
Abstract. The aim of this study was to determine whether
cerebral microcirculatory parameters in rats were modified
during local cortex exposure to a radiofrequency
electromagnetic field (RF) under non-thermal conditions. The
cortex tissue targeted was locally exposed to 1439 MHz RF
using a figure-8 loop antenna at an averaged specific
absorption rate of 2.0 W/kg in the target area for 50 min. Three
microcirculatory parameters related to cerebral inflammation
were measured by the cranial window method in real-time
under RF exposure. No extravasation of intravenously injected
fluorescent dye was observed during RF exposure. There was
no significant difference either in pial venule blood flow
velocity or diameter between exposed and sham-exposed rats.
Histological evaluation for the brain immediately after RF
exposure did not reveal any serum albumin leakage sites or
degenerate neurons. These findings suggest that no dynamic
changes occurred in cerebral microcirculation even during
local cortex exposure under these conditions.

In recent years, radiofrequency electromagnetic fields (RF) have
been used for various purposes, such as magnetic resonance
imaging, hyperthermia therapy, and telecommunications. In

particular, their recent widespread use in smart-phone and WiFi
systems has caused some concern about possible adverse effects
on the brain. To provide protection against known adverse
health effects, the International Commission on Non-Ionizing
Radiation Protection (ICNIRP) established guidelines (1),
specifying the basic restriction values in terms of specific
absorption rate (SAR; W/kg) for tissue or whole body. For
example, the restriction values (head and trunk, averaged over
10 g tissue) for local RF exposure (100 kHz-10 GHz), including
the frequencies used in mobile telephony, are 2 W/kg for
general public exposure and 10 W/kg for occupational exposure.
The restriction value is based on physiological data obtained in
animal studies and includes a safety factor of 10-50, which is
enough to avoid eliciting known adverse health effects or a
temperature elevation of 1˚C (1).

However, two research groups have reported that RF
exposure induced physiological changes in brain functions at
exposure intensities below the restriction value. One group,
Salford et al., found serum albumin leakage in rat brain
following exposure to 915 MHz RF, suggesting that this
exposure had disrupted the blood–brain barrier (BBB) (2, 3).
The other group, Huber et al., reported that in humans, the
regional cerebral blood flow (rCBF) increased after exposure
to 900 MHz pulse-modulated RF (4). Serum albumin leakage
causes neurotoxicity in the brain, leading to neuronal
degeneration (5, 6). Changes in rCBF are known to be
related to migraine (7, 8) and neural/glial activity (9, 10).
Therefore, these findings have often been quoted as a typical
example of the adverse effects of RF exposure.

In contrast, many other investigators have failed to
confirm reproducible, conclusive effects (11-15). For
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example, an international research team consisting of three
different laboratories performed independent confirmation
studies on serum albumin leakage. However, no serum album
leakage was found after RF exposure, even using a similar
experimental procedure to that of Salford et al. (16-18). For
rCBF, Mizuno et al. and our group investigated the effects
of RF exposure in humans and rats, respectively. RF
exposure was not found to affect rCBF, even at local SARs
higher than those used by Huber et al. (13, 14).

Nevertheless, there is still doubt about the adverse effects
of RF exposure on the BBB and rCBF, particularly the
possibility of dynamic variations, likely to appear as transient
phenomena only during the RF exposure. Most previous
studies evaluated the effects of RF after exposure not in real
time during exposure. 

Therefore, the aim of this study was to investigate whether
dynamic variations in cerebral microcirculatory parameters,
such as BBB permeability and hemodynamics, would be
observed in rat brain during local cortex exposure to RF. To
observe cerebral microcirculation in real time during
exposure, we used intravital fluorescence microscopy
developed for rats (19) and a figure-8 loop antenna, which
provides local cortex exposure (20). Here we report that no
changes were found in microcirculatory parameters even
during local exposure at 2.0 W/kg local SAR.

Materials and Methods
Animals. Male Sprague-Dawley rats (n=27, 459±7 g; Tokyo
Laboratory Animals Science Co., Ltd, Tokyo, Japan) were used for
this experiment. They were fed a standard pellet diet and given
water ad libitum, housed in an animal room with a 12-h light/dark
cycle at a temperature of 23.0±1˚C and a relative humidity of
50±10%. All experimental procedures were conducted in accordance
with the ethical recommendations for animal experiments, which
was approved by the local Ethics Committee of the National
Institute of Public Health, Japan.

Preparation of closed cranial window (CCW). The CCW setup was
implanted into the parietal region of each rat (Figure 1A). The CCW,
developed to observe pial microcirculation under RF exposure
conditions (19), was made of plastic and glass, without any metal
parts. In brief, the rats were anesthetized with an intramuscular
injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). The head
of each rat was fixed in a stereotaxic apparatus. After removal of hair,
skin and connective tissues from the parietal region, a 7.5-mm circular
skull hole was made using a dental drill. Subsequently, the dura mater
and arachnoid were carefully removed from the cerebral surface to
expose the pia mater. The CCW (circular cover-glass 7.0 mm in
diameter) was inserted into the hole in the skull and fixed with
cyanoacrylate glue. Animal experiments started at least one week after
the window implantation to allow for recovery (Figure 1B).

Definition of target area and local RF exposure. The target cortex
tissue was locally exposed to 1439 MHz RF (Personal Digital
Cellular signal) at several averaged SARs for the target cortex using
a figure-8 loop antenna.

The target area was defined as a circular area of rat parietal cortex
tissue, located just under the CCW, with its center 2 mm posterior to
the bregma and 2 mm lateral (right) of the midline. The area included
the pia mater (7.5 mm diameter, 0.5 mm depth, Figure 1A) in which
we evaluated physiological responses during local RF exposure. 

SAR was numerically and experimentally evaluated for the rat
by the finite difference time domain (FDTD) method, using realistic
inhomogeneous rat models (20). The rat fixed in the acrylic
stereotaxic apparatus was placed in the manipulator system of the
antenna. The antenna was positioned 5 mm over the CCW (Figure
1B). Under these conditions, the weights of the target area and the
whole brain in the rat model were 0.018 g and 2.6 g, respectively.

RF exposure intensities were estimated and set at 2.0, 7.5, 20,
75, 200, 400 W/kg SAR in the target area (TASAR). The relative
values of brain- and whole-body-averaged SARs for the TASAR of
2.0 W/kg were 0.37 and 0.022 W/kg, respectively. 

RF exposure was performed for 50 min at 2.0 W/kg to record
physiological parameters and for 10 min at the other SARs in turn to
obtain a relationship between TASAR and temperature changes in the
target area and rectum (Figure 1C). Sham-exposed rats were also
prepared using the same system, but without RF exposure (0 W/kg).

Real-time measurement of physiological parameters. The
temperature in two regions (target area and rectum) and three
microcirculatory parameters (BBB permeability, venule diameter,
and blood flow velocity in venules) were measured before, during,
and just after RF exposure (Figure 1C). The rats were anesthetized
with an intramuscular injection of ketamine (100 mg/kg) and
xylazine (10 mg/kg) and a subcutaneous injection of pentobarbital
(12.5 mg/kg). The rat was placed on a heating pad circulating
warmed water (42˚C) after fixing the head under the antenna, in the
same position used for the numerical model mentioned above.

Temperature measurement. Temperatures in the target area and
rectum were measured using an optical fiber thermometer (m600;
Lumasense Technologies, Santa Clara, CA, USA). Two optical
thermometer probes (0.5 mm of diameter) were independently
placed on the target area under the CCW and in the rectum.
Temperatures were recorded continuously throughout the
experiment, including the 50 min exposure at 2.0 W/kg TASAR in
sham- and RF-treated groups (n=3 animals each). 

After the 50-min exposure period, the temperatures were
measured continuously during 10 min-RF exposures at different
TASARs (7.5, 20, 75, 200, 400 W/kg), to obtain a relationship
between TASARs and temperature variations.

Intravital fluorescence microscopy. Three microcirculatory
parameters were monitored through the CCW using an intravital
fluorescence microscopic system, consisting of a fluorescence
binocular microscope (SZX; Olympus Optical Co. Ltd, Tokyo,
Japan), an image-intensified camera (C2400-80; Hamamatsu
Photonics K.K., Hamamatsu, Japan), and high-speed camera
(FASTCAM-NET; Photron Ltd, Tokyo, Japan), combined with an
image-intensifier (VS4-1845; International Ltd, Dulles, VA , USA).
The light source was a mercury lamp (U-ULH; Olympus Optical
Co. Ltd). The filter cube had a 490 nm excitation filter. The images
of the pial microvascular bed were recorded on a video recorder
(WV-DR7; Sony, Tokyo, Japan) equipped with a timer (VTG-33;
FOR.A Co. Ltd, Tokyo, Japan). All the images were digitized and
later analyzed off-line using software (Image Quest, Hamamatsu
Photonics K.K.).
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BBB permeability. As in a previous study (19), BBB permeability
was evaluated as changes in the intensity of extravasated
fluorescence dye. In brief, after intravenous injection of fluorescein
isothiocyanate (FITC)-dextran (70 kDa, 25 mg/kg; Sigma-Aldrich
Co., St. Louis, MO, USA), the image of the pia mater was recorded
through an intravital fluorescence microscope with a fluorescent
excitation wavelength of 490 nm. An arbitrary area of the pia mater
was chosen as the region of interest (ROI; 0.19 mm2, 1-3 areas per
animal). The average fluorescence intensity of the ROI was
measured off-line every 10 min.

To confirm whether our observation systems detected
extravasated dye in vivo, we treated a rat with osmotic shock to the
brain. Prior to intravital observation, the left internal carotid artery
of the rat was catheterized. Mannitol solution (25%) was injected
through the catheter (28 μl/s for 3 min) without RF exposure 25 min
after dye injection. The fluorescence image of the pia mater was
recorded and its average fluorescence intensity measured off-line
every 10 min.
Hemodynamic changes. To evaluate the hemodynamics in the pial
venule, its diameter and blood flow velocity were measured in
postcapillary (8≤d<30 μm) and collecting venules (30≤d≤50 μm)
and measurements were compared to investigate the variations in
each pial venule.

Venule diameter was measured on the fluorescence images taken
to assess BBB permeability. In each animal, 11-12 pial venules
(8≤d≤50 μm) were selected and the ratio of final to initial diameter
at −10 min from RF exposure was recorded. The change in diameter
was averaged in each animal to obtain the average change within
the target area for the animal, and then compared between two
groups (n=9 animals per each group).

Blood flow velocity was measured using the dual-slits method
developed by our team (21). In brief, the fluorescence motion images
of blood flow in the pial venule were recorded using a high-speed
camera (500 frames/s) every 10 min after the intravenous injection of
FITC-dextran. Using the image software, two square slits were
placed on the image of a pial venule, 30 μm apart. The fluorescence
intensity of each slit was averaged for each image frame. The cross-
correlation function, calculated using the averaged intensity changes
in the two slits, produced the time intervals for erythrocytes passing
between the two slits. The blood flow velocity was then calculated
using the distance between the two slits and the time interval. We
selected 4-12 pial venules (8≤d≤50 μm) in each animal and recorded
the ratio to the initial velocity at −10 min of the RF exposure. The
change in velocity was averaged in each animal to obtain the average
change within the target area for the animal, and then compared
between the two groups (n=8-10 animals per each group).

Histological examination of brain. Rat brain exposed to RF was
histologically examined to detect traces which would be caused by
dynamic changes in the microcirculatory parameters. Immediately
after the last measurements of microcirculatory parameters, the rat
was transcardially perfused with 4% paraformaldehyde (PFA) in
phosphate-buffered saline (PBS). After the perfusion, the rat body
was kept without any traumatic manipulation for at least 18 h at 4˚C.
The brain was then removed from the skull and immersed in PBS
containing 4% PFA. Two vertical cryosections (10 μm-thick) were
taken from the frontal (between bregma −0.8 mm and −1.2 mm) and
middle (between bregma −2.0 mm and −5.0 mm) lobes of the brain
using a cryostat. The sections were stained as described below.

Immunohistochemistry of serum albumin was used to detect
albumin leakage sites and neurons indicating albumin intake. The
sections were immersed in tris buffered saline (TBS) (S3006; Dako
Japan Inc., Tokyo, Japan) and endogenous peroxidase activity was
inhibited by incubation in a blocking reagent (S2001; Dako) for 5
min. After the sections were washed in TBS, the background was
blocked with 1% bovine serum albunin in TBS for 30 min. Then the
sections were incubated with a 1:100 dilution of rabbit polyclonal
antibody to human albumin (A0001; Dako) for 1 h. The sections
were then washed in TBS and incubated with a 1:100 dilution of
goat polyclonal antibody to rabbit IgG labeled with horseradish
peroxidase (PO448; Dako) for 30 min. The presence of antibodies
was detected using a diaminobenzidine (DAB) liquid system
(K3466; Dako). After chromogen reaction of DAB, the sections
were washed in distilled water and then stained with hematoxylin
to identify nuclei.

Fluoro-Jade B staining was used to detect degenerated neurons in
the brain section. After treatment with three different solutions (1%
NaOH and 80% ethanol for 5 min, 70% ethanol for 2 min, and 0.06%
potassium permanganate for 10 min) in turn, the section was rinsed and
stained with 0.0004% Fluoro-Jade B (AG310; Chemicon International,
Inc., Temecula, CA, USA) in 0.1% acetic acid solution for 20 min.
After rinsing with distilled water, the section was completely dried,
immersed in xylene, and the mounted using mounting medium. To
confirm that the Fluoro-Jade B staining method was valid, a rat brain
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Figure 1. Experimental design. A: Location of the target area on the rat
parietal cortex. A closed cranial window was implanted on the target
area through the open skull. B: Location of antenna and overview of the
pial microvessels. The antenna was placed exactly over the parietal
region using a manipulator. Rat pial microcirculation was observed
through holes in the antenna in real-time using intravital microscopy.
a: Arteriole, v: venule, c: capillary. C: Experimental procedure. The
closed cranial window was implanted in the rat parietal region at least
one week before the experiment.



injured by hyperthermia was prepared as a positive control. Heat injury
was elicited by maintaining the temperature of the target area at 43-
46˚C for 18 min under deep anesthesia. Brain fixation and removal
were carried out as described above.

Morphological changes in neuronal cells were evaluated using a
standard cresyl violet staining protocol.

Data analysis. A Two-way repeated ANOVA and a Mann-Whitney
U-test were used for statistical analysis to evaluate the differences
between the sham- and RF-exposed groups. A value of p<0.05 was
considered statistically significant.

Results
Temperature conditions. Temperatures in the target area and
rectum were measured during exposure to ensure that the
findings of this experiment would not be distorted by thermal
conditions caused by RF exposure at 2.0 W/kg TASAR
(Figure 2).

At the beginning of exposure, basal temperatures in both
regions were stabilized, without any significant difference
between sham- and RF-treated groups (n=3 animals per
group). The average temperatures in the target area in sham-
and RF-treated groups were 34.9±0.5˚C and 35.1±0.2˚C,
respectively. The average rectal temperatures for these
groups were 36.5±0.4˚C and 36.7±0.3˚C, respectively.

During RF exposure at 2.0 W/kg TASAR, temperatures in
the target area and rectum decreased slightly after 50 min of
exposure in both groups. However, there was no significant
difference in temperature between the two groups during the
time-course of exposure (Figure 2A). The findings suggested
that local RF exposure at 2.0 W/kg did not cause any
elevation in temperature.

There was a clear relationship between TASAR of 10-min
RF exposure and temperature changes in the target area and
rectum, but only in the RF-treated group. The TASARs
required to elevate temperatures were 20 W/kg or more for the
target area and 200 W/kg or more for the rectum (Figure 2B).

Changes in BBB permeability. To investigate whether BBB
permeability was modified under local RF exposure at 2.0 W/kg
TASAR, the fluorescence dye FITC-dextran (70 kDa) was
injected intravenously before exposure and variations in
fluorescence intensity in the target area were measured.

In a positive control using mannitol treatment, extravasation
of the fluorescent dye was observed under an intravital
microscope in real time (Figure 3A). The dye diffused into the
parenchyma around the microvessels and accumulated in
them. This accumulation of dye was detected as an increase
in fluorescence intensity in the target area (Figure 3B).

In contrast, no extravasation of fluorescent dye was
observed in any region of the target area in either group
(Figure 3A, n=9 animals per group). Fluorescence intensity
simply decreased time-dependently during the observation
period, which was attributed to the dye clearing from the

plasma (14). In addition, there was no significant difference
in intensity of fluorescence between the two groups. These
results showed that no change in BBB permeability to FITC-
dextran was caused by local RF exposure at 2.0 W/kg TASAR.

Hemodynamic changes in pial venules. To determine whether
cerebral hemodynamics related to BBB permeability were also
modified under local RF exposure, we measured vessel
diameter and blood flow velocity as hemodynamic parameters
in pial venules during local RF exposure at 2.0 W/kg TASAR.

No significant dilation or constriction was observed in
either post-capillary or collecting venules during RF
exposure (Figure 4A). In addition, there was no significant
difference in this parameter between sham- (108 venules in
nine animals) and RF-treated (104 venules in nine animals)
groups throughout the experiment. In sham- and RF-treated
groups, 58 and 43 post-capillary venules were selected,
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Figure 2. Temperature changes in the target area and rectum under
radiofrequency electromagnetic field (RF) exposure. The optical fiber
thermometer probes were placed into the target area (cortex tissue) and
the rectum. Temperatures in both regions were measured simultaneously
before and during exposure. A: Change in temperatures during exposure
at 2.0 W/kg of specific absorption rate in the target area (TASAR). There
were no significant differences in either temperatures between sham- and
RF-exposed groups (n=3 animals per group). B: Relationship between
TASAR and temperature changes. The value shows the temperature
changes during 10 min RF exposure at several TASARs. Values are mean
(n=2 to 3 animals per group). Values are the mean±SEM. 



respectively. In addition, 50 and 61 collecting venules were
selected, respectively. There were no significant differences
in diameter of each venule type between the two groups.
These results did not reveal any change in venule diameter
due to local RF exposure at 2.0 W/kg.

An increase in blood flow velocity was observed in post-
capillary and collecting venules during RF exposure (Figure
4B). However, there was no significant difference in the
velocity change between the sham-treated (96 venules in 10
animals) and RF-treated (87 venules in nine animals) groups
throughout the experiment. In sham- and RF-treated groups,
69 and 60 post-capillary venules were selected, respectively.
In addition, 27 collecting venules were selected in each

group. There was no significant difference in the velocity
change In each venule type between the two groups during
exposure. These results revealed that no change in blood
flow velocity was caused in the pial venules by local RF
exposure at 2.0 W/kg.

Histological evaluation. If microcirculatory parameters, such
as BBB permeability were modified during RF exposure at
2.0 W/kg TASAR, some traces caused by this modification
would be found in the brain immediately after exposure. For
this reason we examined stained brain sections using several
histological methods.

Traces of changes in BBB permeability were
immunohistochemically assessed by measuring the
extravasation of serum albumin from cerebral vessels and
number of neurons indicating albumin intake (Figure 5A).
No immunostained sites or neurons were found in any of the
brain sections of animals in either group (two regions in
three animals per group), except in the circumventricular
organs, which have no BBB function (Figure 5D). Therefore,
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Figure 3. Effect of radiofrequency electromagnetic field (RF) exposure
on the blood–brain barrier. A: Representative fluorescence images of the
target area. Fluorescent dye (fluorescein isothiocyanate-dextran, 70 kDa)
was intravenously injected into the rats 25 min before RF exposure.
Images were recorded every 10 min after dye injection under an
intravital fluorescence microscope. No extravasation of the dye was
observed in sham- nor RF-exposed rats, while dye leakage from
microvessels to the parenchyma was detected in the osmotic shock model
(n=1 animal) using mannitol treatment. Bar: 50 μm. B: Time-course of
fluorescence intensity in the target area. Intensity was monitored and
averaged in regions of interest (1–3 per animal) in the target area. No
increase in average intensity was found in either sham- or RF-exposed
rats, but did occur in the mannitol-treated animal, indicating an
accumulation of extravasated dye. No significant differences were found
between the sham- and RF-exposed groups (n=9 animals per group).
Values are the mean±SEM, except for the mannitol-treated animal.

Figure 4. Effects of radiofrequency electromagnetic field (RF) exposure
on hemodynamic changes in pial venules. A: Change in diameter of pial
venules. The diameter of post-capillary (PCV; 8≤d<30 μm) and
collecting venules (CV; 30≤d≤50 μm) within the target area was
measured. There were no significant differences in the diameters in PCV,
CV, or overall (PCV + CV) between the sham- and RF-exposed groups
(n=9 animals per group). B: Change in blood flow velocity in pial
venules. The plasma velocity was measured in PCV and CV within the
target area. No significant differences in plasma velocity were found in
PCV, CV, or overall between the sham- and RF-exposed groups (n=8-10
animals per group). Values are the mean±SEM.



no statistical analysis was required to compare the serum
leakage in the two groups.

Morphological differences in neuronal cells were also
examined in brain sections stained with cresyl violet (Figure
5B). However, there were no changes in morphology related
to RF exposure. Dark staining as a marker of shrunken
neurons was only rarely present in RF-exposed brain sections
and was not correlated with exposure.

Degenerated neurons were detected in the brain sections
stained with Fluoro-Jade B (Figure 5C). No stained neurons
were found in any of the brain sections in either  group (two
regions in three animals per group), while there were stained
neurons in the section prepared as a positive control
following hyperthermia (Figure 5E).

These results showed that no traces of cerebral
inflammation remained, even after RF exposure at 2.0 W/kg.

Discussion

This in vivo study using real-time observation in rats
produced three main findings. Firstly, the RF exposure,
which was localized in a target cortex area at 2.0 W/kg
TASAR, did not induce any temperature elevation in the
target at any time during the experiment. Secondly, no
extravasation of intravenously injected fluorescent dye was
observed during exposure. Thirdly, no significant differences
between sham- and RF-exposed rats were found either in
blood flow velocity or in the diameter of the pial venules.

The figure-8 loop antenna used in these experiments
provided effective local exposure of the rat parietal cortex.
The exposure intensity in the target cortex area was
estimated to be 90-fold that in the whole body in our
dosimetry results (20). In previous local exposure systems
targeting the whole brain (22-24), the ratio of brain- to
whole-body-SAR ranged from 7 to 20. Thus, the disparity in
intensity of our systems was 4 to 13-fold larger than that of
the previous systems. This larger disparity in exposure
intensity reflected very low rat whole-body exposure. Indeed,
in our study, RF exposure at 200 W/kg TASAR or more was
needed to detect any elevation in rectal temperature, whereas
exposure at around 20 W/kg TASAR was sufficient to detect
an elevation in the target area. Furthermore, our previous
study, using a similar local exposure with 2.0 GHz RF, found
that exposure even at 130 W/kg TASAR did not elevate the
temperature of calf hypodermis (25). Therefore, it seems
likely that the physiological responses in this study were
obtained with little direct effect on whole-body exposure,
including heat generation on the body surface.

As well as minimizing the direct effects of whole-body
exposure, the aim was also to avoid increasing the
temperature in the target area in order to focus on non-
thermal physiological changes due to RF exposure. High-
intensity RF exposure is known to generate heat in the brain,
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Figure 5. Histological evaluation. Rat brains were fixed with 4%
paraformaldehyde immediately after radiofrequency electromagnetic
field (RF) exposure and sections were prepared for histological
evaluation. Representative images (A-C) show the cortex of the target
area and the hippocampus (hippo) below the target area. A:
Immunohistological evaluation of serum albumin leakage sites. No
immunostained sites with staining by albumin antibodies were observed
in either sham- or RF-exposed groups. B: Cresyl violet-stained brain
section. Dark neurons (arrow head) stained with cresyl violet were only
rarely observed in the two groups. However, there were no
morphological changes related to RF exposure. C: Fluoro-Jade B-
stained brain section. Fluoro-Jade B-stained cells, indicating
degenerated neurons, were not observed in either group. D and E are
positive control images for serum albumin and Fluoro-Jade B,
respectively. Immunostaining with antibody to albumin (brown color)
was observed in a part of the pituitary region (circumventricular
organs), which has no blood–brain barrier. Several cells were stained
with Fluoro-Jade B (green color) in the cortex affected by hyperthermia.



accompanied by several physiological changes, such as
disruption of the BBB (26, 27) and an increase in blood flow
(28). The TASAR value of 2.0 W/kg was chosen in order to
eliminate such heat-induced effects. This SAR is the current
restriction value (averaged over 10 g tissue for head and
trunk) for local exposure to RF in the ICNIRP guidelines (1)
and has been demonstrated not to elevate the temperature of
human brain tissue (<0.2˚C) (29). Therefore, many human
and animal experiments investigating the physiological
effects of exposure have used the value of 2.0 W/kg SAR or
less. However, few of them have measured the temperature in
target tissues/organs during exposure, although temperature
data are important for distinguishing thermal from non-
thermal effects. This study certainly confirmed that RF
exposure at 2.0 W/kg TASAR did not elevate temperatures,
in either the target area or the rectum, throughout the
experiment. Thus, all our findings were obtained under non-
thermal conditions.

It has been argued whether BBB permeability increases
and serum albumin extravasates into the brain parenchyma
during RF exposure. Only few researchers have found
evidence that low-intensity RF exposure induced serum
albumin leakage in the rat brain (30-32). For example,
Salford et al. found albumin leakage sites in rat brains
following exposure to 915 MHz RF at less than 0.2 W/kg
average whole-body SAR, suggesting that this exposure had
disrupted the BBB (2). Unfortunately, their report did not
indicate the average brain SAR. However, according to two
confirmatory reports, the average brain SAR that Salford et
al. used is estimated at 91-93% of average whole-body SAR
(16, 18). Thus, it is suggested that this albumin leakage
occurred under exposure at less than 0.19 W/kg average
brain SAR. In contrast to their findings, many other
investigators failed to confirm reproducible, conclusive
effects, even following exposure at the local exposure limit
(2 W/kg) (11, 16-18). Furthermore, Lin et al. suggested that
only very high intensity exposure (>240 W/kg local peak
SAR in rat brain) disrupted the BBB, due to hyperthermia
(26). This local SAR is considerably above the local
exposure limit. Nevertheless, some uncertainties have yet to
be settled, particularly concerning possible transient changes
in BBB that disappear immediately after exposure. Research
has mainly focused on post-exposure effects, paying little
attention to BBB permeability during RF exposure.

Our findings make a useful contribution to this issue, as no
extravasation of FITC-dextran was confirmed in real time in
the live rat cortex during RF exposure, even at 2.0 W/kg
TASAR. This indicates that no extravasation of serum albumin
was likely to have occurred, as FITC-dextran was selected
(MW: 70000) for having approximately the same molecular
weight as serum albumin (MW: 66000). Indeed,
immunohistological examination revealed no traces of leakage
of endogenous serum albumin in the target area nor in other

exposed brain regions. Moreover, neither morphological
changes nor degeneration of neuronal cells were found in the
exposed brains, although extravasated serum albumin is known
to lead to neurotoxicity in the brain parenchyma (5, 33). Of
course, these histological parameters may be unsuitable for
detecting transient effects on the BBB. However, no traces of
albumin leakage or degenerated neurons seem to be
circumstantial evidence of our findings obtained in real-time
measurement. In our previous study using the same exposure
system, no change in the permeability of the blood
cerebrospinal fluid barrier for FITC-albumin was found in live
rats during 30 min RF exposure at 0.5 W/kg brain-averaged
SAR (TASAR: 1.9 W/kg) (34). Therefore, all these findings
suggest that cerebral vessel permeability to serum albumin is
not modified by RF below the local exposure limit (2 W/kg),
even during local exposure.

It has been suggested that RF exposure modifies brain
hemodynamics under non-thermal conditions. This
phenomenon was identified in the human brain using
positron-emission tomography, but is also somewhat
controversial. Huber et al. initially found that rCBF
increased after local RF exposure at 1.0 W/kg local SAR for
10 g brain tissue (4). On the contrary, Aalto et al. found an
inverse effect: a local decrease in rCBF during RF exposure
at 0.743 W/kg local SAR (35). However, two recent studies
failed to confirm these effects. Mizuno et al. used exposure
at 2.02 W/kg local SAR, about 2-fold higher than the other
groups, and found no change in rCBF during nor after
exposure (13). Ghosn et al. did not measure any changes in
blood flow in the middle cerebral artery during or after
exposure at 0.49 W/kg local SAR, using transcranial Doppler
sonography (36). Cerebral blood flow is essential for
neuronal activity and metabolism in the brain. Therefore,
further research to confirm these phenomena is required, not
only in humans but also in animals.

The data obtained in this animal study clarify this issue. The
CCW method in rats facilitated direct monitoring of blood
flow velocity and vessel diameter in the RF exposure target
area. There was no difference in blood flow velocity between
sham- and RF-treated groups during local exposure at 2.0
W/kg, although the velocity in both groups increased, which
seemed to be related to changes in depth of anesthesia.
Furthermore, no changes in diameter were observed in any
pial venules during exposure. These two hemodynamic
parameters are known to reflect rCBF. Of course, these data
were obtained in rats, but certainly support the findings of
Mizuno et al. concerning the absence of effects of RF.

In contrast, exposure to high-intensity RF has the capacity
to increase CBF due to heating. For example, in our previous
study using rats, local cortex exposure to 2.0 GHz RF at 10.5
W/kg TASAR for 18 min increased rCBF by 20% (25).
However, in this case, the local increase in CBF was
accompanied by a temperature elevation in the target cortex.
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Using a microwave hyperthermia device, Moriyama et al.
found a linear relationship between the increase in
temperature and rCBF changes in monkey brains (28). These
findings suggest that CBF changes during local RF exposure
may be attributed to heat generation. This study focused on
non-thermal effects of RF. Indeed, no temperature elevation
was measured in target cortex tissue during exposure. Thus,
exposure to low-intensity RF, not accompanied by any
temperature elevation in tissues/organs, has no direct impact
on hemodynamics. However, further local exposure
investigations in the 2-10 W/kg range are required, as this
seems to represent a boundary between non-thermal and
thermal exposure conditions.

In conclusion, this research explored dynamic changes in
cerebral microcirculatory parameters, BBB permeability, and
hemodynamics in rat brains during local cortex exposure to
RF under non-thermal conditions. However, no dynamic
changes occurred in these parameters related to RF during
50 min exposure at 2.0 W/kg TASAR. Like many other
research groups, we found that local RF exposure at these
intensity levels had no impact on these parameters.
Therefore, RF exposure below the local exposure limit (2
W/kg) is unlikely to induce dynamic or delayed effects on
cerebral microcirculation. However, further investigation is
required, under other experimental conditions, such as using
juvenile animals. 
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