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FOREWORD

Results of a workshop to consider the Blood-Brain
Barrier in relation to microwave energy are presented .
The report was prepared under Office of Naval Research
Contract No. N00014-79-M-0005.

Participation in the workshop was provided by
Dr . B. Graham and the interpretation , context , and
organization of the report was the responsibility of
Mr . M.H. Benedick .

Respectfully submitted ,
lIT RESEARCH INSTITUTE

// >~/~ p r.~

Marlet H. Benedick
Senior Engineer

JFKr~~~nsky , . K ”Manager , EM Effe c s 
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BLOOD-BRMN BARRIER %~X)RKSHOP

IN’r1~JcUC’rICt4

A workshop was conducted on C~tober 30—3 1 , 1978 at the Maryland Inn ,
Annapolis , Maryland to review and evaluate research performed on the
blood—brain barrier in exper imental animals exposed to microwave energy .
The workshop was sponsored jointly by the Office of Naval Research and
the Naval Medical Research and Developnent Conma nd for the Tn —Service
Electranagnetic Radiation Panel (TERP).

The purpose of the workshop was: to review and discuss repor ted
research on the effect of microwave fields on permeability of the blood—
brain barrier ; to provide recon~nendations on whether additional research in• the subject area is required——and if required, to suqoest desian guidelines
for sttxhes that would address the question of blood—brain barrier effects
due to microwaves; and to evaluate the possible hazards to personnel that
such effects might produce.

A number of investigators presented their work in the subject area and
the works of many others were discussed.

THE BWOD-BRAIN BARRIER

Capillaries in the brain regulate transport of substances between the
blood and the surrounding neuropil by selectively allowinq transport of
molecules across the capillary wall. This selective process acts as a
regulatory barrier to certain substances and is, therefore , called the
blood—brain barrier.

It is believed the barrier is formed by endothelial cells that- line
the interior of the blood vessels. These cells are joined by tight
junctions. It is these tight iunctions that partially form the nrrpho—
logical basis of selectively rooulatinq the passaqe of larger molecules
across the capillary walls. In addition , lipid soluhility and the polar
nature of molecules are important considerations in determininq which
substances are transported across the endothelial membranes.

The barrier ’s permeability to normally restricted substances can be
increased by infusion into the bloodstream of a substance that increases
the o~notic pressure of the blood. Barrier permeability can also be
increased by hydrostatic pressure. Barrier permeability is increased by
endothelial cell shrinkaqe that opens the tiqht juncti ons between them
thus allowing the large molecules not normally diffusible to pass
through. If the barrier is not opened too wide and too lorx~, the
barrier openino is reversible and the endothelial cells will return to



norma l shape and size and the tight junctions once again will recain
their integrity. If no damage is caused to the endothel ial cells, if
cerebral circulation is not compromised , and if cerebral oxygenation is
ma intained , reversible barrier opening is possible without damage to the
brain by edema or infiltration of toxic molecules.

RESEARCH RESULTS

A. General

As noted by Justesen and Albert in their presentations at the workshop,
the early history of knowledge concerning selective intercellular diffu-
sion can be traced to 1885 when Ehnlich’ noticed that trypan blue dye
introduced into the bloodstream stained all body organs except the brain
and spinal cord . This observation was confirmed and extended by Goldman2
and out of this grew the concept of the blood—brain barrier. Confinina—
tion of such a barrier was not established, however , before the work of
Wallace and Brody3’4 in 1939 and that of Bakay5 in 1956. More recently,
Rapoport6 has shown an increase in cerebrovascular permeability as a
result of o~not ic treatment. The recent work of Pa~~ius

7 has also shown
increases in cerebrovascular permeability produced by o~notic and injury—induced opening of the blood—bra in barrier . Inj ury— induced openings
were accompl ished by freezing heat—induced lesions.

B. Microwave

Frey et al.8 reported an increase in blood—brain barrier permeability
of rats exposed to low power pulsed or CW microwave energy at 1.2 GHz.
The CW power level was 2.4 mW/cm2 and the pulse modulated power level
was 2.1 mW/cm2 peak and 0.2 mW/cm’ average at 1000 pulses per second.
Five groups of rats that differed in head position with reference to the
energy source were exposed and a sixth group was not exposed. Fluores—
cein dye injected into the bloodstream resulted in brain tissue staining
in four of the exposed groups. Significant brain staining did not occur
in one exposed group and in the unexposed group. The pulse modulated
signal was 2.5 times more effective than the CW signal in opening the
barr ier  although the averaae power level was one tenth that of the CW
signal. Frey9 reported confirmation of Albert ’s’3 earlier report on
the barrier opening in the eye which has a blood-barrier system that
functions in a manner similar to that of the blood—brain barrier. Frey
found significantly more fluorescein staining of the vitreous humor of
the eye in rats exposed to pulsed microwave energy at a peak power level
of 75 mW/cm2 and at a frequency of 1.2 (3Hz as compared to that of
unexposed rats . Frey9 also studied effects of 60 Hz electric fields on
the blood—brain barrier of rats. Exposure was to a vertical CW electric
field at 3.5 ky/rn for 17 to 40 days. There were no significant differ-
ences in fluorescein dye staining of brain tissue between exposed and
unexposed rats.
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Oscar and Hawk ins’0 were unable to replicate Frey ’s results on the
blood—brain barr ier af ter  exposing rats to 1.2-C.!!: energy. Their results
were too variable using fluorescein dye as the indicator . The dual rad i-
oactive isotope technique of Oldendorf , which uses tritiated water as a
diffusible internal standard, was then used. This experiment showed an
increase in blood —brain bar r ie r  permeabil ity for rats exposed to micro-
wave energy at a frequency of 1.3 ~~z. The larç’est changes in the brain
uptake index (BU I) occurred in the medulla; ~r .aller, but s ignif icant
BUI’s occurred in the cerebellum and hypothalamus. Blood—brain barrier
permeability to three sacchar ides having d i f ferent  molecular weicthts and
negligible uptake in brain tissue under norma l conditions was also stu-
died. Increased BUI’s occurred in all three brain reqions tor mannitol
and inulin afte r exposure to microwaves, but there were neglicnble
increases for dextran. The duration of microwave induced change of per-
meability, so indexed by BUI , was also stud ied. Increased P~ I ’s ex isted
at 8 minutes and at 4 hours after exposure, but not after  24 hours. ~oth
CW and pulsed microwave signals were used in this study. The ~ienera1
trend shown by the data was increased permeability with increasino micro-
wave power for both CW and pulsed signals up to the reaion of ) .5 to
2 mW/cm2 where the permeability change leveled off  and then began to
decrease with further increase in power. The data also showed in ieneral
that the average power density required to produce a given change in bar-
rier permeability was higher for CW than for pulsed signals. Thus, this
study confirmed the findings of Frey et al. that changes in blood—brain
barrier  permeability can be produced by exposure to microwaves at avera~e
power densities below 10 mW, cm2 . However , the dual rad ioactive tsotope
technique of Oldendorf , used in this study to guantitativelv measure bar-
r ier permeability, has certain limitations. Many parameters such as
blood flow , blood volume , metabolic rates, barrier p ermeabili ty, etc. can
account for measured changes and therefore, it cannot be assumed that any
measured change is only a change in barrier permeability. Oscar has
since adapted the dual compar~~ent technique developed by Rapoport to mea-
sure cerebrovascular permeability. This technique is also not without
limitations but may be preferable to Oldendorf’s procedure. Study in
this area is continuing with emphasis placed on whether reported chanoes
in barr ier  permeability are actually chanoes in p ermeabil ity or result
from changes in the various other parameters (e.~ ., circulatory flux)involved in the measurements .

Sutton11 has studied effects of microwave induced hyperthermia on
blood—brain barrier permeability in rats in his research dealino wi th
t reatment of brain tumors. Brains of rats have been preferentially
heated by 2.45 GHz microwaves. when the body temperature was maintained
at the normothermic level of 37 0C, barrier disruption to a tracer
protein (horseradish peroxidase) occurred after 10 minutes at a brain
te~ erature of 45 0C and, after 15 minutes , at a brain temperature of
42 0C. In an effort to preserve the int~~r1ty of the barrier, thus
allowing the brain to be heated safely for lonoer periods of time, data
were obtained on initially hypotherinic rats. when the body temperature
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was maintained at a hypothermic leve l of 30 OC , barrier integrity wasnot lost until 15 minu tes had elacsed at a brain temperature of 45 OC ,and until 30 minutes at a brain temperature of 42 OC. Protection of thebarrier by cooling of the lower body was most pronounced when the braintemperature was elevated ortlv to 40 OC. Barr ier integrity was lost innorniothermic rats after about one hour of microwave—induced beating ofthe brain to 40 OC, while this did not occur in hypothermic rats untiltwo to three hours had elapsed when the brain temperature was the same.Sutton concludes that microwaves are capable of disrupting the blood—brain barrier ; disruption is dose rela ted , and depends on the elevationof temperature and the duration of elevation .

Albertl2 .13 studied effects of microwa ves on blood—brain barrierpe rm eability in histological specimens using l ight— and electron—‘lcroscopv. Chinese hamsters were exposed at 10 mW/cm2 to 2.45 GHz CWener~v. Followir~g exposure , the animals were give n an injection of acrotein (horseradish peroxidase) , which yields a reddish—br own reactioncrcduct when the tissue is exposed to diamxnobenzj dj ne . The presence ofthis reaction product outs ide the blood vessels of the brain indicatesareas of barr ier  penetration. In both exposed and control animals , someareas of the brain displayed barrier penetration. These areas were thepineal gland, med ian eminence, area postrema , tuber ciner ium, paraphysis,the wall of the optic recess, and the eminentia saccularj s. But in otherareas of the brain, the reaction product was generally present in neuro—pu of significant numbers of exposed animals and absent in most unexposedanimals. Reaction product was scattered in random parts of the brainand was not localized in any functional region . The results show that3cute exposure to 10 mW/cm2 energy altered the blood—brain barrier ’spermeability to horseradish peroxidase . Albertl3 extended this ~~rkto include the study of possible reversibility of the microwave—inducedchanae in barr ier  permeabil~ tv. Wista r rats and Chinese hamsters wereexposed at 10 mW/an2 to 2 .8 GHz CW enercy . The light and electron
~“ucroscopic tracer technicues were also used in this stud y. Resultsindicated that the microwave—induced increase in blood—brain barrierpe rmeabil i ty showed a significan t reduction one hour after exposure andreturned to normal approximately two hours afterward. Since the measuredincrease in hypothalamic temperature in rats exposed at 10 mW ,C~ 2averaged 0 .4 OC , the increase in barrier permeability may not havebeen due to hyperthenia. Also, the results of this study show that anincrease in blood—brain barrier permeability induced by short termm~crc’wave exposure is a reversible phenomenon.

Spac$unan et al.ld studied the blood—brain barrier in mice exposed to918 ~~z energy. Averaqe power levels were 2.5 and 33 mW,’cm2 for botha CW field and a pulse modulated f ield of 10 microsecond pulses at 100pulses per second. CW enerov at a power level of 132 mW/an2 was alsoused in this study . Indicators of barrier permeability were fluoresceindye and several unphysiologj c air~no acids not normally found in thebrain. ~o evidence of increased barrier permeability could be detected
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although there were significant elevations of temperature in mice exposed
at l3�i~/cm2. Mice were also exposed to 30 ~~z CW energy at 1, 5 and10 V/cm, but no effect was observed on the blood—brain barrier ’s pernmea—
bility.

Merritt and Chamnessl5 attempted to replicate the findings of Frey et
al.8 and Oscar and Hawkins10, in which there was a reported increase
in barrier permeability in rats exposed to 1.2 0Hz.

Under similar exposure conditions and using fluorescein dye as the
indica tor , Merrit t  reported no effect on barrier permeability. Merritt ’s
data has since been analyzed by Justesen and the conclusions are be ing
restudied.

Prestonl6 investigated the effect of 2.45 GHz CW microwave energy on
blood—brain bar r ie r  permeability . The Oldendorf radiotracer me thod was
utilized and the bra in uptake indices were calculated to determine the
permeation by radiolabeled test substance into brain regions relative to
that of a tritiated—water reference. Rats were exposed in one series of
experiments at 0.1 , 0.5 , 1, 5 , and 10 mW/cm2 and in a second series of
experiments at 0.3, 1, 3 , 10, and 30 mW/cm 2 . Care was taken to minimize
both circad ian influences and differences in injectate composition.
There was no statistically reliable indication of a microwave effect on
the blood—brain barrier at any level of power density. There were no
significant d fferences between the brain uptake index values for
exposed rats and those not exposed. The data showed that the higher
brain uptake index values in cerebellum and medulla relative to cortex
and diencephalon were a result of a higher background content of the
radiolabeled test substance and a much lower content of the tritiated
water reference substance. This suggests that substances injected intc~the carotid artery reach only a portion of the cerebellum and medulla
because sane of the arterial supply to these brain regions originates in
the vertebral arteries. It is probable that tissue supplied both by the
vertebral and by the carotid arteries is being analyzed in brain uptake
index measurements of the cerebellum and medulla. Therefore, because of
the vertebral blood supply to these brain regions, changes of BUI’s
could be misinterpreted as an alteration in barrier permeability to the
l4C—test substance, mainly present as intravascular contaminant, when
in fact an altered uptake or retention of the tritiated water reference
substance had occurred. It appears that data on radioisotope distribu-
tion is a very important part of any experiment in which BUI measurements
are made in these brain regions.

The majority of the blood—brain barrier permeability studies using
microwaves were performed on smaller animals such as mice, hamsters, and
rats. However, Chang et al.l7 have used dogs in studies of microwave
effects on the blood—brain barrier. A technique involving multiple samp-
ling of cerebrospinal fluid and plasma was utilized and the distribution
ratio of an administered radiotracer was determined as a measure of

5 
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dif fus ion across the blood—brain barr ier .  Heads of dogs were preferential ly
exposed in the nea r f ield of a microwave horn for 20 minutes to 1.0 GHz
CW microwave energy at nower levels of 2, 4 , 10, 50 and 200 It~ :cm2. l~~
dogs were exposed at each power density level. No effect on bar r ie r  per-
meability was noted in any of these test subjects . Howeve r , data from a
group of 11 dogs exposed at 30 mW/cm2 showed an increase in bar r ie r
permeability in four out of eleven dogs . The author indicated that these
results point to a microwave “amplitude window” effect wh ich r~y be
operating near 30 mW/cm2 for the dog. However, because of inequality
of sample sizes there was little support for this interpretation among
the Workshop ’s participants. The devian t dogs may have shown evidence
of marked individual differences, but these differences could not be
confirmed in view of ~~all samples studied at othe r power densities.

Discussion

The literature concerning microwave effects on the blood—brain barr ier
includes application of va r ious microwave and RF freouencies , one study
at 60 Hz and a variety of radiated power levels . ifl addition , several
techniques have been used to evaluate possible effects on blood—brain
barrier  permeability . I~st results from the individual studies cannot be
di rectly contined mathematically to improve upon the statistics because
of the diversity of parameters used in the various sttxlies. However,
because of the variety of exper imental protocols used in this research ,
the l i terature gives us some background info rmat ion on possible effects
of microwaves on the barrier. Unfortunately , the body of l i terature on
the subject does not provide a conclusive scientific answer to the ~mue s—
t ion of possible microwave effects on the blood—brain barrier. ~hilePrestonl6 showed no significant effect on permeability, attempted rep-
lication of certain studies that showed effects on permeability have
produced conflicting results. For example, Oscar and HawkinslD confirmed
Frey ’s8 positive results, but Merritt and Chamnessl5 could not repli-
cate the positive findinqs of either Frey or Oscar and Hawkins. In
addition, Merritt’s conclusion of negative findings a propos fluoresceiri
uptake by rats after exposure to a 1.2 0Hz field are apparentl y at odds
with his data25.

As noted by Justesen at the conclusion of the workshop, there is a need
for improved methodology in blood—brain barrier  research . One poss ible
problem in much of the research is the choice of anesthetic aaent. ~~rk
reported by An el and Laffertyl9 indicates that pentobarbitol increases
the blood—brain barrier  permeability and yet it was used in many of the
microwave studies on integrity of the barrier.  The techniques normally
used to measure altered permeability are not sufficiently developed to the
point where test results are not cuestioned . The intravenously injected
flourescein dye techn ique yields results that are n~ re qualitative than
quantitative2U. The brain uptake index technique of Oldendorf and the
indicator dilution technique might yield results which are misinterpreted
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because of changes in cerebral blood flow. In addition , effects on brain
regions cannot be isolated, and they are not sensitive enough to detect
subtle changes in permeability coefficients21. The dual compartment
technique developed by Rapoport is not subject to these limi tations21.
However , the measure deteri~: :~ed by the Rapoport method is actually PxA
where P is permeability and A is vessel cross—sectiona l area , and is thus
indirect. This technique has been used by Oscar who is not sure this
technicue is sensitive enough to measure subtle changes in cerebro—vascular
permeability22. Albert2S suggested that Rapoport’s techniciue might
have serious limitations unless correction is made for capillary space.

The majority of research has been done on albino laboratory animals.
Creel et ai.23,24 have reported that for all malTuMls studied in their
laboratory, albinism is associated with neuroa na tamical and neurochemi—
cal defects of the cerebrum . The cuestion arises whether effects on the
blood—brain ba r r i e r  in normally pigmented animals would be the same as
in albino animals.

The use of small laboratory animals in blood-brain bar r ie r  research has
several disadvantages in terms of translation of test resul ts to assess
microwave effects on humans. The first of these is the fact that the
skul l of the rats is thin compared with large r animals and h~t~ns which
could resul t in different amounts of radiated energy reaching the brain.
Another reason the data from small labora tory animals may not be rele-
vant to hLm~ ns is that at least in some stud ies the microwave frequency
employed is close to the resonant frequency of the rat. This factor may
make translation of the test results to humans very difficult. Use of
large animals would also permit longitud inal studies since repeated
measurements may be taken from the same animal without the need to
sacrifice the animal.

Exposure conditions are not adequately defined in irost of the microwave
stud ies reported in the literature. Proper specification of exposure
conditions is essential for at least t~v reasons. 0-ne reason is that a
study can complement other studies in the subject area only if it is
known which studies represent similar exposure conditions. The second
reason is results of the research can only be applied to actual real—
world situations if the exposure conditions are known. In order to
properly define exposure conditions , it is necessary to utilize both
densitanetry and dosimetry. Laboratory simulation of microwave environ-
ments should provide for the test subject being in the far—f ield of the
cenerated s ignal . ¶I’~st chambers should include sufficient absorbent
material to minimize standinq waves and allow accurate power density
measurements of the incident field to be made. But densitanetry alone
cannot fully define the exposure conditions. It is also necessary to
include dos linetric measures for information on energy absorption and
anatomical distributions of absorbed energy. Complete definit ion of the
exposure conditions for every study is very important if the true
significance of the study is to be realized. This is also a very
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I.mportant cons ideration for the eventual task of extrapolating from the
test results on small laboratory anL 1als to predict ions of effects on
humans.

There is a grea t need for better exper imental design in blood—brain
barr ier  research involving electromagnetic fields. It is true that there
is much to be learned about the b arrier .  However, what is known should
be utilized in designing exper iments. Hypotheses should be based on
theory and exper iments should be designed to evaluate these hypotheses.
Mechanisms need to be formulated and evaluated. ?~dequate statistical
analyses should be incorporated into every experiment. It would seem
advisable to include in the design a comparison between diffusion into
body cells where the tracer has easy access and diffusion of the tracer
into brain cells.

Also , an anesthesia that does not cause , directly or indirectly, a
change in ba r r i e r  permeability should be selected for these studies.
Positive controls should be used to test the sensitivity of the experi—
mental protocol.

Conclusions

Several conclusions can be drawn from the presentations and discussions
dur ing the workshop . The fi rst  is that from a scientific point of view ,
much more research needs to be done to understand the structure and fun c-
tion of the blood—brain barrier and to evaluate the implications that an
increase in barrier permeability would evoke. Experiments should be
designed to obtain scientifically sound data so that quantitative answers
to these questions can be found .

The second conclusion is that there is no indication of impendin danger
to the blood—brain barr ier  from exposure to low level microwaves, i.e.,
on the order of 1 mW/cm2 for short periods of t ime . Replication of
studies that disclosed positive findings has not always verified the
earlier findings. Oscar and Hawkins 10 confirmed the positive results
of Frey8 using an improved measurement technique. Since then Oscar has
questioned the interpretation of these resul ts because the measurement
techniQue used in his study may not account for all of the changes in
the various parameters allied with the noted changes. Suttonll found
positive effects on the blood—brain barrier when temperature of the brain
was elevated from 37 OC to 40 OC by applying microwave energy to the
brain. Albertl2’13 found positive effects on barrier permeability for
microwave exposure of 10 mW/cm2 which increased the brain temperature
by 0.4 OC. However, Prestonl6 could find no evidence of penetration
of radiolabeled substance using the Oldendorf method at exposure levels
up to 10mW/cm2 . There appears to be no theoretical or experimental
evidence that low level microwaves that do not raise the brain tempera-
ture could be expected to affect the integrity of the barrier. It 
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be reasonably concluded that if a real potential for catastrophic effectexists, it would be evident from the research already reported in theliterature.
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