A second indication of the importance of macromo-
lecular conformation change in considering tissue dam-
age mechanisms for very short electromagnetic pulses is
the fascinating recent research on pulse gel electropho-
resis of DNA (7,18). Low peak amplitude pulses (350
V/m) applied for 1-10 s significantly alter the pattern of
motion of DNA suspended in a gel matrix. The mecha-
nism 1s a complex inteiaction between the large charged
molecule, the impressed electromagnetic field and the
pore structure of the gel containing the DNA. Study of
electromagnetic thresholds for induced DNA mobility
and biomedical consequences might become a promis-
ing research direction,

Alterations in Chemical Reaction Rates

In the above description of pulse propagation in a
medium like tissue, field-induced movement of the tis-
sue components was described along with reradiation
from accelerated charges in the tissue. When one real-
izes that molecular motion and electron (charge) ex-
change are fundamental to the determination of chemi-
cal reaction dynamics, one may infer that ultrashort
high peak voltage electromagnetic pulses could interfere
with biomolecular chemical reactions. Indeed, it is a
derived result of thermodynamics that chemical equilib-
rium constants will be shifted in a continuous wave elec-
tromagnetic field. In fact, Chen, Heinsohn, and Mulay
(6) show through mathematical analysis and experimen-
tation that a continuous wave electromagnetic field will
change the chemical equilibrium constant K, in the ab-
sence of a field, to the equilibrium constant K, in the
presence of an electromagnetic field, in accordance with
the equation:

In(Ke/K) = wilEP + w2lHJ? Eq. 3
In the above equation w and w2 are weighing parame-
ters that are inversely proportional to the absolute tem-
perature, and directly related to the dielectric constants
and magnetic molecular susceptibilities of the chemical
reactants and products (6).

Exposure of a chemical reacting svstem to a single
sharp electromagnetic pulse or a rapid scquence of such
pulses does not represeat an equilibrium exposure;
therefore, one should not expect that the above equilib-
rivm thermodynamic equation should sitictly hold.
Were the equation to hold, an electric field intensity of
approximately 1,000 V/m could engender a 1% change
in equilibrium constant K. Research on transient elec-

tromagnetic field-induced chemical reaction rate
changes might well be very useful and instructive.

Membrone Effects

It is well established that high peak field pulses can
open small channels through cell membranes. The pro-
cess is called electroporation and has been reported at
peak fields between 400 and 600 kV/m (5.21). From the
roint of view of ¢stablishing health and safety guidelines
and from the point of view of biophysical curiosity, it
appears important 10 determine the threshold of this
phenomenon and the fundamental mechanisms by
which it occurs. Prior to the occurrence of clectropora-
tion, rapidly applied pulses modify the transmembrane
potential of a living cell (5,21).

Thermal Damage

When a pulse moves through tissue. it causes charged
components to move with the field. These orderly di-
rected movements accelerate the collision rate of the
charged molecules (or other components such as mem-
branes) with structures in their environment. Thus, the
field-directed mechanical energy imparted to the
charged particles is subsequently passed to other struc-
tures, some of which may have no charge at all. These
collisions of the driven particles with particles in their
environment increase the total kinetic energy in the me-
dium raising the temperature in the medium as a whole.
Deposition of thermal energy in a tissue can offset ho-
meostatic mechanisms in the organism and cause phys-
iological stress; at high temperatures, deleterious phe-
nomena such as protein denaturation can occur.

Experts in electrodynamics do not have a complete
understanding of how electromagnetic field energy is
converted into thermal energy. For example, charged
molecular species have specific modes of motion to
which they are constrained by their pattern of internal
bonding. While synthetic DNA has been well studied. in
grneral, molecular modes of motion have not been char-
acterized, and it is not known in most cases which
modes are stimulated by electromagnetic fields includ-
ing pulsed fields (17,22). Also, it is not known whether
molecular modes of motion can internaily share energy
absorbed from an electromagnetic field (such sharing
would imply nonlinearity in the molecule as a mechan-
ical structure). Furthermore, and perhaps most impor-
tantly, it is not known how much time the collision pro-
cess takes to offload the c¢lectromagnetic energy a
molecule has absorbed into one or more of its modes of
motion. If the rate of encrgy removal from a target mol-
ecule is slower than its absorption from the electromag-
netic field. in some sense significant heating of the in-
dividual molecule could cccur during a radiation
exposure with little gross change in the overall medium
temperature causing highly localized damage (1). It
would be interesting and possibly important to study the
details of these thermal mechanisms.

Applications of Ultra-hort Signals

While there is much to be done to assess the occupa-
tional health implications of ultrashort clectromagnetic
pulses, it is clear that positive applications of these sig-
All9

Aviation, Space, and Environmental Medicine « May 1994



ULTRASHORT SIGNALS—ALBANESE ET AL.

nals are possible. For example, electroporation is being
considered for cancer therapy (21). If a brief, intense,
locally applied electromagnetic fickd can open pores in
cancer cells, chemotherapeutic agents may more readily
enter to destroy the cancer. If the electromagnetic field
is applied differentially so that normal cells surrounding
the tumor are not opened, it is possible that the cancer
could be removed with reduced chemical side effects in
the patient. Applying pulsed energy to thermalize tissue
could also be s .51l because hyperthermalization itself
has been found to complement the action of chemother-
apeutic agents and ionizing radiation in cancer research
efforts (8,12,120).

Ultrashort pulses may also lead to the development of
new techniques for imaging tissue structures. Tne prc-
cursors formed by the passage of short pulses carry with
them detailed information about the n vlecular dvnam-
ics and structurc of the medium through vhich the pulse
has passed. The precursors contain this information
through the process of selective absorption and reradi-
ation that was previously discussed. Bv studying pulse
returns in detail one can infer, at lcast in some cases, the
dielectric constant and conductivity of the medium at
each point in the medium. This determinatioa can per-
mit a visual reconstruction of internal structures (3).

Soils, particularly those containing water, have elec-
trical properties that are similar to those of tissue. It
may be possible to assess the purity of ground water
using propagated electromagnetic fields. Detailed di-
electric maps of underground structures, to include
waste deposits, may also be feasible.

Summary

Ultrashort electromagnetic pulses are an exciting new
miodality with which to explore biological tissue. Med-
ical applications include hyperthermia, electroporosis,
and imaging. At high peak power levels, one may expect
occupational health hazards to casue and radiation
safety thresholds for these hazards must be determined.
Four potential tissue damage mechanisms have been
outlined including macromolecular conformation
changes, chemical reaction effects, membrane alter-
ations and temperature mediated adverse responses. In-
vestigation of thes* four, and possibly other, mecha-
nisms can be expec 2d to open new horizons into which
we can expand our biomedical technology.
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