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A hfract —Calculations based on an idealized sphericaf model show that

the relaxation times of transmembrane thermal gradients in red blood cells,

and cells in general, are much less than 1 ps. Heat cannot be stored across

the membrane during microwave pulses and only intense pulses can cause

substantial transmembrane temperature gradients. Experiments show no

hemolysis in red blood cells exposed in vitro to large microwave pulses with

peak SAR’Sof more than 1 kW/g.

LIST OF SYMBOLS

A, Complex electrical conductivity of suspension.

AA Complex electrical conductivity of medium.

Y Complex electrical conductivity of cytoplasm.

@ Volume fraction of cells (hematocrit).

u Electrical conductivity.

CO Permittivity of space.

c Relative dielectric constant.

2mf (angular frequency).

~ frequency.

AT Temperature drop across membrane.

V Volume of cytoplasm.
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Thermal conductance per unit area of membrane.

Fractional difference in power absorption.

Specific absorption rate (SAR) during peak of pulse.

Area of cell membrane.

Temperature displacement.

Temperature displacement at time zero.

Radial position.

Radius of cell.

k/C.

Thermal conductivity of cytoplasm.

Thermal capacitance of cytoplasm.

Thermal conductance per unit of cell membrane.

Time.

I. INTRODUCTION

T HE ELECTRICAL conductivities of the cytoplasm

and extracellular fluids of biological cells are similar

at microwave frequencies but not identical. The tempera-

ture differences created across the cell membrane due to

differential absorption of continuous wave (CW) micro-

wave radiation in the cytoplasm and extracellular fluids are

extremely small, as we shall show. Pulsed microwaves with

the same average power can create larger transient temper-

ature differences. We calculate here the magnitude of these

transients. Particular attention will be paid to red blood

cells, since we have studied hemolysis during exposure to

pulses at 2450 MHz in a microstrip exposure system [1].

The conclusions, however, are generally applicable to other

kinds of cells.

The red cell study was motivated by predictions that

small transmembrane temperature differences could cause
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large osmotic pressure differences across the membrane [2],

and possibly hemolysis. There have been reports of changes

in membrane permeability of red cells exposed to micro-

waves [3]–[6]. These changes related primarily to the pas-

sage of small molecules across the membrane and may

have been caused by heating. More recently, there have

been reports of effects in nerves and ocular lenses [7], [8]

using pulsed microwaves, which were not found using

comparable CW exposure conditions.

H. PRELIMINARY DIELECTRIC MEASUREMENTS AND

CALCULATIONS

We estimated the temperature differences to be expected

across the red blood cell membrane by calculating the

cytoplasmic conductivity in the following manner. As an

initial step, the ‘dielectric properties of the red cell suspen-

sion and the suspending medium were measured at 2450

MHz and 35°C using a network analyzer and techniques

described previously [9]. The cytoplasmic electrical conduc-

tivity was then calculated from this data using the form of

the Maxwell–Wagner equation [10] shown in Table I. The

cytoplasmic value was

18.6 mS/cm

while that of the medium was

28.4 mS/cm.

The cytoplasmic conductivity was thus about 1/3 less than

that of the medium.

III. ENERGY ABSORPTION CALCULATIONS

From the conductivity data we see that the energy

absorbed in the cytoplasm is about 1/3 less than in the

medium. Therefore, the temperature inside the cell is less

than on the outside. Since the red cells occupy less than 20

percent of the volume, the temperature rise in the medium

closely approximates the temperature rise in the suspension

as a whole.

The longest pulse we used in the red cell study was 62

ps. A pulse of this length with a peak specific absorption

rate, or SAR, of 1 kW/g would deposit a total energy per

gram per pulse of 62 mJ, and the overall temperature rise

of the suspension would be

0.016°C per pulse.

If no heat leaked across the membrane during the pulse the

transmembrane temperature difference would be 1/3 of

this, or about
o.oo5°c.

Heat, however, does leak across the membrane and the

temperature difference is much less, as we shall show.

IV. CALCULATIONS OF MEMBRANE THERMAL

RELAXATION TIME

The mammalian red blood cell is a biconcave disk about

8 pm in diameter and 2 pm thick, as shown in Fig. 1. It is

difficult to solve the heat diffusion equation for such a

complex object. However, the range of thermal relaxation

times in the red cell can be covered by considering spheri-

~8p~

Fig. 1. Mammalian red blood cell.

TABLE I

MAXWELL–WAGNER EQUATION

Maxwell-Wagner Equation

A=+ 2iI ‘ Y
a

Where the above quantities are defined as:

As = complex electrical

Aa = complex electrical

Y = complex electrical

p = volume fraction of

The above complex conduct Ivit ies are of the

+ 2Aa

conductivity of suspension

conductivity of medium

conductivity of cytoplasm

cells (hematocrit)

form:

A = u + jwcoc

Where:

o = electrical conductivity

c = permittivity of space
0

E = relative dielectric constant

IJl = 2nf (angular frequency)

f = frequency

Solution of the above equation for the cytoplasmic value gives:

[

2(A,– A=) + p (A,+ 2A~)
Y=

1

A
-(AS– Aa) + P (A,+ 2Aa) _ a

cal cells with radii of 1 and 5 #m. In fact, they give a fairly

detailed insight into the thermal relaxation time of the

transmembrane difference not only in red cells, but all

types of cells.

Solutions of the diffusion equation are readily available

for spheres in the literature [1 1]. The red blood cell mem-

brane is only 10 nm thick, as in most cells, and can be

treated as a thermal contact resistance on the surface of the

cell, as detailed in Table II. The external fluid temperature

is held constant for simplicity. The cytoplasmic tempera-

ture is then suddenly displaced to calculate the thermal

relaxation time of the transmembrane temperature dif-

ference.

Based on the equations in Table II, normalized graphs of

heat distribution in cells 1 and 5 pm in radius were drawn

(Figs. 2 and 3). These figures show the heat distribution

patterns at various times after the temperature of the

cytoplasm has been suddenly displaced with respect to the
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Fig. 2. Temperature distribution patterns ina5-#m radius cell.

Fig. 3. Temperature distribution patterns ina I-pm radius cell.

extracellular fluid. The cytoplasmic thermal properties are

assumed to be those of water, while the membrane thermal

conductance is approximated by a film of light machine oil

10 nm thick. It can be seen that the temperature difference

across the membrane of the 5-pm radius cell drops to

about 1/3 of its original value in about 0.1 ps. Interest-

ingly, the same is true of the 1-pm radius cell. Therefore,

the transmembrane temperature difference decays with a

time constant on the order of 0.1 I.Ls,regardless of the size

of the cells, at least for cells larger than 1 pm in radius.

Due to the thinness of the membrane, the thermal time

constant would still be of this order of magnitude even if

the thermal properties of the membrane were substantially

different from that of light machine oil.

TABLE II
TEMPERATURE IN A SPHERICAL CELL wrrfr MEMBRANE

Temperature in Spherical Cell with Membrane

:-;2
(sinv~– vKC05VK)Sin(VKr/R) ~-VKat/R2

01 (vr– sinvKcosvK)vKr/R

The “K are roots of the follo”ing .qaati.n:

~cotv=(l –+).

Also :

0 = temperature displacement

00 = temperature displacement at time zero

r = radial position

R = radius of cell

a = !iIc

k = thermal conductivity of cytoplasm

C = thermal capacitance of cytoplasm

h = thermal conductance per unit area of cell membrane

t = time

T& thermal properties of the cytoplasm are taken to be those of water:

k = 0.577 W/mK

C = 4.178 X 106 WS/m3X (K = ‘~d”ill)

The thermal properties of the membrane are taken to those of a 10 mm thick

oil film:

h = 12 X 106 W/m2K

The heat capacity of tbe membrane is neglected.

Tbe abo”e equation is taken from:

Grober, Erk, and Grigull, Fundamentals of Heat Transfer,

McGraw-Hill 1961, pp. 56-59.

From the above, we can see that the decay of the

transmembrane temperature difference depends only on

the local region around the membrane, rather than on the

whole cell. The cell shape is, therefore, not important, and

the transmembrane temperature relaxation time in the red

blood cell must also be on the order of 0.1 ps. Further-

more, due to its thin cross section, we can see that the red

blood cell as a whole is approaching a thermal steady state

within only 1 ps after the beginning of a pulse.

Although we have made no attempt to calculate it here,

it is apparent that the thermal relaxation time for the

membrane when it is heated with respect to the surround-

ing fluid must also be exceedingly short.

V. CALCULATION OF THE TRANSMEMBRANE

THERMAL GRADIENT

From the above it is apparent that during a pulse the

transmembrane temperature difference must depend al-

most entirely on the heat flow across the thermal resistance

provided by the membrane, and very little on heat storage.

The temperature difference rises within a fraction of a

microsecond to its limiting value at the beginning of the

pulse, remains there during the remainder of the pulse, and

falls very rapidly upon termination of the pulse. The heat

flow depends on the volume of the cell, the area of the

membrane, the membrane thermal conductance per unit

area, the power absorption difference between the cyto-
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TABLE III

TRANSNfEMBRANE TEMPERATURE DIFFERENCE

Transmembrane Temperature Difference

Temperature Difference =
Heat Flow

Membrane l%ermal Conductance

Or:

AT=%

Where:

AT = temperature drop across membrane

v = volume of cytoplasm

h = thermal conductance per unit area of membrane

Y = fractional difference in power absorption

P = specific absorption rate (SAR) dnring peak of pulse

A = area of cell membrane

Also :

V = nR2d

A = 2?rR2 (neglecting rim of disk)

where ,

R = radius of red cell blood cell disk

d = thickness of red blood cell disk

Substituting in:

Using:

P = 1.75 kW/gm

d= 2&m

y = 1/3

h = 12 x 106 W/rn2K

The result IS:

AT = 10-’ ‘C

plasm and the medium. Appropriate equations are devel-

oped for a disk 2 pm thick and 8 pm in diameter in Table

III. If the area of the rim is neglected the disk can be of

any diameter. This linear steady state model provides a

useful estimate of the temperature difference during most

of the pulse, except for the very beginning and end. It can

also be used for the CW case.

When the peak SAR is 1.75 kW/g, the actual value used

in our red blood cell study, the resulting temperature

difference is on the order of

10-4”C.

Even though this is a very small temperature difference it

corresponds to a substantial transmembrane thermal gradi-

ent. If the temperature difference were divided by the

10-nm width of the membrane, the gradient would be

about

100 °C/cm.

VI. EXPOSURE OF RED BLOOD CELLS TO PULSED

MICROWAVE RADIATION

We do not know if transient thermal gradients of this

size have any significant effect on the membrane, either

through thermal osmosis [2] or any other mechanism. As

an initial experimental test red blood cells were exposed to

pulsed microwave radiation at 2450 MHz using a micro-

strip exposure device described previously [1]. Microwave

power was supplied by an EPSCO Model PG5KB source

and a Hewlett Packard Model 436A power meter was used

to monitor the power. The pulse duration and pulse repeti-

tion rate were measured on a 150-MHz Tektronix DM 44

oscilloscope.

Pulse duration and pulse repetition rate were altered in a

series from 16 to 2000 pulses per second (pps) and pulse

duration from 0.5 to 62 l-M (Table IV). The duty cycle was

kept constant at 0.001. Absorbed power was calculated by

subtracting the transmitted and reflected power from the

incident power. Using this method of calculation, an aver-

age incident power of 1.35 W resulted in 0.290 W of

absorbed power. Thus approximately 21 percent of the

incident power was absorbed by the sample. The 0.29 W of

absorbed power produced an average specific absorption

rate (SAR) of 1.75 W/g, since the volume of the sample

cell was 0.166 cc. This corresponds to a peak SAR of 1.75

kW/g.

Hemoglobin release was used as an index of membrane

damage. Blood was obtained from rats by cardiac punc-

ture using heparin as the anticoagulant. The red cells were



FRIEND et al.: lilGH PoWER MICROWAVE PULSES AND RED BLOOD CELLS 1275

1000 500 250 125 62 32 16 pPS

CONTROL

1,

0.4J

Fig. 4. Hemoglobin release in microwave and control conditions.

TABLE IV
MICROWAVE EXPOSURE CONDITIONS

Pulse Parameters, units** Conditions Tested

Pulse Repetition Rate, pps 2000 1000 500 250 125 62 32 16

Pulse Ouration, psec 0.5 1.0 2.0 4.0 8.0 16.0 32 64

Energy per Pulse, mJ 0.675 1.35 2.70 5.40 10.8 21.6 43.2 86.4

Absorbed Power, mW 287 293 291 301 283 271 303 -

* Incident power was adjusted to 1, 35 Watt and a duty cycle of 0.001 was used in these experiments.

Peak power was 1350 Watts.

** pps = pulses per second

usec = microsecond

mJ = millijoules

mW= milliwatt

Average absorbed power was 290 mW.

suspended in 25-mM hydroxyethylpiperazine ethane

sulfonic acid buffer containing 140-mM NaCl, 5-mM glu-

cose, and 3-percent albumin at pH 7.4. The addition of

albumin to the buffer solution markedly decreased the red

cell lysis to the point where less than 0.3 percent of the

available hemoglobin leaked out of the cells during a

30-rnin control perfusion. The red blood cell suspension

(10 ml) was circulated through the exposure device at a

flow rate of 8 ml/min using a Gilson pump. Temperature

was monitored by means of a Yellow Springs thermistor

probe placed in line where the blood exited from the

exposure compartment. The temperature of the blood was

kept between 33°C and 35°C by means of Haake bath and

water-jacketed tubing. Using this bath the temperature did

not change more than 0.2° C during the 30-min exposure

period. Samples were removed at 10-min intervals; centri-

fuged, and the amount of hemoglobin in the supernatant
was determined using the cyanmethemoglobin method [12]

and measuring the optical density at 421 nm.

The protocol consisted of running a series of control-

microwave tests on one day and, on a subsequent day,

reversing the sequence. The amount of hemoglobin re-

leased was plotted as function of time and the data were

analyzed by linear regression to determine the best slope.

The slope of the exposed cells was divided by that of the

corresponding control run on the same day. As shown in

Fig. 41, the ratios vary above and below 1.0; a value of 1.0

indicating no difference in hemoglobin release between

exposed and control samples. The slope ratio data were

used in a paired t-test and no significant differences were

1The rate of hemoglobin release from red blood cells was obtained
using various microwave exposures from 16 to 2000 pps. This rate of
hemoglobin release during microwave exposures was divided by the
hemoglobin release under control conditions: thus the variation around
1.0 indicates either greater hemolysis or less hemolysis, depending if the
value is greater than 1,0, or less than 1.0, respectively.
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found due to microwave radiation. This was true at all

microwave exposures tested from 16 to 2000 pps. Although

there was correspondingly more energy per pulse (86 mJ)

in the 62-ps pulse, there was no evidence of increased

hemolysis in this exposure group. This was in accordance

with the short thermal relaxation time (O.1 ps) calculated

for the membrane. These results on red blood cell hemoly-

sis lead to the conclusion that the thermal gradients in this

instance were not large enough to cause hemoglobin re-

lease. Perhaps, more intense pulses could cause membrane

alterations. Our current approach is to examine more sensi-

tive indicators of membrane perturbation before dismissing

the possibility that the thermal gradients created by micro-

wave pulses may cause cellular effects.

VII. COMPARISON WITH ENVIRONMENTAL

MICROWAVE EXPOSURES

Animals exposed to the 10-mW/cm2 limit for microwave

radiation experience whole body SAKS on the order of 1

mW/g at 2450 MHz [13], the exact value depending on the

size of the animal and its orientation, of course. If the

radiation is in the form of radar pulses with a duty cycle of

0.001 the peak SAR values are 1000 times greater than the

average, or about 1 W/g. The peak values we have used in

our red blood cell study are even 1000 times greater than

this, or about 1 kW/g. Thus it seems unlikely that hemoly-

sis occurs in animals under ordinary conditions of ex-

posure. This does not imply that other pulsed effects may

not occur.

The equations in Table 111 are also applicable to the CW

case. We have calculated that a peak temperature dif-

ference on the order of 10- 4°C existed across the red cell

membrane during our pulses. The CW value would be 1000

times less, or 10 – 7“C. Since the highest environmental

exposure allowed is even 1000 times lower, a temperature

difference of only

10-1OOC

would exist across the cell membrane during CW exposures

within the 10-mW/cmz safety limit. It seems unlikely that

such a minute difference, less than 1 nanodegree, could

have any effect.

The lack of any hemolysis during pulses is consistent

with temperature jump studies. In these studies pulses of

dc current are passed through suspensions of red blood

cells causing hemolysis. At one time it was theorized that

the differential heating caused by the current passing out-

side the cells but not through the cytoplasm caused hemol-

ysis. More recently it has been shown that dielectric

breakdown of the cell membrane is the cause of the hemol-

ysis [14].

VIII. CONCLUDING REMARKS

We conclude that heat cannot be stored across the red

cell membrane during a microwave pulse. Therefore, the

transmembrane temperature difference during a pulse de-

pends almost entirely on heat flow across the membrane.

No increase in hemolysis with increasing pulse length was

seen in the red blood cell study at peak SAR’S approxi-

mately 1000 times greater than might be expected under

environmental conditions. This is consistent with our con-

clusion that heat cannot be stored across the membrane.

Only higher peak powers can increase the temperature

difference across the membrane, and thus possibly cause

hemolysis. Similar conclusions can be drawn with respect

to other types of cells.

The temperature difference of only 10- 4°C created by

pulsed with a peak SAR of 1.75 kW/g in our study may

seem to be very small, but it corresponds to a substantial

thermal gradient across the membrane of 100 °C/cm. A

gradient of this size, even though it does not cause hemoly-

sis, may cause more subtle forms of membrane perturba-

tion.
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