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HE DRAMATIC WORLDWIDE IN-

crease in use of cellular tele-

phones has prompted con-

cerns regarding potential
harmful effects of exposure to radiofre-
quency-modulated electromagnetic fields
(RF-EMFs). Of particular concern has
been the potential carcinogenic effects
from the RF-EMF emissions of cell
phones. However, epidemiologic stud-
ies of the association between cell phone
use and prevalence of brain tumors have
been inconsistent (some, but not all,
studies showed increased risk), and the
issue remains unresolved.’

RF-EMFs emitted by cell phones are
absorbed in the brain? within a range that
could influence neuronal activity.? Al-
though the intensity of RF-EMFs is very
low, the oscillatory frequencies corre-
spond to some of the oscillation frequen-
ciesrecorded in neuronal tissue and could
interfere with neuronal activity.* Ther-
mal effects from RF-EMFs have also been
invoked as amechanism that could affect
neuronal activity, although temperature
changes produced by current cell phone
technology are likely minimal.” Studies
performed in humans to investigate the
effects of RF-EMF exposures from cell
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Context The dramatic increase in use of cellular telephones has generated concern
about possible negative effects of radiofrequency signals delivered to the brain. How-
ever, whether acute cell phone exposure affects the human brain is unclear.

Objective To evaluate if acute cell phone exposure affects brain glucose metabo-
lism, a marker of brain activity.

Design, Setting, and Participants Randomized crossover study conducted be-
tween January 1 and December 31, 2009, at a single US laboratory among 47 healthy
participants recruited from the community. Cell phones were placed on the left and right
ears and positron emission tomography with ("®F)fluorodeoxyglucose injection was used
to measure brain glucose metabolism twice, once with the right cell phone activated (sound
muted) for 50 minutes (“on" condition) and once with both cell phones deactivated (*“off"
condition). Statistical parametric mapping was used to compare metabolism between on
and off conditions using paired t tests, and Pearson linear correlations were used to verify
the association of metabolism and estimated amplitude of radiofrequency-modulated elec-
tromagnetic waves emitted by the cell phone. Clusters with at least 1000 voxels (volume
>8 cm?®) and P<<.05 (corrected for multiple comparisons) were considered significant.

Main Outcome Measure Brain glucose metabolism computed as absolute me-
tabolism (umol/100 g per minute) and as normalized metabolism (region/whole brain).

Results Whole-brain metabolism did not differ between on and off conditions. In con-
trast, metabolism in the region closest to the antenna (orbitofrontal cortex and temporal
pole) was significantly higher for on than off conditions (35.7 vs 33.3 pmol/100 g per
minute; mean difference, 2.4 [95% confidence interval, 0.67-4.2]; P=.004). The increases
were significantly correlated with the estimated electromagnetic field amplitudes both for
absolute metabolism (R=0.95, P<.001) and normalized metabolism (R=0.89; P <.001).

Conclusions In healthy participants and compared with no exposure, 50-minute cell
phone exposure was associated with increased brain glucose metabolism in the re-
gion closest to the antenna. This finding is of unknown clinical significance.
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phones have yielded variable results.® For
example, imaging studies that used
positron emission tomography (PET) to
measure changes in cerebral blood flow
(CBF) with RF-EMF exposures from cell
phones have reported increases,”® de-
creases and increases,”'° or no changes!
in CBF. The discrepancies among these
imaging studies likely reflect their rela-
tively small sample sizes (9-14 partici-
pants), and the potential confounding of
CBF measures reflecting vascular rather
than neuronal signals.’*'* This highlights
the need for studies to document whether
RF-EMFs from cell phone use affects
brain function in humans.

The objective of this study was to as-
sess if acute cell phone exposure af-
fected regional activity in the human
brain. For this purpose we evaluated the
effects in healthy participants (N=47) of
acute cell phone exposures on brain glu-
cose metabolism, measured using PET
with injection of (**F)fluorodeoxyglu-
cose (**FDG). Brain glucose metabolic
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activity is a more proximal marker of
neuronal activity than measures of CBF,
which reflects vascular as well as neu-
ronal components.” Also, because brain
glucose metabolic measures obtained
with FDG reflect the averaged brain ac-
tivity occurring over a 30-minute pe-
riod,'® this method allowed assessment
of the cumulative effects of cell phone ex-
posure on resting brain metabolism. Be-
cause exposure to RF-EMFs from cell
phones is well localized and is highest
in brain regions closest to the antenna,’
we hypothesized that the effects on brain
metabolism would be greatest in infe-
rior and anterior brain regions, the re-
gions that would be exposed to the high-
est RE-EMF amplitude for the cell phone
model used in this study.

METHODS
Participants

The study was conducted at Brookhaven
National Laboratory from January 1,
2009, through December 31, 2009, and
was approved by the local institutional
review board (Committee on Research
Involving Human Subjects, Stony Brook
University). We enrolled 48 healthy par-
ticipants recruited from advertisements
in local newspapers and screened for ab-
sence of medical, psychiatric, or neuro-
logic diseases. Special attention was given
to ensure that participants did not abuse
addictive substances (including alco-
hol and nicotine), and urine toxicology
studies were performed prior to the
imaging sessions to ensure lack of psy-
choactive drug use. For technical rea-
sons, data from one of the participants
could not be used (see below). TABLE 1
provides demographic characteristics and
cell phone usage histories of the 47 par-
ticipants whose data were used in the
analysis. Participants each received $250
for their participation in the study ($200
for PET scans [$100 per scan] plus $50
for the physical examination and labo-
ratory work). All participants provided
written informed consent after receiv-
ing a complete description of the study.

Experimental Conditions

All participants had 2 scans performed
on separate days using PET with **FDG
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injection under resting conditions. For
both scans 2 cell phones, one placed on
the left ear and one on the right, were
used to avoid confounding effects from
the expectation of a signal from the side
of the brain at which the cell phone was
located. For one of the days both cell
phones were deactivated (“off” condi-
tion). For the other day the right cell
phone was on (activated but muted to
avoid confounding from auditory stimu-
lation) and the left cell phone was off
(“on” condition). For the on condition
the cell phone was receiving a call (from
arecorded text), although the sound was
muted. The order of conditions was ran-
domly assigned, and participants were
blinded to the condition. The mean time
between the first and the second study
was 5 (SD, 3) days.

Two Samsung model SCH-U310 cell
phones, capable of transmitting at either
cellular or personal communications ser-
vice frequency bands with code divi-
sion multiple access modulation, were
used for each study. The maximum spe-
cific absorption rate in the head for this
cell phone model corresponds to 0.901
Wrkg. Cell phones were placed over each
ear with microphones directed toward
the participant’s mouth and were se-
cured to the head using a muffler that did
not interfere with the lower part of the
cell phone, where the antenna is lo-
cated. Activation of the right cell phone
was started 20 minutes prior to ""FDG
injection and maintained for 30 min-
utes afterward to correspond with the
EDG uptake period. During the 50-
minute period participants sat on a com-
fortable chair in a quiet, dimly lit room
and with their eyes open, with a nurse
present to ensure that they kept their eyes
open and did not fall asleep.

The RF-EMF emissions were re-
corded once before the call (back-
ground) and every 5 minutes during the
stimulation period to ensure that the call
was not terminated. This was accom-
plished with a handheld spectrum ana-
lyzer (model FSH6; Rohde & Schwarz,
Munich, Germany) connected to a cel-
lular wide-band log periodic direc-
tional antenna (model 304411; Wilson
Electronics, St. George, Utah) aimed at

]
Table 1. Characteristics and Cellular
Telephone Histories of Participants (N = 47)

Characteristic No. (%)

Age, mean (SD), y 319
Sex

Men 23 (48.9

Women 24 (51.1)
Body mass index, mean (SD)@ 26 (3)
Handedness

Right-handed 43 (91.5)

Left-handed 4(8.5)
Education mean (SD), y 14 (2)
Cell phone use, mean 1500 (1850)

(SD) [range], min/mo [15-9000]
Ear favored for use

Right 38 (80.9)

Left 9(19.1)

2Calculated as weight in kilograms divided by height in me-
ters squared.

the head from a distance of 3 feet. The
cellular band was active, with a fre-
quency of 837.8 MHz. This frequency
was monitored with a resolution band-
width of 1 MHz. Activation of the cell
phone for the experimental period was
also corroborated with the records ob-
tained from the cell phone company. For
1 participant the cell phone signal was
interrupted at the time of "*FDG injec-
tion; this participant’s data were not in-
cluded in the analysis.

PET Scanning

In preparation for the study, participants
had 2 venous catheters placed, one in the
antecubital vein for radiotracer injection
and the other in a superficial vein on the
dorsal surface of the hand for sampling
ofarterialized blood. Arterialization was
achieved by warming the hand to 44°C.
The participants were injected with
BEDG (148-222 MBq [to convert to
millicuries, divide by 37]) and asked
to refrain from moving or speaking
during the 30-minute '"*FDG uptake pe-
riod. At the end of the sessions, the cell
phones were removed and the partici-
pants were positioned in the PET scan-
neras previously described.'” Participants
were scanned with a whole-body tomo-
graph (ECAT HR+; Siemens/CTI,
Munich, Germany), with a resolution of
4.6 X 4.6 X 4.2 mm’as measured by Na-
tional Electrical Manufacturers Associa-
tion protocols. Emission scans were
started 35 minutes after "*FDG injection
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Figure 1. Amplitude of the Electric Field Emitted by the Right Cellular Telephone Antenna

Rendered on the Surface of the Human Brain
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E, indicates maximal field value. Clusters proximal to the antenna are inferior to the red dashed line. Images
created using the freeware Computerized Anatomical Reconstruction and Editing Toolkit (CARET) version 5.0
(http://brainvis.wustl.edu/wiki/index.php/Caret:About).

and lasted 20 minutes. Transmission
scans were performed simultaneously.

Radiofrequency Field

The average position of the antenna in
the stereotactic space of the Montreal
Neurological Institute (r,) (ro=21 [SD,
10] mm for x [left to right], 30 [SD, 11]
mm for y [anterior to posterior], -160
[SD, 7] mm for z [superior to inferior])
was determined for 21 participants using
calibrated orthogonal photography that
registered orthogonal views (front and
sides) of the cell phone positions on the
participant’s head. The positions of the
eyes were used as landmarks to deter-
mine r, with the aid of the standard brain
template (ch2.nii) provided in MRI-
cron (available at http://www.sph.sc.edu
/comd/rorden/mricron/). The relative
amplitude of the cell phone’s electric
field, E(r), at every position in the brain,
r, was computed in Interactive Data Lan-
guage version 6.0 (ITT Visual Informa-
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tion Solutions, Boulder, Colorado) using
the far-field approximation, E(r) ~|[r-
1olI~%, of a dipole field (FIGURE 1).

Image Analysis
The data were analyzed using statistical
parametric mapping (SPM) in the SPM2
mapping package (Welcome Department
of Cognitive Neurology, London, United
Kingdom).'® The SPM analyses were per-
formed on the absolute as well as the nor-
malized (to whole-brain metabolism)
metabolicimages. For this purpose, the
images were spatially normalized using
the SPM2 PET template and a 2-mm?> X 2-
mm’ X 2-mm?’ voxel size and were sub-
sequently smoothed with an 8-mm iso-
tropic Gaussian kernel. Voxel-wise
paired t tests were used to assess regional
changes in glucose metabolism.
Because the electric field, E(r), pro-
duced by the cell phone decreases rap-
idly with distance to the antenna, we hy-
pothesized that the effects of cell phones

on glucose metabolism would occur in
regions close to the antenna and that the
regions far from the antenna would show
no effects. Therefore, the corrections for
multiple comparisons were restricted to
brain regions in which E(r) was higher
than 50% of the maximum field value,
E,, in the brain (E,/2<E(r) <E,)
(Figure 1). Thus, the Bonferroni method
with a searching volume (S,) of 201.3
cm’ (S,=25 161 voxels) was used to cor-
rect cluster-level P values for multiple
comparisons as a function of the cluster
volume (C,) (P.n=PXS,/C,). Clusters
with at least 1000 voxels (C, >8 cm?)
and P <.05 (corrected for multiple com-
parisons) were considered significant.

A simple model assuming a linear re-
lationship between cell phone-related
increases in metabolism (A'¥*FDG; av-
erage across participants) and E was
used. The paired values (A¥FDG;, E))
from all voxels that were statistically sig-
nificant in the SPM2 ¢ test analyses con-
trasting on vs off conditions within S,
were sorted by E, clustered in groups
of 50 voxels, and averaged. These clus-
ters were treated as independent. The
Pearson linear correlation factor, R, was
used to assess the linear relationship be-
tween A®FDG and E in Interactive Data
Language version 6.0.

The sample-size calculation was based
on our preliminary study of the effect of
low-frequency magnetic field gradients
in glucose metabolism," which demon-
strated metabolic differences between
stimulation and sham conditions with
effect size (ratio between the mean differ-
ence and the pooled standard deviation)
between 0.65 and 0.80. The minimal im-
portant difference in glucose metabolism
used to determine the sample size was 1
pmol/100 g per minute. For such effect
sizes, to achieve a power of at least 80%
using theindependent-samplest test with
asignificance level of .05, atleast 40 par-
ticipants were needed.

RESULTS

Whole-brain glucose metabolism did not
differ between conditions, which for the
off condition corresponded to 41.2 pmol/
100 g per minute (95% confidence inter-
val [CI], 39.5-42.8) and for the on con-
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dition to 41.7 pmol/100 g per minute
(95% CI,40.1-43.3). However, there were
significant regional effects. Specifically,
the SPM comparisons'* on the absolute
metabolic measures showed significant
increases (35.7 vs 33.3 pmol/100 g per
minute for the on vs off conditions,
respectively; mean difference, 2.4 [95%
CI, 0.67-4.2]; P=.004) in a region that
included the right orbitofrontal cortex
(BA 11/47) and the lower part of the right
superior temporal gyrus (BA 38)
(FIGURE 2 and TABLE 2). No areas
showed decreases. Similar results were
obtained for the SPM analysis of the nor-
malized metabolic images (normal-
ized to whole-brain glucose metabo-
lism), which also showed significant
increases (1.048 vs 0.997 for the on vs
off conditions, respectively; mean dif-
ference, 0.051 [95% CI, 0.017-0.091];
P<.001) inaregion that included right
orbitofrontal cortex and right superior
temporal gyrus (BA 38) (Figure 2).

The regression analysis between cell
phone-related increases in metabolism
(A®FDG) and E revealed a significant
positive correlation both for the absolute
metabolic measures (R=0.95, P<<.001)
and the normalized metabolic measures
(R=0.89,P<.001) (FIGURE 3). This in-
dicates that the regions expected to have
the greater absorption of RF-EMFs from
the cell phone exposure were the ones
that showed the larger increases in glu-
cose metabolism.

CONCLUSIONS

These results provide evidence that the
human brain is sensitive to the effects of
RF-EMFs from acute cell phone expo-
sures. The findings of increased metabo-
lism in regions closest to the antenna dur-
ing acute cell phone exposure suggest
that brain absorption of RF-EMFs may
enhance the excitability of brain tissue.
This interpretation is supported by a re-
port of enhanced cortical excitability to
short transcranial magnetic stimulation
pulses (1 msec) following 40-minute RF-
EMF exposures.*

Although increases in frontal CBF dur-
ing acute cell phone exposure had been
previously reported by 2 independent PET
laboratories, such increases did not oc-
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Figure 2. Brain Glucose Metabolic Images Showing Axial Planes at the Level of the

Orbitofrontal Cortex

Cell phone on

Cell phone off

Rate of glucose metabolism,
pmol/100 g per min

0
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Images are from a single participant representative of the study population. Glucose metabolism in right or-
bitofrontal cortex (arrowhead) was higher for the “on" than for the “off" condition (see “Methods" for de-

scription of conditions).

cur in brain regions with the highest RF-
EMEF exposures.”'* Moreover, one of these
studies reported CBF decreasesin the re-
gion with maximal RF-EMF exposure.'°
These discrepancies are likely to reflect,
among others, the methods used, particu-
larly because the **FDG method is opti-
mal for detecting long-lasting effects (30
minutes) in brain activity, whereas CBF
measures reflectactivity over 60 seconds.
In this respect, this study is an example
of the value of the 'FDG method for de-
tecting cumulative effects in brain activ-
ity that may not be observed when using
more transient measures of activity. Dis-
crepancies also could reflect uncoupling
between CBF and metabolism.'*** More-
over, the relatively large sample size
(n=47) improved our ability to detect
small effects that may have been missed
inprior studies with smaller sample sizes."

The experimental setup also differed
from prior studies that used cell phones
for which the antenna was closest to su-
perior and middle temporal cortices.”!
However, this is unlikely to have ac-
counted for the differences in results, be-
cause the findings in this study show
increases in the region with maximal

RF-EMF exposure, whereas findings
from other studies have shown de-
creases in regions with the highest RF-
EMF exposures, increases in regions far
from the antenna, or both. However, the
increases in frontal CBF previously re-
ported with acute cell phone exposure
possibly could reflect a downstream effect
of connections with the regions that had
the highest RF-EMF exposures.

The linear association between cell
phone-related increases in metabolism
(A™FDG) and E suggests that the meta-
bolic increases are secondary to the
absorption of RF-EMFs from cell phone
exposures. The mechanisms by which
RF-EMFs from cell phones could affect
brain glucose metabolism are unclear.
However, based on findings from in vivo
animal and in vitro experiments, it has
been hypothesized that this could reflect
effects of RF-EMF exposure on neuronal
activity mediated by changes in cell mem-
brane permeability, calcium efflux, cell
excitability, and/or neurotransmitter re-
lease.* A thermal effect of cell phones on
the brain has also been proposed,*but this
isunlikely to contribute to functional brain
changes.’ Disruption of the blood-brain
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Table 2. Statistical Parametric Mapping For Brain Regions Showing Higher Glucose Metabolism With Cellular Telephone On Than Off

Region Cootr)dinates,

mm On vs Off,
I Z Score, Mean Difference
Brain Region Volume? Brodmann Area X y z On vs Off Por® (95% Cl)
Absolute glucose metabolism
Right inferior frontal 47 18 23 -18 2.7
Right superior temporal 2649 38 24 12 -37 2.6 .05 2.4(0.67-4.2)4
Right middle frontal 11 23 38 -15 2.6
Normalized glucose metabolism
Right superior temporal 38 27 2 -35 3.1
Right inferior frontal 2910 47 16 27 -16 3.1 .05 7.8 (2.7-12.9)d
Right middle frontal 11 23 38 -15 3.1

Abbreviation: Cl, confidence interval.
@No. of voxels. One voxel=0.008 mm?.

P Coordinates on the Montreal Neurological Institute stereotactic space corresponding to distance (in mm) for x (left to right), y (anterior to posterior), and z (superior to inferior).

CSee “Methods” for details of calculation of Bonferroni-corrected P value.

dvalues for absolute metabolism reported in umol/100 g per minute; those for normalized metabolism reported as percentages.

Figure 3. Measures of Absolute and Normalized Glucose Metabolism and Correlation Between
Estimated Electromagnetic Field Amplitudes and Increases in Measures (N=47 Participants)
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A and B, Mean measures of absolute glucose metabolism (umol/100 g per minute) and normalized glucose
metabolism (region/whole brain; units cancel) in regions with increased metabolism during “on" vs “off"
conditions (see “Methods" for description of conditions) in the brain area within the spherical constraint,
Eo/2 <E(r)<E, (where E, indicates maximal field value and E(r) indicates amplitude of the theoretical elec-
tromagnetic field) and the E(r) emitted by the antenna of the right cellular telephone. Absolute=40 clusters;
2000 voxels were activated within searching volume and grouped into clusters of 50 voxels each; normal-
ized=48 clusters; 2400 voxels were activated within searching volume and grouped into clusters of 50
voxels each. Range of variability (95% confidence interval [CI]): 9-21 pmol/100 g per minute (panel A)
and 0.29-0.57 (panel B). C and D, Regression lines between cell phone-related increases in absolute and
normalized glucose metabolism (both expressed as % change from the off condition) in brain regions
within the spherical constraint, £o/2 <E(r) <E,, and the theoretical electric field, £(r), emitted by the antenna
of the right cell phone. Increases significantly correlated with estimated electromagnetic field amplitudes
(absolute: R=0.95, P<.001; normalized: R=0.89, P<.001). Data markers indicate mean metabolic mea-
sures; error bars, 95% Cls. Linear regression lines were fitted to the data using Interactive Data Language
version 6.0.
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barrier has also been invoked as a poten-
tial mechanism by which RF-EMFs from
cell phone exposure could affect brainac-
tivity.” A recent clinical study reported
alterations in a peripheral biomarker of
blood-brain barrier integrity (transthyre-
tin) after cell phone exposure, but the sig-
nificance of this finding is unclear.**
The increases in regional metabolism
induced by RF-EMFs (approximately 7%)
are similar in magnitude to those reported
after suprathreshold transcranial magnetic
stimulation of the sensorimotor cortex
(7%-8%).?” However, these increases are
much smaller than the increases after vi-
sual stimulation reported by most stud-
ies (range, 6%-51%).% The large differ-
encein the magnitude of regional glucose
metabolic increases s likely to reflect mul-
tiple factors, including differences in gly-
colytic rate between brain regions,” the
duration of the stimulation (transient
stimulation increases glucose metabolism
more than continuous stimulation®), and
the characteristics of the stimulation
used.?® Indeed, whereas resting glucose
metabolism is predominantly supported
by glucose oxidation (>90%), with acute
visual stimulation the large increases in
glucose metabolism appear to reflect pre-
dominantly aerobic glycolysis,” which is
used for purposes other than energy ex-
penditures, and actual energy utilization
is estimated to be 8% at most."?
Concern has been raised by the pos-
sibility that RF-EMFs emitted by cell
phones may induce brain cancer.* Epi-
demiologic studies assessing the rela-
tionship between cell phone use and rates
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of brain cancers are inconclusive; some
report an association, > whereas oth-
ers do not.>*3¢ Results of this study pro-
vide evidence that acute cell phone ex-
posure affects brain metabolic activity.
However, these results provide no infor-
mation as to their relevance regarding po-
tential carcinogenic effects (or lack of
such effects) from chronic cell phone use.

Limitations of this study include that
itisnotpossible to ascertain whether the
findings pertain to potential harmful ef-
fects of RF-EMF exposures or only docu-
ment that the brain is affected by these ex-
posures. Also, this study does not provide
anunderstanding of the mechanism(s) by
which RF-EMF exposures increase brain
metabolism, and although we interpret
these exposures as indicators of neuronal
excitation, further studies are necessary
to corroborate this. Lastly, thismodel as-
sumes a linear relationship between the
amplitude of the radiofrequency field and
its effects in neuronal tissue, but we can-
not rule out the possibility that this rela-
tionship could be nonlinear.

In summary, this study provides evi-
dence that in humans RF-EMF exposure
from cell phone use affects brain function,
asshown by the regional increases in meta-
bolic activity. It also documents that the
observed effects were greatest in brain re-
gions that had the highest amplitude of
RF-EMF emissions (for the specific cell
phones used in this study and their po-
sition relative to the head when in use),
which suggests that the metabolic in-
creases are secondary to the absorption
of RF-EMF energy emitted by the cell
phone. Further studies are needed to as-
sess if these effects could have potential
long-term harmful consequences.
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