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Abstract —The dynamics and complexity of the blood-brain barrier

(BBB) make it a very difficult system for study. The variety of techniques

employed to assess microwave effects on the barrier afl appear subject to

limitations in either sensitivity or applicability. Inconsistencies in tracer

characteristics, experimental design, and in the microwave parameters

employed, i.e., microwave system used (pulsed or continuous wave), field

orientation relative to the exposed animaf, frequency, power density, and

duration of exposure, anesthesia or physical restraint, all have lead to
difficulties in interpreting results and replication of experiments. There-
fore, the technical approach, as well as data obtained, must be carefully

scrutinized to avoid misinterpretation of results that may lead to erroneous
conclusions.

Recent studies by Williams et UL [1]-[4] have endeavored to consolidate
various tecfmicaf approaches within a single study in order to more clearly
interpret potential microwave-blood-brain barrier interactions and to mini-

mize extraneous factors which may confound these effects.

Our findings, as well as those of other investigators [5], [6], fail to
confirm previously published reports of increased blood-brain barrier

permeability in rats following exposure to microwaves. Our findings,

however, support the conclusion that suppression of BBB permeability
occurs, and that this effect is mediated by temperature-dependent changes
in endotheliaf cell function, and not by quafities unique to microwave

energy.

I. INTRODUCTION

E XISTENCE OF a blood-brain barrier (BBB) was first

demonstrated through the experiments of Paul Ehrlich

in 1885 [7]. For years, the nature and location of the

barrier was the subject of considerable controversy, and

not until 1967 was the true significance of the capillary

endothelium brought to light through the use of in-

travenously injected horseradish peroxidase (HRP). Re-

striction of this glycoprotein (MW 40000) from the brain

was attributed to two unique characteristics of cerebral

microvessels: 1) the presence of tight junctions between

apposed cells; and 2) the paucity of vesicular transport [8].
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Subsequent studies have confirmed the central role of

the capillary endothelium in maintaining a blood–brain

barrier [9]-[12].

A. Physiological Aspects of the BBB

1) Transport Mechanisms: Substances penetrating the

endothelial membrane maybe transported by one of several

mechanisms, including simple and facilitated diffusion,

active transport, and pinocytotic or vesicular transport.

The mechanism by which a molecular species permeates

the blood–brain interface is the resultant of physiochemic-

al attributes of both the molecule and the endothelial

membrane.

2) Simple Dijfusion: A molecule crossing the mem-

brane by simple diffusion transgresses at a rate com-

mensurate with its lipid partition coefficient and molecular

size [13]. Nonelectrolytic diffusion is driven by concentra-

tion differences across the cell membrane, i.e., across the

Iuminal-abluminal interface of the endothelium, while ionic

species diffuse as a result of electrochemical gradients. Net

transport stops once concentration or electrochemical equi-

librium is attained.

3) Facilitated Dffmion: Some molecules are trans-

ported by a facilitated diffusion system. Diffusion of this

type is downhill, saturable, and stereospecific. In addition,

facilitated diffusion can be inhibited and may be paired

with transport of a substance in the opposite direction [14].
4) Active Transport: Metabolic substrates and

metabolizes may be transported into and out of the brain

parenchyma, respectively, by mechanisms which are energy

dependent, being inhibited by ouabain, with flux in an

uphill direction, against concentration and electrochemical

gradients. The large energy requirement for such transport

and maintenance of concentration and electrochemical

gradients is apparently supplied by the large mitochondrial

population within the endothelial cell [15], [16].

5) Pinocytosis and Vesicular Transport: Vesicular

transport, although usually reduced in endothelial cells,

may be responsible for transport of large molecules, such

as proteins, down their concentration gradients. The pro-

cess is relatively independent of molecular size [14]. The

rate of transport may be influenced by a variety of noxious

stimuli which may increase [14], [17], [18] or decrease [19],

[20] vesicular transport across cerebral capillaries.
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B. Microwaves and the BBB

Evidenee has been presented over the last several years

suggesting that animals exposed to electromagnetic energy

within the microwave domain incur altered blood–brain

barrier permeability to a variety of nonpenetrating or

poorly penetrating substances. Frey et al. [21] reported

altered brain vascular permeability to intravenously in-

jected fluorescein dye in rats exposed to 1.2-GHz mic-

rowaves. Increased levels of mannitol (MW 182) and

inulin (MW 5000) have been reported to occur in the brain

tissue of rats exposed to 1.3-GHz microwave energy either

pulsed or continuous wave (CW) at power densities below

3 mW/cm2 [22].

Flooding of endothelial cells with HRP, neuronal vacuo-

lation, perivascular edema, and platelet aggregation were

considered as evidence of direct effeets on cellular integrity

[23], [24]. Alteration of microvessel permeability to Evan’s

blue dye has been reported to occur in anesthetized rats

“exposed to 2450-MHz microwaves at an incident power

density of 3000 mW/cm2 (SAR = 240 mW/g) [25], [26]. In

these experiments, a direct-contact applicator positioned

over the head produced brain temperatures that exceeded

43°C. In similar experiments where incident power densi-

ties ranged from 0.5-1000 mW/cm2 (SAR range= 0.04–80

mW/g), brain temperature nearing 41 “C was recorded

with no apparent alteration in membrane permeability to

the tracer [27]. Correlation of increased permeability with

colonic temperature has been demonstrated in adult

anesthetized rats subjeeted to either 2450-MHz microwaves

or high ambient heat (40”C) [28]. Localized microwave

heating of the head, resulting in cerebral temperatures in

excess of 43”C, has been found to increase BBB permeabil-

ity to HRP [29], [30]. Electron microscopic evidence for

increased uptake of HRP in cerebral capillaries of rats and

Chinese hamsters exposed to microwaves at power densi-

ties of 10 or 25 mW/cm2 at 2450- or 2800-MHz CW has

also been reported [23], [24], [31], [32]. Interpretation of

reported low-level microwave effects on the blood–brain

barrier has been made difficult by the inability to replicate

results of earlier studies. Attempts at replication of find-

ings by Frey et ai. [21] and Oscar and Hawkins [22] have

not generally been successful [33]–[35]. However, statistical

reanalysis of data from Merritt et al. [33] indicates that

increased levels of fluorescein within the brain may have

resulted following microwave induced hyperthermia [36].

On the other hand, studies utilizing an intravenously in-

jeeted nonmetabolizable tracer (14C-sucrose) to study

cerebrovascular permeability [37] have revealed no signifi-

cant changes in BBB function following exposure to 2450-

MHz [6] and 2800-MHz [5] microwaves at incident power

densities ranging from 1 to 40 mW/cm2.

II. ANALYSIS AND CRITIQUE

The effects of microwave energy on function of the BBB

are still a matter of controversy in the literature. Early

reports by Albert [23], [38] and Oscar and Hawkins [22]

suggesting that low-power ( <10 mW\cm2 ) microwave

energy can significantly alter BBB permeability have not

been corroborated by others [6], [33] -[35]. More recently,

Spackman et al. [39] have reported finding increased con-

centrations of naturally occurring amino acids in mouse

brain following exposure to 918-MHz microwaves (average

power density, 10 mW/cm2), and Albert and Kerns [24]

have reconfirmed earlier observations that microwave ex-

posure to 10 m’W/cm2 disrupts the barrier to HRP in

Chinese hamsters. Variation in microwave exposure param-

eters and experimental techniques make conclusions con-

cerning “low-level” microwave effects difficult. More

definitive are the effects of extreme microwave-induced

hyperthermia on the BBB [25], [29], [33], [40],

The inability clf previously reported studies to convinc-

ingly demonstrate a true microwave-induced effect is largely

the result of the nearly universal reliance upon a single

technical approach, either morphological or physiological,

to investigate these effects. A serious deficiency in studies

utilizing intravenously injected tracers, such as NaFl and

radiolabelled compounds, is the lack of adequate histologi-

cal verification of results. Without such verification, con-

clusions must remain tentative at best. This criticism is

equally applicable to studies which fail to support histo-

logical findings utilizing light and electron microscopy with

physiological data.

Evaluation of studies on BBB permeability is further

complicated by tlhe prevalent use of anesthetics, commonly

pentobarbital, or the use of unanesthetized, but restrained

animal preparations [41], [42].

Sodium pentobarbital anesthesia has been used exten-

sively in studies on microwave-BBB interactions [22], [23],

[34], [38]. Anesthetic agents may have a marked and varied

effect on cerebral blood flow and metabolism [43] and may

affect the BBB to commonly used tracers [44]–[46]. Results

obtained from anesthetized animals may therefore differ

from those of conscious animals [47]. Furthermore, effects

on cerebral function may not be uniform. For instance,

pentobarbital appears to selectively reduce blood flow

within the cerebral cortex, but not the hypothalamus [48].

Such interaction could either inhibit or augment BBB

transfer of tracer molecules, perhaps by acting synergisti-

cally with microwave energy.

The effect of stress on physiological function is often

overlooked or underestimated in studies of physiological

systems, such as the BBB. Pentobarbital has been shown to

suppress the response to stress by the hypothalamo-pitui-

tary-thyroid axis [49]. It has also been demonstrated that

conscious rats are less prone to hypertensive effects on the

BBB than are rats anesthetized with nitrous oxide 1.50],

Interestingly, anesthetics may also protect BBB integrity

[51]. Lack of handling, novelty of experimental environ-

ment, i.e., immediate surroundings, ambient temperature,

humidity, noise, etc., and restraint all contribute to a

stressed animal preparation. The use of unrestrained rats is

a particularly important consideration when exposure con-

ditions involve temperatures exceeding thermoneutrality or

when the animal is required to maintain a thermoregula-

tory balance. The use of restraint can seriously alter the

physiological response of the rat to high temperature [42]

and reduce survkal time [52].
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A. Methodological Considerations

To date, the most frequently employed methods for

studying microwave effects on the BBB have been: 1) the

Brain Uptake Index (BUI) method [53]; 2) the arterial-

integral method [54], [55]; 3) quantitation of intracerebral

NaFl by spectrophotofluorometry [33]; and 4) intravenous

injection techniques using HRP as an electron dense tracer

for electron microscopy [24], [38], and NaFl and Evans

blue fluorescent tracers for gross visualization within the

brain [25], [26], [33], Each of these techniques presents

certain advantages and limitations in their use.

Using the BUI procedure, Oscar and Hawkins [22] con-

cluded that BBB permeability to mannitol and inulin could

be increased in rats exposed to either pulsed or CW

microwaves at 1,3 GHz (average power density <3.0

mW/cm2 ). A subsequent attempt to replicate these results

using the identical procedure and ~imilar exposure parame-

ters was unsuccessful [33]. In another attempt using 2450-

MHz (CW) microwave energy, Preston et al. [34] were

unable to detect significant changes in cerebral permeabil-

ity to mannitol. The BUI technique used by Oscar and

Hawkins assumes that the rate of 3HOH transport out of

the vascular compartment remains flow-limited, and not

diffusion-limited, during the course of the experiment. This

condition is met if cerebral blood flow does not exceed 20

ml/100 g“ tin-’ [56]. Normal blood flow for the rat is 100

ml/100 g crein-l which reduces extraction of water by 25

percent [57]. This reduction effectively decreases the de-

nominator, artifactually increasing the numerator and

therefore the BUI expression. Increases in cerebral blood

flow during the course of microwave exposure would

potentate still further the reduction in water (reference

tracer) extraction by brain tissue. Increased cerebral blood

flow has recently been demonstrated through the use of the

in uiuo [14C] iodoantipyrine technique [58]. This finding

supports the observation by Preston et al, [34] that changes

in the rate of 3HOH extraction, and influence of the

vertebral arterial circulation could account for apparent

increases in the BUI for cerebellum and medulla [59].

Although improvements in the accuracy of the BUI

technique have since been introduced [60], the arterial-

integral method utilizing [14C] sucrose merits consideration

for the following reasons: 1) the use of a plasma–time

integral eliminates the biasing effect of transient changes in

blood flow; 2) the method has been estimated to be signifi-

cantly more accurate than the BUI technique [61]; and 3)

the technique can be easily adapted for use with un-

anesthetized, unrestrained animal preparations.

Of significance to the interpretation of data from tracer

studies is the circulatory concentration of the tracer over

the course of the experiment. In a study of [14C] sucrose

permeability, we [3] observed elevated plasma integrals and

tracer activity in whole blood of all rats whose colonic

temperature was elevated to >41.5 ‘C by either microwave

energy or ambient heat. At these temperatures, definite

changes in renal function can be expected to occur [62]

including reduced cardiac output (blood flow) to the organ

[63] and a reduction in glomerular filtration rate (GFR)

beginning at - 41.3°C [64].

Sucrose metabolism is negligible in the rat [65], [66] and

accumulates primarily in kidney, liver, and muscle tissue,

in addition to being excreted in the urine [67]. Although

changes in sucrose distribution space cannot be discounted,

the principal cause of increased circulatory levels of sucrose,

and of NaFl as well [1], appears to be the reduction of

renal clearance [4].

Sodium fluorescein (MW 376) injected intravenously as

free sodium fluorescein can be detected optically or spec-

trofluorometrically. Presence of dye in cerebral tissue, other

than areas devoid of the BBB, has been considered as

evidence of abnormal microvascular leakage resulting from

exposure to microwaves at power densities ranging from

0.2 to 2.4 mW/cm2 [21] or to severe hyperthermia induced

by ambient heat [33].

Several technically derived artifacts could explain these

apparent findings. The highly diffusible nature of NaFl has

been documented [68]. If the dye is injected into the

carotid artery, allowed to circulate, and the brain subse-

quently removed, traces of fluorescein can be found local-

ized to regions devoid of the BBB and to the cerebral

ventricles [Williams, unpublished observation]. Leakage

from these areas, especially through the choroid plexus and

ventricles, can be increased following exposure to ambient

heat or microwaves which significantly increase cerebral

blood flow [Williams, unpublished observation]. Diffusion

of the tracer into brain tissue, especially the hippocampus

and cerebral cortex adjacent to the choroid plexus and

third ventricle, respectively, occurs in both sham-exposed

or microwave-exposed brain slices, although to a much

greater extent in brain made hyperthermic [Williams, un-

published observation]. Diffuse leakage of NaFl may also

be visible on regions of the cortical surface in rats exposed

to hyperthermic levels of microwave energy [Williams, un-

published observation]. It would appear from these ob-

servations that conditions which increase cerebral blood

flow through areas devoid of a BBB, such as portions of

the pial membrane, choroid plexus, and cerebral ventricles,

might significantly increase diffusion of NaFl into adjacent

tissue which does possess a BBB. In addition to augment-

ing diffusion of the tracer through increased blood flow in

areas devoid of the barrier, diffusion might also continue

to occur if brain slices are improperly fixed or not instantly

frozen subsequent to fluorescein injection and brain re-

moval [59].

Studies purporting to demonstrate increased NaFl per-

meability in animals made hyperthermic through whole-

body exposure to microwaves or ambient heat [33] appear

to have overlooked the effects of hyperthermia on cerebral

blood volume and upon renal excretion of the tracer. A

reduction in renal blood flow might explain data which

reflect increased levels of the tracer within the brain.

Comparison of NaFl plasma concentration of

normothermic (colonic temperature 37 to 380 C) versus

hyperthermic (colonic temperature >41,5 “C) rats reveals

that levels in plasma remain significantly higher for rats
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made hyperthermic even though rats in both groups are

injected with equivalent doses [1]. Plasma concentration-

time curves for hyperthermic, rats injected with NaFl are

essentially identical to those obtained from hyperthermic

rats injected with [14C] sucrose, In our study [1] and in

those of Merritt et aL [33], circulation of fluorescein is

followed by intracardiac perfusion with heparinized 0.9-

percent NaC1. Of potential significance is the degree to

which the tracer can be flushed from the vascular compart-

ment. We have observed that even in sham-exposed rats,

detectable levels of NaFl remain within the brain even

after perfusion with a volume that should have been suffi-

cient to clear completely the cerebrovascular compartment

(=1 ml/cm3 brain tissue). Since the brain normally main-

tains a BBB to fluorescein [68]–[70], the residual presence

of the tracer would be expected to result from 1) pinocy-

totic uptake during the circulation period and 2) incom-

plete clearance of fluorescein from the lumen and walls of

cerebral vessels. In fact, cerebral vessels, including capilla~

endothelium, exhibit distinct fluorescence following the

injection of NaFl or NaF1-labelled dextrans. Fluorescence

increases if the renal arteries and veins of both kidneys are

ligated, although no fluorescence is seen in brain

parenchyma [70].

Several sources of artifact are therefore apparent. The

increased vascular volume resulting from moderate hyper-

thermia [71] would inherently increase the residual amount

of fluorescein within the cerebrovasculature. In addition,

levels could be further increased by the elevated circulating

concentrations of fluorescein resulting from a reduced re-

nal excretion rate.

B. Brain Temperature and Influencing Factors

Principal determinants of brain temperature include

metabolic rate of brain tissue, temperature of arterial blood,

and the rate of cerebral blood flow. In rats, the most

significant parameter in determining heat dissipation within

the brain is temperature of the arterial blood [72]. In recent

studies by Williams et al. [1]–[4], whole-body heating re-

sulted in significant elevation of both brain and colonic

temperatures.

Evident in these studies employing NaFl, HRP, and

[14C] sucrose as tracers is the apparent correlation between

altered levels of tracer within the brain and elevation of

brain temperature.

Regional brain levels of all three tracers deviated signifi-

cantly from control values only when rats were made

moderately or severely hyperthermic by exposure to microw-

aves at 65 mW/cm2 for 30 or 90 min or to ambient heat

(42 ~ 2“C) for 90 min. Exposure to these conditions re-

sulted in elevation of colonic and regional brain tempera-

tures to approximately 41 and 40”C, respectively, or higher.

A critical temperature for significantly altering tracer levels

within the brain appears to lie near 41 ,5°C. Colonic tem-

peratures near 41.5°C or higher are capable of seriously

reducing renal excretion rate [64]. This fact very likely

accounts for the increased brain NaFl levels observed in

rats following 30- or 90-rnin exposures to microwave en-

ergy or ambient heat and most likely explains the findings

reported by Memit et al. [33]. This temperature also ap-

pears critical for significant hyperthermia-induced reduc-

tion in pinocytotic uptake of HRP and f14C] sucrose [2],

[3].

Significant effects on body physiology and cellular func-

tion may begin at temperatures exceeding 40”C [73]. At

colonic temperatures ranging from 40 to 42”C, cerebral

metabolic rate (CMROj ) and cerebral blood flow may

initially increase proportionately, suggesting hyperthermia-

induced increases in the rate of energy consumption

[74]-[77]. As core body temperature exceeds 42”C, cerebral

energy consumption may surpass energy production as a

result of an increased metabolic rate and hypoxia [78].

C. Temperature Effects on Endocytic Processes

Transport processes, such as pinocytosis and phagocyto- -

sis, may be increased [79] or decreased [80], [81] by ex-

posure of isolated cells to moderate or severe hyperthermia.

Rate-controlling events in vesicular transport appear to

involve the attac:hment/detachment phase of the transport

process [82]. Mcmeover, the demonstrated temperature de-

pendence of vesicular transport in pinocytosis [83], [84] and

phagocytosis [85] is apparently affected at the plasma

membrane [82]. Hyperthermic conditions may alter cell

membrane permeability [40], and membrane fluidity [86],

[87]. These effects are the likely result of changes in mem-

brane lipoprotein complexes [88], surface charge, and

stereo-organization of macromolecules attached to the

membrane surface [87]. In fact, reduced phagocytosis of

polymorphonuclear leukocytes (PMN) has been shown to

correspond to tlhe hyperthermia-induced reduction of net

surface charge and membrane potential [89].

Vesicular transport is but one of several means by which

substances can cross the BBB, the mode of transport being

a function of multiple factors, including molecular weight,

lipid volubility, charge, and stereospecificity [14]. Active

transport involving specific carrier systems, facilitated dif-

fusion, and passive diffusion, involving primarily water

and electrolytes, are additional mechanisms by which

molecular species may traverse the barrier [14], [90]. Since

each mechanism is highly dependent upon the plasma

membrane, it is not surprising that alterations of its bio-

physical state would b? manifested in a generalized altera-

tion of rnicrovessel permeability. In most instances, injury

to the cell membrane or exposure to noxious stimuli result

in potentiation of a specific transport mechqnism [17];

[91]-[95], or nonspecific increase in permeability [96]-[102].

Only a few studies have been reported in the literature

which deal specifically with hyperthermic effects on in viuo

rnicrovascular permeability, Hyperthermia has been in-

duced in anesthetized rats by microwave exposure or ambi-

ent heat, and, in general, resulted in increased permeability

to Evans blue dye [69], sucrose, and inulin [28]. However,

Sutton and Nunnally [30] found that BBB integrity could

be extended, even with brain temperature as high as 45°C,

for limited periods, if microwave heating was conducted

concurrently with body core hypothermia.



812 IEEETRANSACTIONSON MICROWAVETHEORY.4ND TECHNIQUES,VOL. MTT-32, NO. 8, AUGUST1984

Other forms of thermal stress, such as pyrogen-induced

fever [103], cold [104], and heat injury [104]-[106] may also

increase BBB permeability. Barrier changes as a result of

thermal injury (lesions produced by direct tissue contact

with cold or heat) are produced by release of prostaglan-

dins, as well as mechanical trauma (opening of tight junc-

tions) of the tissue [105]. Pyrogen-induced fever is similar

in some respects (i.e., prostaglandin release; effect on hy-

pothalamic fever response center) to the inflammatory

response just described [107]. This may indicate some

common aspects between mechanisms underlying observed

changes in permeability, However, comparison of BBB

effects between hyperthermia produced by ambient heat or

microwaves and the forms of thermal stress just discussed

is difficult because of fundamental differences in etiology.

Hypertherrnia, as a result of heating, is an essentially

uncontrolled event where thermoregulatory mechanisms

attempt to maintain thermoneutrality. Fever is a controlled

response where thermoregulation is functional [108]. Ther-

mal injury, on the other hand, produces localized physical

trauma which is accompanied by widespread edema [105].

Only a few studies have dealt with the effects of hy-

perthermia on pinocytosis. However, in vitro preparations

of rat visceral yolk sac, incubated at temperatures ranging

from 2 to 42°C, show a marked reduction of pinocytotic

activity at temperatures above and below 37°C [19].

Even fewer studies have considered microwave effects on

endocytic processes. In this regard, increased pinocytosis

resulting from 1,4-cm microwave exposure of cultured cells

has been reported [109]. Assessment of these observations

with respect to the present study is difficult because neither

SAR, incident power density, nor temperature of the cell

culture are stated in the report.

Increased phagocytosis has been observed in mice fol-

lowing exposure to 10-cm microwaves [110]. This initial

rise was followed by a reduction in activity. Suppression of

phagocytic activity in perfused microphage monolayer

has also been reported following exposure to 2450-MHz

microwaves at 50 mW/cm2 [111]. Temperature of the

culture medium was reportedly maintained below 37°C,

even after 30 rnin of exposure. In similar experiments in

which macrophages were incubated at varying tempera-

tures, phagocytic activity first increased up to 38.5 “C and

then rapidly declined. In microwave-exposed cultures, sup-
pression of phagocytosis occurred at 34 to 36°C, leading

Mayers and Habeshaw [111] to conclude that the micro-

wave-induced suppression was a nonthermal, temperature-

independent response. However, several aspects of the

study make it difficult to separate thermal from nonther-

mal effects. Most notable is the presence of an estimated

2.5°C temperature rise in microwave-exposed cultures and

the uncertainty in determining the exact thermal conditions

within the culture during the exposure. Two factors which

may have contributed to this uncertainty include 1) the

temperature of the perfusing solution surrounding the mac-

rophages and 2) delaying temperature measurement until

the end of exposure. Grant et al. [112] have shown that

heating of macromolecules in a solution of high water

content may occur as a result of energy absorption by

bound water surrounding the molecules. Such heating very

likely involves short thermal time constants [113]. For these

reasons, temperatures considerably higher than those re-

corded from the culture medium could have been present

at the microphage plasma membrane.

D. Thermal Ejfects on Biological Membranes and

Membrane - Mediated Reactions

It has been proposed that hyperthermically induced

transitions of membrane lipids and the subsequent increase

in membrane fluidity could result in altered membrane

properties manifested by changes in surface charge, passive

transmembrane permeability, and reorganization of macro-

molecules attached to the membrane surface [99]. Studies

with biological membranes and intact cells have demon-

strated the influence of lipid phase-transitions on the activ-

ity of membrane-bound enzymes and transport properties

[114].

The presence of an optimum temperature above or be-

low which enzymatic activity and permeability decrease is

a commonly observed event in biological systems.

BHehr&dek [115] terms this optimum condition the” upper

biokinetic limit.” Many reactions, both biological and

chemical, exhibit an optimum temperature above which the

velocity of the reaction decreases. For many cellular

processes, function is suppressed at temperatures exceeding

40”C [73],
The mechanism by which microwave energy and ambi-

ent heat suppress vesicular activity in microvessel endo-

thelium [2] cannot be conclusively determined from infor-

mation presently available. It is apparent that appreciable

hyperthermia ( > 40” C), regardless of the source, is neces-

sary before cerebral permeability is significantly altered. It

may be that the rate and/or duration of heating are

influencing factors in the development of hyperthermia-

induced changes in cerebral permeability.

The evidence presented is supportive of the view that

hyperthermia is the principal effecter of reduced endo-

thelial cell permeability. Furthermore, it has been shown

that in both in vitro and in viuo systems, hyperthermia is

capable of inducing thermal conditions which reduce or

suppress the activity of endocytosis. This suppression may

result from perturbation of membrane lipids and changes

in membrane fluidity. Direct application of heat (burns) or

prolonged hyperthermia resulting in core body tempera-

tures near the upper level of survivability ( - 43”C) may

disrupt membrane processes to the extent that cellular

homeostasis is lost and injury or death occurs, At this point

cell permeability y may increase.

The apparent reduction in BBB permeability indicated

by reduced uptake of HRP and [14C] sucrose was an

unexpected finding [2]. [3]. The fact that exposure to

ambient heat effected similar reduction in HRP uptake

suggests that the response is mediated principally by ther-
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really induced alteration of endothelial cell function, and

not by qualities unique to microwave energy,

In our studies [2], [3], significantly reduced vesicular

uptake of HRP and [14C] sucrose was observed in regions

of the brain exhibiting temperatures near 41 “C to slightly

over 43 “C. Very distinct membrane effects have been shown

to occur at these temperatures [88], [89], [116]–[119]. The

mechanism by which microwave and ambient hyperther-

mia suppress vesicular uptake, and perhaps other transport

processes as well, cannot be determined from our data.

~ However, available evidence suggests that the endothelial

cell membrane might be the principal site for heat effects.

This would be especially true for microwave energy where

field-induced rotation of polar molecules, such as proteins

and phospholipids, residing in or on the membrane, would

occur. An induced torque of bound water and membrane

protein would also result. With a sufficiently high energy

absorption rate, detectable levels of tissue heating could be

produced. Heating may also occur as a result of micro-

wave-induced rotational movement of free cytoplasmic

water [120]. These membrane interactions probably explain

why microwave exposure appeared to be somewhat more

effective than ambient heat in eliciting observed effects on

the BBB.

As suggested previously, hyperthermia-induced changes

in membrane fluidity could effectively disrupt lipoprotein

stability, and, in so doing, alter membrane-bound enzyme

systems [88], surface charge, and transmembrane permea-

bility [87], This disruptive nature of heat could therefore

effectively reduce enzyme-dependent transport systems,

facilitated transport, and pinocytotic activity. Because of

the nearly total energy independence of the pinocytotic

process, it does not appear likely that energy depletion

would account for the apparent suppression of vesicular

activity. In addition, the suppression of pinocytotic activity

apparent in rats exposed to 20 mW/cm2 occurs at elevated

brain temperatures far below levels that would inhibit

metabolism [2]. Blood pressure, although elevated in

severely hyperthermic rats [2], does not appear sufficiently

raised to have an effect on transport function [14].

A tentative hypothesis for the influence of microwave

and ambient heat-induced effects on pinocytotic activity

and perhaps on other transport systems can be stated as

follows: It is known that pinocytosis in macrophages can

be inhibited by nicotine, and tetramethylammonium (TMA)

and hexamethonium ions. These compounds are approxi-

mately 80-percent ionized with a positive charge at physio-

logical pH [121]. The means by which these substances

suppress endocytic activity appears to lie in their ability to

displace membrane calcium [20]. The presence of mem-

brane calcium has been demonstrated to be an essential

element for a number of membrane-mediated events, in-

cluding pinocytosis and membrane permeability [19], [59],

[122], [123]. The importance of multivalent cations, espe-

cially Ca++ and Mg++, may lie in the fact that these

cations can interact with negatively charged sites forming

stabilizing bridges at membrane locations prone to forming

pinocytotic caveolae [20], [124], [125], Inducers of pino-

cytosis might effectively destabilize a region of the mem-

brane by displacing calcium [126] -[128], thereby initiating

vesicle formation [124].

On the other hand, formation of pinocytotic vesicles may

be coupled with increased membrane permeability to Ca++

[129], [130]. Inhibition of Ca++ influx has been shown to

reduce, but not completely inhibit, vesicular activity [130].

Moreover, some mammalian cells, including those that

exhibit phagocytic activity, have been shown to possess

Ca++ [131] or(Ca++ Mg++ )-dependent ATPase [132], [1.33]

which is involved in the phagocytic process [20], [134], A

Ca++-dependent ATPase has recently been isolated from

rat liver plasma membrane [131]. It is not improbable

therefore that hypertherrnia induced by microwaves or

ambient heat could effectively destabilize the microenv-

ironment of vesicle forming regions of the membrane

through inactivation of enzymes involved with the process

and/or by causing the release of calcium. In this regard,

evidence has been reported suggesting that brain tissue

exposed to radio frequencies (RF) [135] –[137], and ambi-

ent heating to 41 “C [138] resulted in significantly altered

efflux of 45Ca++: Johansson and Josefsson [139] have

shown that pinocytosis increases when extracellular Ci~ + +

concentrations are maintained at a certain level, but de-

creases when this optimum concentration is exceeded.

Whether RF field effects on calcium efflux are real or

apparent is still open to controversy [59], [140]. Evidence

that increased efflux occurs as a result of ambient heat

[138] adds further credence to the proposition that hyper-

thermia per se and not microwave field effects is the

essential factor behind changes in BBB permeability. In

this regard, changes in membrane permeability to K+ in

CHO cells made hyperthermic (43°C) by microwave ex-

posure or ambient heat (water bath) were found to be a

function of temperature and not of the mode of treatment

[141]. Furthermore, Ward et al. [28] have recently sug-

gested that an a~pparent change in permeability to [ldC]

sucrose in anesthetized rats is the result of hyperthermia

induced by either 2450-MHz microwaves at 10 to 30

mW/cm2 or ambient heat at 22 to 40”C. After correcting

their data for temperature effects, no significant change in

permeability to sucrose was evident.

III. COMMENTS

Technical considerations employed by Williams et al.

[1]-[4] warrant special note: 1) possible microwave in-

fluences on cerebral rnicrovessel permeability were assessed

through comparison of results obtained from a variety of

tracer techniques; 2) unanesthetized, unrestrained animal

(rat) preparations were used for all brain temperature and

tracer studies; 3) physiological stress was minimized prior

to all exposures through the use of cage conditioning and a

controlled environment during experiments; and 4) physio-

logical effects of whole-body exposure to microwave energy

or ambient heat and systemic effects of intravenously
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injected tracers were considered with respect to possible

influences on experimental results.

Results of this work demonstrate the inability of whole-

body hyperthermia induced by 2450-MHz CW microwave

energy or ambient heat (42 ~ 2“C) to compromise the BBB

in the conscious, unrestrained rat. Studies reporting disrup-

tion of the BBB to a variety of intravascularly administered

tracers very likely have misinterpreted technically derived

artifacts for increases in barrier permeability. The lack of

histological scrutiny on the part of some investigations and

lack of functional confirmation by ‘others makes assess-

ment of results difficult. Results of our study do not

preclude the possibility that heat applied locally to the

head may increase BBB permeability through induction of

brain temperatures exceeding those observed here. How-

ever, it is conceivable that cerebral temperatures in excess

of 430 C might disrupt the barrier by overt thermal injury

to the microvessel endothelium [142]. Such thermal injury,

including cerebrovascular fragility and stasis, are known to

occur with prolonged hyperthermia [143], heat stroke [142],

and in various tumors exposed to extreme temperatures

[73]. These thermal effects may or may not be reversible.

The decreased entry of HRP and [14C] sucrose into the

microvessel endothelium of hyperthermic rats [2], [3] is

consistent with experimental evidence reporting hyperther-

mia-induced disruption of membrane function. It is unfor-

tunate that the effects of hyperthermia on other modes of

transport, such as active and facilitated transport mecha-

nisms, cannot presently be evaluated. Most studies to date

have relied solely upon nonphysiological tracers that 1)

have low permeability coefficients, and 2) are not carried

by active or facilitated transport systems. For this reason,

statements concerning alterations of BBB permeability must

be limited to those aspects of the BBB by which the tracer

is subject to transfer, such as vesicular transport and

leakage through tight junctions in the case of HRP, NaFl,

and sucrose. Studies employing the use of substrate ana-

logs, such as 2-deoxyglucose, would yield useful informa-

tion concerning microwave effects on active and facilitated

transport mechanisms. One such study [144] employing

[3H] thymidine has clearly demonstrated the ability of

hyperthermia ( > 43.5”C) to inhibit membrane transport

by reducing facilitated diffusion of the substrate into

Chinese hamster ovary cells in uitro, These findings are in

agreement with those recently reported by Williams et al,

[4] and support the conclusion that suppression of BBB

permeability is a temperature-dependent phenomenon.
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A High-Power Automatic Network Analyzer
for Measuring the RF Power Absorbed by

Biological Samples in a TEM Cell

JOHN R. JUROSHEK AND CLETUS A. HOER

Abstract —A device for measuring the radiofrequency (RF) power ab-

sorbed by biological samples while they are being irradiated in a transverse
electromagnetic (TEM) cell is described. The report dkcusses the design,
calibration, and performance of this automated measurement system.
The power absorption analyzer is based on a siz-port type of automatic
network analyzer, and operates at an incident power to the TEM cell of 1

to 1000 W, over a frequency range of 100 to 1000 MHz. Experiments show
that an absorbed power of 0.02 to 0.05 percent of the incident power can he
measured. Measurements of the power absorbed by a l-percent saline

solution were made rising the power absorption analyzer and by ‘an indepen-
dent calorimetric measurement. The two measurement techniques show

excellent agreement.

Key Words —Automatic network anafyzer, biological effects, impedance
measurements, power absorption anafyzer, power measurements, six-port
network analyzer, and TEM cell.

I. INTRODUCTION

T

HIS REPORT describes an RF power-absorption

analyzer developed by the National Bureau of Stan-

dards for the National Institute for Occupational Safety

and Health. The analyzer is designed specifically to mea-

sure the power absorbed by biological samples while they

Manuscript received October 12, 1983; revised March 9, 1984. This
work was supported by the Nationaf Institute for Occupational Safety
and Heafth.

The authors are with the U.S. Department of Commerce, Nationaf
Bureau of Standards, 724.01, 325 Broadway, Boulder, CO 80303.

are being irradiated with continuous-wave RF energy in a

transverse electromagnetic (TEM) cell, The analyzer is

based on a six-port automatic network analyzer which

makes it possible to detect very small amounts of absorbed

power [1]-[3]. Typically, the incident power to the TEM

cell is of the order of 1 to 1000 W over a frequency range

of 100 to 1000 MHz. The goal of the power absorption

analyzer is to be able to detect absorbed power levels of the

order of 0.05 percent of the incident power (0.002 dB in

insertion loss). Some of the problems typically encountered

in making these measurements are discussed in a publica-

tion by Hill [4].

II. THEORY

A simple expression for the RF power absorbed by any

biological sample irradiated in a TEM cell is derived as

follows. Referring to Fig. 1 for a definition of terms, the

RF power absorbed by the empty cell can be written

Pce,l=P, –PL=P,(l–q) (1)

where

~1 = net power into the empty TEM cell measured at the

input to the TEM cell,

PL = net power into the load measured at the output of

the TEM cell,

q = PL/P1 = efficiency of the empty TEM cell.
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