
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=iebm20

Electro- and Magnetobiology

ISSN: 1061-9526 (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/iebm19

Frequency-Specific Effects of Millimeter-
Wavelength Electromagnetic Radiation in Isolated
Nerve

Andrei G. Pakhomov, H. K. Prol, Satnam P. Mathur, Yahya Akyel & C. B. G.
Campbell

To cite this article: Andrei G. Pakhomov, H. K. Prol, Satnam P. Mathur, Yahya Akyel
& C. B. G. Campbell (1997) Frequency-Specific Effects of Millimeter-Wavelength
Electromagnetic Radiation in Isolated Nerve, Electro- and Magnetobiology, 16:1, 43-57, DOI:
10.3109/15368379709016172

To link to this article:  https://doi.org/10.3109/15368379709016172

Published online: 07 Jul 2009.

Submit your article to this journal 

Article views: 22

View related articles 

Citing articles: 1 View citing articles 

https://www.tandfonline.com/action/journalInformation?journalCode=iebm20
https://www.tandfonline.com/loi/iebm19
https://www.tandfonline.com/action/showCitFormats?doi=10.3109/15368379709016172
https://doi.org/10.3109/15368379709016172
https://www.tandfonline.com/action/authorSubmission?journalCode=iebm20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=iebm20&show=instructions
https://www.tandfonline.com/doi/mlt/10.3109/15368379709016172
https://www.tandfonline.com/doi/mlt/10.3109/15368379709016172
https://www.tandfonline.com/doi/citedby/10.3109/15368379709016172#tabModule
https://www.tandfonline.com/doi/citedby/10.3109/15368379709016172#tabModule


ELECTRO- AND MAGNETOBIOLOGY, 16(1), 43-57 (1997) 

FREQUENCY-SPECIFIC EFFECTS OF 
MILLIMETER-WAVELENGTH 

ELECTROMAGNETIC RADIATION IN 
ISOLATED NERVE 

Andrei G. Pakhomov,' H. K. Pro]; Satnam P. Mathur,' 
Yahya Akyel? and C. B. G. Campbell' 

Microwave Bioeffects Branch 
U.S. Army Medical Research Detachment 

of the Walter Reed Army Institute of Research 
'McKesson BioServices 
Brooks Air Force Base 

San Antonio, Texas 78235-5324 

1 

ABSTRACT 
Effects of low-intensity millimeter waves (MMW) were studied in iso- 

lated frog nerve using a high-rate stimulation (HRS) functional test. Irra- 
diation was performed in 3 frequency bands (41.1441.54,45.89-45.93, and 
50.8-51.0 GHz), at 5 frequencies in each band. The incident power density 
was 2.5 mW/cm' for the 45.8945.93 GHz band and 10-fold less for the other 
two bands. Each nerve underwent a single 38-min MMW or sham exposure 
accompanied by an HRS train (20 paired stimuli/s for 17 min). The second 
stimulus in each pair was delivered during the relative refractory period, 9 
ms after the first one. HRS caused a temporary and reversible decrease of 
the amplitude and conduction velocity of compound action potentials. MMW 
irradiation attenuated these changes; the MMW effect on the conduction 
velocity could be caused by microwave heating, while the effect on the am- 
plitude apparently was not thermal. The amplitude changed significantly 
only in the test action potential (the one evoked during the refractory pe- 
riod), thus testifying to an improvement of the nerve refractory properties. 
This effect depended on MMW frequency rather than intensity and reached 

Address correspondence to: Dr. A. Pakhomov, USA-MCMR, U.S. Army Medical Re- 
search Detachment, 8308 Hawks Road, Building 1168, Brooks Air Force Base, San Antonio, TX 
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maximum at 41.34 GHz. A 100-MHzdeviation from this frequency (to41.24 
or 41.44 GHz) reduced the effect more than twofold, and a 200-MHz de- 
viation eliminated it. The results provided further evidence for the existence 
of frequency-specific, resonance-type mechanisms of MMW interaction 
with biological systems. 

INTRODUCTION 

Nonthermal, frequency-specific biological effects of millimeter waves (MMW) 
have been demonstrated in a variety of subjects, from isolated biomolecules to human 
beings (1-21), but most of the attempts to replicate these effects in an independent 
laboratory have not been successful (22-28; see Ref. 29 for review). This contention, 
at least in part, comes from essential differences in exposure facilities and techniques, 
along with the absence of reliable knowledge on what exposure particulars are critical 
to evoke a biological response. 

In many studies that revealed a bioeffect of low-intensity MMW, the frequency 
of the radiation was found to be a critical parameter, while the intensity was not. When 
several isolated MMW frequencies were tested, their ability to produce bioeffects was 
different (1-3), and even close MMW frequencies could cause opposite reactions (4-6). 
At the same time, the biological response at an effective frequency was virtually the same 
for field intensities differing by an order or several orders of magnitude (7,8,16,17). 

Still, little is known about the dependence of MMW effects on the frequency of the 
radiation. Development of response spectra requires stable effects and a lot of experi- 
mentation, and at the present time it has been accomplished by only a few investigators. 

In noncellular systems, the Mossbauer spectroscopy of lyophilized hemoglobin 
samples revealed at least 10 resonant frequencies in the 44.5-50.35 GHz band (9). 
Infrared spectroscopy also demonstrated that the deformational vibrations of NH3+ 
and COO- groups in amino acids are affected by MMW in a resonant manner (10). 
More than 20 resonances for alanine and 10 resonances for glycine were observed in 
the 37-100 GHz band, with the half-width of 60-80 MHz. 

Belyaev and co-authors (8,ll-13) established that the MMW effect on the 
anomalous viscosity time dependence of cell lysates (which, supposedly, reflects 
changes in chromatin conformation) has a bell-shaped dependence on the radiation 
frequency. The resonance frequencies for Eschen’chiu coli K12 cells were 41,324 f 1 
MHz and 51,765 f 2 MHz. The half-width of the resonance was about 80 MHz at an 
incident power density of W/cm2, and decreased to 3 MHz at lo-’* W/cm’. The 
resonances shifted to the lower frequencies for lysogenic E. coli strains with an in- 
creased DNA length. Similar results were obtained in rat thymocytes: the resonance 
was at 41,610 f 10 MHz, with the half-width of 20-50 MHz at 0.001 mW/cm’ (13). 

Resonance MMW effects on the growth rate of the yeast Succhuromyces cerevisiue 
have been consistently observed for over 20years (6,1617). Depending on the particu- 
lar frequency within a 41.8-42.0 GHz band, the growth rate of the irradiated yeast 
cultures either increased by up to 15%, or decreased by up to 29%. The resonant peaks 
were shown to be as narrow as 8-10 MHz. The authors have recently reported that the 
resonances become narrower when the field intensity is decreased “by some orders of 
magnitude” (16,17), thus providing a strong and independent confirmation to the 
above-mentioned findings with the E. coli genome (8).The frequency-specific growth 
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rate effects were also found in blue-green algae, Spirulinaplatensis, (18), and in yeast, 
Cundidu ulbicans (l) ,  but no response spectra were developed. 

The potency of different MMW frequencies to alter transmembrane currents was 
analyzed in Nitellopsis alga cells (5 ) .  Frequencies in the 38-78 GHz band were tested 
with a step of 1 GHz, and most of the frequencies were found to have a remarkable effect 
on the chloride current. However, the response spectrum did not reveal any clear depend- 
ence of the effect on the frequency: it appeared almost random, with the frequencies 
that suppressed the current to zero being next to those which enhanced it 2 4  times. Per- 
haps, an interval of much less than 1 GHz was needed to evince a resonance dependence. 

Comparison of the rate effects of MMW in isolated, in situ and in vivo frog hearts 
led the authors to a conclusion that the frequency dependence of the effects becomes 
smoother with increasing complexity of the physiological control mechanisms involved 
in the response of the subject (19). The response spectrum for the isolated pacemaker 
area of the heart was characteristic for each individual preparation and had at least 4 
extremes between 54 and 78 GHz. The peaks became less clear for exposures of the 
open heart in situ and disappeared when MMW were applied to peripheral areas that 
affected the heart rate via a reflex pathway. 

Our previous work was intended to reveal possible frequency-specific effects of 
MMW radiation on isolated nerve function (30,31). The functional indices employed 
were the compound action potential (CAE') conduction velocity, rise time and ampli- 
tude, as well as the nerve refractoriness and ability to tolerate a high-rate electrical 
stimulation (HRS). The experiments established no MMW-induced changes in CAP 
conduction and refractoriness except for thermal effects which occurred regardless of 
the radiation frequency at high enough field levels (2-2.5 mW/cm2, 0.3-0.4"C heating). 
Results with the last functional test, the HRS tolerance, were substantially different. 
MMW attenuated CAP suppression caused by the HRS, but only at certain frequencies 
of the radiation. Moreover, the extent of this attenuation at 2-2.5 mW/cm' (45.9 and 
51.4 GHz) was almost the same as at 0.25 mW/cm2 (41.2 and 50.9 GHz). These findings 
suggested a microwave-specific, frequency-dependent mechanism of interaction. 

The objective of the present study was to analyze the frequency dependence of 
this effect in more detail, as well as to confirm it in an independent series of experiments. 
Based on the observations done by other authors, the anticipated width of a frequency 
resonance, if any, was expected to be more than 3-8 MHz and less than 1 GHz. There- 
fore, we chose to carry out three sets of experiments, each set to compare the effects 
of five frequencies separated by 100 MHz, 50 MHz, and 10 MHz (ranges 41.14-41.54 
GHz, 50.8-5 1.0 GHz, and 45.89-45.93 GHz, respectively). 

MATERIALS AND METHODS 

Nerve Preparation and Data Acquisition 

Experiments were performed on an isolated nerve preparation (n. ischiudicus + 
n. peroneus) of the frog Rana berlundien or R. pipiens.*Active adult frogs (males) were 

*The use of animals was in compliance with the Animal Welfare Act and other federal 
statutes and regulations relating to animals and experiments involving animals and adhered to 
the principles stated in the Guide for the Care and Use of Laboratory Animals, NIH publication 
85-23. The animal use protocol No. AD4002 has been approved by the Armstrong Laboratory 
Animal Care and Use Committee. 
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kept in vivarium conditions (22-25"C, 30-70% relative humidity, 12 h light/l2 h dark 
diurnal light cycle) for at least 1 week prior to experiments. Animals were immobilized 
by pithing the brain and spinal cord. The sciatic nerve was isolated in a conventional 
manner, ligated and submerged into chilled Ringer's solution containing: NaCl 102.6; 
KCl 1.0; NaHC03 0.7; CaCI, 0.9 (mmol/L); pH 7.4-7.6. From this solution, the nerve 
was transferred into an exposure chamber and covered with mineral oil. A thin layer 
of oil over the preparation (0.3-0.5 mm) effectively prevented the nerve from drying 
and was virtually transparent to MMW. 

The chamber was equipped with two pairs of artifact-free saline bridge electrodes 
which contacted the opposite ends of the nerve. CAPs propagated from stimulating to 
recording electrodes through a 30-mm middle portion of the newe covered with the oil 
and exposed to MMW. The saline electrodes were designed so as to provide exactly the 
same positioning of every nerve preparation in the chamber. To eliminate biphasic CAP 
signals, the nerve was crushed between the two electrodes connected to the amplifier. 

A block diagram of the experimental setup is provided in Figure 1. CAPs were 
evoked by paired square pulses from a Grass Instruments Stimulator S8800 and re- 
corded on a Tektronics 2430 digital oscilloscope. We used a supramaximal nerve stimu- 
lation that was 2-5 V at 0.2 ms pulse width. Stimulating pulses were continually 
delivered at a rate of either 4 pairs/s (low-rate stimulation) or 20 pairs/s (high-rate 
stimulation, HRS). The interval between two pulses in a pair was 9 ms, so that the 
second CAP fell into the relative refractory period after the first one. Automatic on-line 
averaging of 16 consecutive CAP records was employed in order to improve the signal- 
to-noise ratio and to deemphasize the incidental CAP variability. The amplitude, la- 
tency, and peak latency of conditioning and test CAPs (i. e., the CAPs evoked by the 
first and the second stimuli in a pair, respectively) were measured every 5 min through- 
out the experiment. 

FIGURE 1. Block diagram of the setup employed for studying effects of the millimeter wave- 
length radiation on isolated nerve function. 
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The chamber was cooled to 11-12°C by the constant flow of chilled water from a 
thermostabilized water bath. This attenuated, but did not entirely prevent, nerve heat- 
ing by the radiation because of slow heat conduction through the mineral oil. The 
temperature in the chamber was monitored by a Luxtron Instruments model 850 mul- 
tichannel fluoroptic thermometer. The temperature probe was situated in the mineral 
oil, 2-3 mm from the middle of the nerve. As measured by this probe, microwave heat- 
ing at the maximum tested incident power density of 2.5-2.6 mW/cm2 did not exceed 
0.3-0.4"C, and at the lower power densities (0.25-0.27 mW/cm2) heating was not de- 
tectable. One should note that the local MMW heating values along the exposed site 
of the nerve could be different from the thermometer readings (this issue will be ad- 
dressed in more detail in Discussion). 

Irradiation and Dosimetry 

The microwave power generator (model G4-141, Russia) operated in a continu- 
ous-wave regime in the frequency range 37-53 GHz. The waveguide line included two 
attenuators, a 10-dB bidirectional coupler, a slotted section with a broadband probe 
for standing wave measurements, and terminated in a horn antenna. The horn was 
situated 52 mm above the isolated newe in the exposed chamber so that the nerve was 
aligned with the E-field. Exact radiation frequency and net input power to the horn 
were monitored via the coupler by an M3-21 wattmeter and Ch3-34/Ch5-16 frequency 
meter (Russia), or by an EIP model 548A frequency counter (USA). 

As a result of the intense absorption of MMW in biological tissues, the incident 
power density, rather than the specific absorption rate, should be used for charac- 
terization of exposure conditions. The incident power density was measured with a 
broadband electric field probe (Narda Microwave Corp., model #8721). The probe 
readings in 37-53 GHz range were verified by a comparison with the field values cal- 
culated by a free-space standard field method (32). Local field intensity measurements 
and field mapping were completed using a calibrated miniature flat crystal detector 
(Narda part #4824) and a computer controlled robotic tri-axial scanner. More details 
on the methods of field characterization and justification of the calibration procedures 
will be provided in a separate paper. 

Exposures at selected radiation frequencies in the bands 41.14-41.54 GHz and 
50.8-51.0 GHz were performed at the incident power density of 0.25-0.27 mW/cm2 on 
the axis of the antenna; the field intensity for the 45.8945.93 GHz band was 10-fold 
higher. The permissible inaccuracy of adjustment of the MMW frequency was 10 MHz 
for the first 2 bands and 2 MHz for the third band. MMW exposures at different fre- 
quencies randomly alternated with sham exposures, which were performed in exactly 
the same manner. For a sham exposure, the waveguide attenuators were tuned to maxi- 
mum (about 80 dB field attenuation), while the MMW generator and all other devices 
stayed turned on. Each nerve preparation received either a single exposure or sham 
exposure, each lasting for 38 min. 

Experiment Protocol and Data Analysis 

The high-rate stimulation (HRS) test is a sensitive tool that is commonly used to 
study functional changes in excitable tissues, including effects of electromagnetic fields 
in nerves (33-36). 
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CAPs evoked by a low-rate stimulation usually are remarkably stable for hours, 
while the HRS causes gradual decrease of the CAP amplitude and increases its latency. 
The ability of the nerve to tolerate the high-rate stimulation, which is also often referred 
to as the preparation “lability” or “vitality”(33,34), can be quantitatively assessed by a 
tolerance index (TI). For any time point t during the HRS, and for any chosen CAP 
parameter (amplitude, latency, etc.), TI is the ratio of the value of this parameter in 
this timepoint (V,) to its initial value before the HRS (Vi): 

TI, = V, 1 V, 

The stability of CAPs under low-rate stimulation makes it reasonable to take V, 
as an average of several CAP records, in order to reduce a TI calculation error that 
could potentially result from the incidental CAP variability. In this study, V, was calcu- 
lated as the average of three CAP records taken with 5-min intervals before the HRS. 

The HRS tolerance is characteristic for each individual nerve preparation, but 
varies substantially from one preparation to another, even for preparations taken from 
two legs of the same animal. The TI variability over a group of nerve preparations could 
mask or obscure an effect of electromagnetic radiation. These circumstances made it 
necessary to measure TI in each individual preparation first during an HRS train with- 
out any irradiation (to establish TI level characteristic for this preparation) and then 
during another HRS train accompanied with either MMW or sham irradiation (to find 
out whether the characteristic TI level will be changed by the treatment). 

Thus, each successful nerve preparation was subjected to the HRS two times, in 
two identical trials (Fig. 2). The HRS train duration was set short enough (17 min) to 

1 ~ , ~ , ~ 1 . 1 . I 1 . , . 1 ~ 1 . , 1 1  

0 10 20 30 40 50 0 10 20 30 40 50 

first trial. rnin second trial. min 

FIGURE 2. Timeline of experimental procedures employed in the study and an illustration of 
data processing. The top graph represents the original values of the test response amplitude (At, 
mV) measured with 5-min intervals during two consecutive 50-min trials. Both the trials are 
identical, except for a microwave or sham exposure (dotted area) during the second trial only. 
Boxes show the intervals of the high-rate stimulation (20 paired pulses/s), otherwise the stimu- 
lation rate is 4 paired pulseds. Lower graphs represent the tolerance index (TI) and relative 
tolerance index (RTI, %) values calculated from the raw data above; methods of the calculation 
are described in text. 
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avoid any irreversible effects on nerve function. The first trial began after sufficient 
stabilization of the preparation in the exposure chamber, which usually took from 40 
to 90 min. Each trial included recording of 3 datapoints before the HRS, 4 datapoints 
during the 17-min HRS train, and 4 more datapoints during the recovery period after 
the HRS. The time interval between the trials, as well as between the datapoints, was 
set at 5 min, which corresponded to a 38-min interval between the HRS trains. The first 
trial was always done without any exposure and was only needed to establish the indi- 
vidual TI values characteristic for each nerve preparation. In the second trial, MMW 
or sham exposure began 2 min before the HRS and continued till the end of the 
experiment. 

The ratio of TI’S in the matching timepoints t of the second and the first trials 
(RTI) served as an index of the exposure effect: 

RTI = . ( Z ~ ~ ,  ‘TI,) 100% = (2v, / *VJ / (w, / IVJ loo%, 
where the superscripts 1 and 2 correspond to the first and the second trials. Obviously, 
if the nerve tolerance to HRS has not been changed during the second trial, the RTI 
will be equal to 100%. One must note, however, that at least two factors other than 
MMW could cause RTI deviation from 100%: these are the gradual loss of the prepa- 
ration viability during its maintenance in vitro, and incomplete nerve recovery after the 
first HRS train. Hence, the obtained RTI values were compared not to the 100% level, 
but to the corresponding RTI values in experiments with sham exposure. 

The RTI values were calculated separately for each of six CAP parameters (am- 
plitude, latency, and peak latency of the conditioning and test CAPS) for every time 
point of the second trial. For convenience, these RTI values will be referred to below 
as “relative amplitude,” “relative latency,” and “relative peak latency” of the condi- 
tioning and test responses, and the time scales in subsequent figures and text will cor- 
respond to the second trial (0 min corresponds to the first timepoint of the second trial, 
and 50 min is the end of the entire experiment). 

A total of 82 experiments with MMW exposures at 15 different frequencies ( 5  for 
each band) and 11 experiments with sham irradiation were carried out. The RTI values 
for different preparations exposed at the same frequency (or at close frequencies within 
one of the bands) were averaged and compared with the sham exposure data. Statistical 
comparison employed a x’ test and t-test with Dunnet’s correction (37) when applica- 
ble. The MMW effect shown in the earlier series of experiments (31) was the increase 
of the test CAP relative amplitude by the end of the HRS. Therefore, one-sided tests 
instead of two-sided could now be employed for statistical verification of this effect. 
Other CAP parameters did not previously show statistically significant changes under 
MMW action, so their changes were still analyzed using two-sided confidence intervals. 

RESULTS 

The initial data analysis was intended to determine which CAP parameters are 
sensitive to MMW irradiation, and whether there are any major differences in the 
effectiveness of the three tested frequency bands. All the data for each frequency band 
were pooled together and compared with sham exposures; possible differences in the 
effectiveness of different frequencies within each band were disregarded at this time. 
This analysis established two statistically significant effects of irradiation, namely a 
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FIGURE 3. Millimeter-wave radiation effect on parameters of the conditioning and test com- 
pound action potentials (c-CAP and t-CAP, respectively). Parameters shown are the relative 
values of amplitude (A), peak latency (PL), and latency (L). Shown are two datapoints that 
correspond to the end of the high-rate stimulation train (30 min) and recovery after it (40 rnin). 
The data for different frequencies of the radiation within each studied band are pooled together: 
2.41.14-41.54 GHz band (n = 28), 3,50.8-51.0 GHz band (n = 25), and 4,50.8-51.0 GHz band 
(n = 30). Vertical bars are the standard error of the mean; asterisks indicate significant differ- 
ences ( P  c .05) from the sham exposure (1, n = 11). 

FIGURE 4. Effect of exposure at different frequencies in the 41.14-41.54 GHz band on the 
relative amplitude of the test compound action potential (A,). MMW irradiations at 0.25-0.27 
mW/cm2 and sham exposures began at 12 min and continued till the end of the experiment. The 
high-rate nerve stimulation (20 paired pulsesh) was applied from 14 min to 30 min, otherwise 
the rate was 4 paired pulses/s. Shown are the average values from 5-7 independent experiments 
in each MMW-exposed group and 11 experiments in the sham-exposed group. 
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decrease of CAP relative latency and an increase of the test CAP relative amplitude 
(Fig. 3). 

The CAP latency was decreased only by irradiation at the highest tested field 
intensity, i.e., at 2.5-2.7 mW/cm*, which was employed in the 45.8945.93 GHz band. 
This effect, although statistically significant, did not exceed 44% and showed the same 
time course and magnitude for all 5 MMW frequencies in this band. Most likely, this 
effect could be attributed to slight microwave heating of the nerve preparation. 

Another MMW effect, the increase of the test-CAP relative amplitude, was char- 
acteristic for all 3 bands. This effect reached maximum by the end of the HRS train 
(25-30 min into the second trial), similar to that found in our previous studies. The 
data for the recovery period after the HRS train were not different from the sham- 
treated group. Further analysis has established that this effect is critically dependent 
upon the radiation frequency (Figs. 4 and 5). 

Maximum increase of the test-CAP relative amplitude (22 ? 7% over the sham 
control) occurred in the 41.1441.54 GHz band at the median frequency of 41.34 GHz. 
A 100-MHz deviation from this “res0nant”frequency (to 41.24 or 41.44 GHz) reduced 
the effect more than twofold, and a 200-MHz deviation eliminated it. Within 2 other 
bands, the CAP increase was significant at 45.89,50.8, and 50.9 GHz, but no bell-shaped 
dependence of the effect on the radiation frequency was observed. Perhaps, the chances 
to reveal a resonance-like frequency dependence could be better if these two bands 
had the same or greater width than the first one. 

Figure 5 shows that at the same field intensity the effect ranges from maximum 
to zero, depending solely on the MMW frequency. At 41.34 GHz, the effect is more 

30 min into the second trial 
16 min of 20 pairs/s stimulation 
18 min of MMW exposure 

% AT 

T 

L 

SHAM - - - 
41.14 41.34 41.54 45.89 45.91 45.93 50.8 50.9 51.0 G H r  

FIGURE 5. Millimeter wave-induced changes in the test response amplitude by the end of the 
high-rate stimulation train. The incident power density was 0.25-0.27 mW/crn- for the 41.14- 
41.54 GHz and 50.8-51.0 GHz frequency bands, and about 2.5 rnW/cm2for the 45.8945.93 GHz 
band. Each datapoint is the average of 5-7 independent experiments in the MMW exposed 
groups and 11 experiments in the sham-exposed group. Note different frequency scales: the 
interval between the neighboring frequencies for the above bands is, respectively, 100 MHz, 50 
MHz, and 10 MHz. See Figures 3 and 4 for other explanations. 
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pronounced than, for example, at 45.90 and 45.93 GHz, despite the 10-fold increase in 
the incident power density. These results suggest that the mechanism of MMW action 
was different from microwave heating. 

DISCUSSION 

The results of this study confirmed that a short-term, low-level MMW irradiation 
can induce significant biological effects. As in our earlier experiments, MMW exposure 
at certain frequencies increased the test-CAP relative amplitude, or, in other words, 
irradiation attenuated the HRS-induced diminution of the test CAP. This effect can 
be interpreted as an improvement of the nerve refractory properties under the action 
of MMW. 

A key question about any study that demonstrates biological effects of a low-in- 
tensity microwave radiation is whether these effects could possibly result from micro- 
wave heating of the subject. The Luxtron fluoroptic temperature probe we used in this 
study was primarily intended to monitor the temperature of the medium to make sure 
it is stable throughout the experiment. Due to high insertion losses of MMW in bio- 
logical tissues, the local heating, particularly at the MMW-exposed surface of the sub- 
ject, might be substantially different from the gross heating measured by the thermome- 
ter. The microwave field in the vicinity of the horn antenna is nonuniform, meaning 
that the local field intensity values can be smaller or greater than the incident power 
measured on the axis of the horn. This results in the formation of so-called “hot spots,” 
which correspond to the local field maxima. Dimensions, spatial distribution, and tem- 
perature of the “hot spots” are highly dependent on the radiation frequency (38), and, 
hypothetically, this could be a reason for frequency-specific bioeffects of MMW. 

In our exposure conditions, the temperature and spatial distribution of the “hot 
spots” could not be measured directly. Another approach was to analyze the field struc- 
ture and compare the position and magnitude of local field maxima at different fre- 
quencies. This was accomplished by a detailed field mapping at all MMW frequencies 
used in this study. The maps were taken with 1-mm steps over a 40 x 40 mm area at 
the distance of 52 mm from the horn antenna. A sample field map for the frequency 
of 41.34 GHz is presented in Figure 6 .  The incident power density steeply decreased 
in the H-field direction from the geometrical center, but stayed fairly stable in the 
E-field direction. The actual area of interest is a narrow stripe in the middle of the map 
(shaded area), which corresponds to the position of the nerve preparation under the 
horn. 

Figure 7 shows the “center slices” of the field maps through this shaded area, i.e., 
they show the frequency-dependent field variations over the exposed length of the 
nerve. The maximum field variation within this 41.14-41.54 GHz band did not exceed 
1 dB, and the field variation for the other two bands was even less (apparently, because 
the interval between the tested frequencies in these two bands was also less). The dif- 
ference in the on-axis incident power employed for the 41.14-41.54 GHz and 45.89- 
45.93 GHz bands was about 10 dB; hence, any local field maximum for any first band 
frequency was well below any local field minimum for any second band frequency. 
MMW absorption in biological tissues for these two bands is almost the same (39), so 
the MMW heating at, for example, 45.93 GHz was greater than at 41.34 GHz in any 
portion of the nerve. If the mechanism of the MMW effect were thermal, then the 
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FIGURE 6. Sample field map developed for the frequency of 41.34 GHz at 52  mm from the 
edge of the horn irradiator. The vertical scale is the ratio of local and maximum incident power 
density values, in dB. The horizontal scales are the distance from the axis of the horn (in mm) 
in the E-field and H-field directions. To develop this map, the field intensity was measured in a 
40 x 40 mm square (1600 points with 1-mm intervals).The shaded stripe corresponds to the 
position of the nerve preparation. 

frequency of 45.93 GHz  at 2.5 mW/cm2 would be more effective than 41.34 G H z  a t  
0.25 mW/cm’. However, the dependence established in ou r  experiments was quite the  
opposite, so a thermal mechanism for the MMW effect on CAP relative amplitude can 
be ruled out. 

Another argument that the mechanism of the MMW action was not merely ther- 
mal comes from a comparison of the two observed biological effects: T h e  M M W  effects 
on the CAP relative latency and amplitude had different dependencies on the radia- 
tion frequency and intensity. The latency was affected by all the radiation frequencies 

GHz 41.14 41.24 41.34 41.44 41.54 

FIGURE 7. Nonuniformity of the incident power density over the nerve preparation for five 
radiation frequencies in the 41.1441.54 GHz band. The field intensity values are obtained as 
“center slices” through the shaded area of the three-dimensional field maps (see Fig. 6); each 
“slice” is 2 mm thick and 30 mm long, and corresponds to the position of the nerve preparation. 
The vertical axis is the ratio of local and maximum incident power density values, in dB. 
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applied at 2.5 mW/cm*, but not by other frequencies applied at 0.25 mW/cm’; the am- 
plitude could be affected or not at either field intensity, with a complicated dependence 
upon the frequency. If both the effects were thermal, then both should appear in the 
same irradiation regimes which produced more heat in the preparation, but this was 
not the case. Hence, at least one of the effects was not produced by microwave heating. 

The half-width of the frequency resonance observed at 41.34 GHz can be esti- 
mated as being 150-350 MHz, which is close to what has been reported by other inves- 
tigators. Surprisingly, the discovered effective frequency of 41.34 GHz was virtually the 
same as found in E. coli experiments (12). These authors demonstrated that the likely 
intracellular target for MMW is DNA, and that the resonance frequency depends on 
the haploid genome length. The isolated peripheral nerve does not contain the cell’s 
genome; however, DNA still can be found in mitochondria, and the structure of mito- 
chondria] DNA is similar to that of prokayotic organisms. It is too early to speculate 
whether mitochondria1 DNA could really play any role in MMW effects on isolated 
nerve function, but this possibility can be considered for future investigations. 

Another possible mechanism of the effect may be related to MMW effects on 
Ca*+-activated K+ channels in cell membranes (40,41). As demonstrated by the patch 
voltage-clamp method, a 20-min exposure at 42.25 GHz, 0.1 mW/cm’ altered the Ca?+ 
binding (Hill coefficient) and the open state probability of the channel. The same effect 
could be evoked using a MMW-exposed solution, without irradiation of the cell mem- 
brane. Irradiated solutions retained their ability to affect channel function for at least 
10-20 min after cessation of the exposure. Long-term changes in the state of water after 
exposure to low-intensity MMW could be demonstrated by physical methods directly 
(42). These results supposed that water could play a “universal receptor role” and 
mediate various biological effects of MMW. 

ACKNOWLEDGMENTS 

The work was performed while A. G. Pakhomov held a National Research Coun- 
cil-AMRMC Research Associateship and was supported by the US Army Medical 
Research and Materiel Command under contract DAMD17-94-C-4069 awarded to 
McKesson BioServices. The views, opinions, and findings contained in this report are 
those of the authors and should not be construed as an official Department of the Army 
position, policy or decision. The authors would like to thank J. C. Lee for his efforts in 
setting up the field mapping. 

REFERENCES 

1. Dardanoni, L., Torregrossa, M.V., and Zanforlin, L.: Millimeter wave effects on 
Cundidu albicans cells, J. Bioelectricity 4, 171-176,1985. 

2. Enin, L.D., Akoev, G.N., Potekhina, I.L., and Oleiner, V.D.: Effect of extremely 
high-frequency electromagnetic radiation on the function of skin sensory endings, 
Patol. Fiziol. Eksp. Ter. 5-6, 23-25, 1992. 

3. Potekhina, I.L., Akoev, G.N., Enin, L.D., and Oleiner, V.D.: Effects of the low-in- 
tensity electromagnetic radiation of the millimeter range on the cardio-vascular 
system of the white rat, Fiziol Zh (S.-Petersburg) 78,3541, 1992. 



FREQUENCY-SPECIFIC EFFECTS OF MMW 55 

4. Keilmann, F.: Resonant biological effects of microwaves, Physik. in Unserer. Zeit. 

5. Kataev, A.A., Alexandrov, A.A., Tikhonova, L.L., and Berestovsky, G.N.: Fre- 
quency-dependent effects of the electromagnetic millimeter waves on the ion cur- 
rents in the cell membrane of Nitellopsis: nonthermal action, Biofizika38,446-462, 
1993. 

6. Grundler, W., Keilman, F., and Froehlich, H.: Resonant growth rate response of 
yeast cells irradiated by weak microwaves, Phys. Lett. 6 2 4  463466, 1977. 

7. Berzhanskaya, L.Yu., Beloplotova, O.Yu., and Berzhanskii, V.N.: Effect of elec- 
tromagnetic radiation of extremely high frequency range on bioluminescence in 
bacteria, Millimetrovie Volni v Biologii i Meditcine 2,63-68, 1993. 

8. Belyaev, I.Ya., Alipov, Y.D., Shcheglov, V.S., and Polunin, V.A.: Dependence of 
resonance MMW effect on power density and cell concentration during exposure 
of E. coli cells at stationary and logarithmic phases of growth, in Abstr. 16th Annual 
Meeting of the Bioelectromagnetics Association, Copenhagen, Denmark, 1994, p. 
120. 

9. Deviatkov, N.D., Didenko, N.P., Zelentsov, V.J., Zolotov, S.V., Tsarik V.V., and 
Cha, V.A.: Resonance interaction of low-intensity millimeter-band superhigh-fre- 
quency radiation with hemoglobin, Radiobiologiia 23,80433, 1983. 

10. Berezhinslq, L.I., Dovbeshko, G.I., Lisitsa, M.P., and Litvinov, G.S.: Aminoacid 
crystals as the millimeter wave radiation sensors, in Abstr. First World Congress 
for Electricity and Magnetism in Biology and Medicine, Lake Buena Vista, FL, p. 
153,1992. 

11. Belyaev, I.Ya., Alipov, Y.D., and Shcheglov, V.S.: Chromosome DNA as a target 
of resonant interaction between Escherichia coli cells and low-intensity millimeter 
waves, Electro-Magnetobiol. 11,97-108, 1992. 

12. Belyaev, I.Ya., Alipov, Y.D., Polunin, V.A., and Shcheglov, V.S.: Evidence for 
dependence of resonant frequency of millimeter wave interaction with Escherichia 
coli K12 cells on haploid genome length, Electro-Magnetobiol. 12,3949,  1993.- 

13. Belyaev, I.Ya. and Kravchenko, V.G.: Resonance effect of low-intensity millimeter 
waves on the chromatin conformation state of rat thymocytes, Z. Naturforsch. [C] 

14. Grundler, W., Keilman, F., Putterlik, V., and Strube, D.: Resonant-like dependence 
of yeast growth rate on microwave frequencies, Br. J. Cancer 45,206-208,1982. 

15. Grundler, W., Jentzsch, U., Keilmann, F., and Putterlik, V.: Resonant cellular ef- 
fects of low intensity microwaves, in Biological Coherence and Response to External 
Stimuli, H. Frohlich, ed., Springer-Verlag, Berlin, 65-85, 1988. 

16. Grundler, W. and Kaiser, F.: Experimental evidence for coherent excitations cor- 
related with growth, Nanobiology 1, 163-176, 1992. 

17. Grundler, W.: Interactions of high frequency electromagnetic fields with biological 
systems, Neural Network World 5,775-778, 1995. 

18. Tambiev, A.Kh., Kirikova, N.N., Lapshin, O.M., Betzkii, O.V., Novskova, T.A., 
Nechaev, V.M., and Petrov, I.Yu.: The combined effect of exposure to EMF of 
millimeter and centimeter wavelength ranges on productivity of microalgae, in 
Millimeter Waves in Medicine and Biology, N.D. Devyatkov, ed., Radioelectronica, 

19. Chernyakov, G.M., Korochkin, V.L., Babenko, A.P., and Bigdai, E.V.: Reactions 
of biological systems ofvarious complexity to the action of low-level EHF radiation, 

16,33-39,1985. 

49,352-358,1994. 

MOSCOW, 183-188,1989. 



56 PAKHOMOV ETAL. 

in Millimeter Waves in Medicine and Biology, N.D. Devyatkov, ed., Radioelectro- 
nica, Moscow, 141-167,1989. 

20. Mikhno, L.E. and Novikov, S.A.: The mechanism of therapeutic action of millime- 
ter electromagnetic waves and their importance in treating cardiovascular diseases 
(a review of literature), Vrach Delo 10, 1418,1992. 

21. Rebrova, T.B.: Effect of millimeter-range electromagnetic radiation on the vital 
activity of microorganisms, Millimetrovie Volni v Biologii i Meditcine 1, 37-47, 
1992. 

22. Stansaas, L.J., Partlow, L.M., Bush, L.G., Iversen, P.L., Hill, D.W., Hagmann, M.J., 
and Gandhi, O.P.: Effects of millimeter-wave radiation on monolayer cell cultures. 
11. Scanning and transmission electron microscopy, Bioelectromagnetics 2, 141- 
150,1981. 

23. Bush, L.G., Hill, D.W., Riazi, A., Stansaas, L.J., Partlow, L.M., and Gandhi, O.P.: 
Effects of millimeter-wave radiation on monolayer cell cultures. 111. A search for 
frequency-specific athermal biological effects on protein synthesis, Bioelectromag- 
netics 2,151-159, 1981. 

24. Furia, L., Hill, D.W., and Gandhi, O.P.: Effect of millimeter-wave irradiation on 
growth of Saccharomyces cerevisiae, IEEE Trans. Biomed. Eng. 33,993-999,1986. 

25. Melnick, R.L., Rubenstein, C.P., and Birenbaum, L.: Effects of millimeter wave 
irradiation on ATP synthesis and calcium transport in mitochondria, Radiat. Res. 

26. Khramov, R.N., Sosunov, E.A., Koltun S.V., Ilyasova, E.N., and Lednev, V.V.: 
Millimeter-wave effects on electric activity of crayfish stretch receptors, Bioelec- 
trornagnetics 22,203-214, 1991. 

27. Alekseev, S.I. and Ziskin, M.C.: Millimeter microwave effect on ion transport 
across lipid bilayer membranes, Bioelectromagnetics 16, 124-131, 1995. 

28. Alekseev, S.I. and Ziskin, M.C.: Effect of millimeter waves on Lymnaea pacemaker 
neurons, in Abstr. 17th Annual Meeting of the Bioelectromagnetics Society, Bos- 
ton, MA, 1995, p. 44. 

29. Postow, E. and Swicord, M.L.: Modulated fields and “window” effects, in Hand- 
book of Biological Effects of Electromagnetic Fields, C. Polk and E. Postow, eds., 
CRC Press, Boca Raton, FL, 425460, 1986. 

30. Prol, H.K., Pakhomov, A.G., Akyel, Y., and Campbell, C.B.G.: A screening assess- 
ment of frequency-specific effects of millimeter waves on isolated nerve function, 
in Abstr. 17th Annual Meeting of the Bioelectromagnetics Society, Boston, MA, 
1995, pp. 110-1 11. 

3 1. Pakhomov, A.G., Prol, H.K., Akyel, Y ., and Campbell, C.B.G.: Low-level millirne- 
ter-wave radiation alters isolated nerve resistance to a high-rate stimulation, in 
Abstr. 17th Annual Meeting of the Bioelectromagnetics Society, Boston, MA, 
1995, p. 46. 

32. Larsen, E.G.: Techniques for producing standard EM fields from 10 lcHz to 10 
GHz for evaluating radiation monitors, in Electromagnetic Fields in Biological Sys- 
tems, Proceedings of a symposium, International Microwave Power Institute, 
Ottawa, Canada, 96112,1978. 

33. McRee, D.I. and Wachtel, H.: The effects of microwave radiation on the vitality 
of isolated frog sciatic nerves, Radiat. Res. 82,536546, 1980. 

34. McRee, D.I. and Wachtel, H.: Pulse microwave effects on nerve vitality, Radiat. 
Res. 91,212-218, 1982 

89,348-360,1982. 



FREQUENCY-SPECIFIC EFFECTS OF MMW 57 

35. Pakhomov, A.G.: Non-thermal microwave effect on the function of nerve fibers, 
Biophysics 38,367-371, 1993. 

36. Pakhomov, A.G., Dubovick, B.V., Kolupayev, V.E., and Pronkevich, A.N.: Effect 
of high-peak-power microwave pulses on isolated nerve function, Electro-Magne- 
tobiol. 12, 1-15. 1993. 

37. Dunnet, C.W.: A multiple comparison procedure for comparing several treatments 
with a control, J. Am. Statist. Assoc. 50, 1096-1121, 1955. 

38. Khizhnyak, E.P. and Ziskin, M.C.: Heating patterns in biological tissue phantoms 
caused by millimeter wave electromagnetic radiation, IEEE Trans. Biomed. Eng. 

39. Gandhi, O.P., Hagmann, M.J., Hill, D.W., Partlow, L.M., and Bush, L.: Millimeter 
wave absorption spectra of biological samples, Bioelectromagnetics 1, 285-298, 
1980. 

40. Geletyuk, V.I., Kazachenko, V.N., Chemeris, N.K., and Fesenko, E.E.: Dual ef- 
fects of microwaves on single Ca” -activated Kt channels in cultured kidney cells 
Vero, FEBS Lett. 359,85-88, 1995. 

41. Fesenko, E.E.,Geletyuk,V.I.,Kazachenko,V.N.,andChemeris,N.K.:Preliminary 
microwave irradiation of water solutions changes their channel-modifying activity, 
FEBS Lett. 366,49-52, 1995. 

42. Fesenko, E.E. and Gluvstein, A.Ya.: Changes in the state of water, induced by 
radiofrequency electromagnetic fields, FEBS Lett. 367,53-55, 1995. 

41,865-873,1994. 


