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ABSTRACT

A “millimeter wave” (MMW) is an electromagnetic oscillation with a wavelength
between 1 and 10 mm, and a corresponding frequency of 30 to 300 GHz. In the spectrum
of electromagnetic radiation, this band falls above the frequencies of radio waves and
microwaves, and below that of infrared radiation. Since the 1950s, frequencies in this
regime have been used for short range communications and beginning in the 1970s, a
form of therapy known as “millimeter wave therapy” (MWT)1, or microwave resonance
therapy, in some publications. This form of therapy has been widely used in the
republics of the former Soviet Union (FSU). As of 1995, it is estimated that more than
one thousand medical centers in the FSU have performed MWT and more than three
million patients have received this method of treatment. Despite the abundant use of this
form of medicine, very little is known about the mechanisms by which it works. Early
accounts of use are limited to Soviet government documents, largely unavailable to the
scientific public, and limited translations and oral accounts from FSU scientists and
literature reviews2. This anecdotal body of evidence lacks the scrutiny of peer-reviewed
journal publications. In order to gain more widespread acceptance in Western medicine,
the pathway through which this regime of the electromagnetic radiation spectrum affects
the human body must be rigorously mapped and quantified.
Despite the anecdotal nature of a large portion of the existing research on
biological MMW effects, a common link is the idea of an interaction occurring at the skin
level, which is transduced into a signal used at a remote location in the body. This study
i

explores a possible mechanism for the generation of this signal. The effects of
therapeutic frequency MMW on the ionic currents through two different types of ion
transport channels were studied, and the results are discussed with emphasis on how they
relate to possible changes in nerve signals used by the body for communication between
tissues in remote locations.
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CHAPTER 1
HISTORY OF MEDICAL USE

The development of precise and accurate generators of MMWs became a priority
of the Soviet government following World War II. For short-range communications, it is
desirable to use a range of frequencies with as little background interference as possible.
Although MMWs are a significant component of both normal emissions of the sun and
solar flares, as well as the emission spectra of many other stars, very little radiation in this
regime of the electromagnetic spectrum ever reaches the surface of earth. This is due to
atmospheric absorption which results from the presence of both liquid precipitation as
well as gaseous water, atmospheric oxygen (O2), and ozone (O3). By the mid 1960s,
tunable generators of this frequency band were widely manufactured. At this time, the
idea that MMWs may produce some biological effects started to take hold, which had
been proposed by N.D. Devyatkov, a prominent Russian academician who had been
instrumental in the early research of using MMWs for communication and the
development of the devices. He founded The Scientific Council on the Problem of
“Generation, Amplification, and Transformation in the mm Wave Band”3. On
Devyatkov’s recommendation, three wavelengths were approved by the Russian Ministry
of Health that could “produce healing effects without harming the patient”, specifically
4.9, 5.6, and 7.1 mm, with corresponding frequencies 61.22, 53.57, and 42.25 GHz. An
alternative school of thought, championed by by S. Sitko, a quantum physicist, was
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practiced by tuning generators in the range of 53-67 GHz to find an optimal frequency
specifically for the sensitivity of each patient.
As many as fifty conditions have been reported to be treatable through the use of
MWT. They largely can be grouped into three categories: sedative and analgesic effects,
anti-inflammatory and repair-stimulating action, and immune system stimulation4. The
list of conditions and diseases includes but is not limited to: gastrointestinal diseases such
as ulcers; diabetes; coronary artery disease and other cardiopulmonary conditions;
cerebral palsy; skin diseases such as psoriasis and dermatitis; and the enhancement of
bone healing and wound healing following traumatic injury. In addition, MWT has often
been used as an adjunct therapy, for instance, to alleviate the side effects of radiation and
chemotherapy in the treatment of cancer5. Some neurological afflictions, such as
chemical dependency and insomnia have also been treated with some degree of success.
In some cases, the treatment falls into two of the major categories, such as the use of
MWT in gastric ulcer patients, for which both the abatement of pain and the stimulation
of the body to repair the ulcerated tissue are essential to effective therapy.
For the treatment of external conditions, the application of MMWs occurs directly
at the site of the wound, rash, lesion, etc. By contrast, MMW irradiation is applied on the
skin at a site distant from the desired location of effect in the case of internal and
neurological ailments. Some specific areas are frequently used for the exposure: the
lower forehead (between the eyebrows or just slightly above), sternum, and hands. These
locations tend to be densely innervated and often correspond to what are referred to as
‘meridians’ in acupuncture, based on theories of East Asian medicine. A typical
2

therapeutic session consists of 15-60 minutes of radiation and a course of therapy
generally involves 10-15 sessions depending on the stage and type of disease being
treated6. Patients do not normally report feelings of warmth or tingling in the area of
application. Patients do sometimes feel relaxation or mild sleepiness, not unlike that of
many patients receiving acupuncture. Local heating of tissue averages a 1ºC increase
over an area of ~1cm2, with localized hotspots experiencing a temperature increase of no
more than 2.5ºC. Though this temperature increase is small, it is sufficient to be
perceived by thermoreceptors in the skin. The depth of penetration into the skin is
roughly 0.8mm, a depth at which there are free nerve endings present. Even in the case
of local effects, there is evidence that the impetus for wound healing begins from
stimulation of cutaneous nerves7.
Understanding the nature of the interaction between structures within this range of
penetration and the incident field is necessary to outlining a cascade of events that
translates the incident electromagnetic radiation into some signal that affects processes in
the body remote from the site of application. The anecdotal accounts of the FSU
primarily show concern with the overall effect on the body, and are predominantly
empirical and heuristic in nature. More recent FSU publications and the small body of
Western work have begun to investigate the specific systems, organs and types of cells
involved in the process. Ultimately, proving a specific reaction between the incident
radiation and a certain biological molecule or group of molecules would prove highly
beneficial to understanding the entire process by which MWT can produce an effect
within a living organism.
3

CHAPTER 2
RECENT LABORATORY STUDIES OF MACROSCOPIC
MWT-RELATED PHENOMENA

Some early Western investigations into the mechanisms of MWT have focused on
creating macroscopic animal models of phenomena reported to be treatable using MWT.
The group led by Alexander A. Radzievsky at Temple University Medical School’s
Center for Biomedical Physics under P.I. Marvin C. Ziskin has performed a sizable
number of controlled, double-blind studies of the analgesic effects of MMW exposure.
The ability of MWT to treat different forms of pain has been quantified using the coldwater tail-flick test (cTFT) and hot water tail-flick test (hTFT), which correspond to
chronic non-neuropathic and acute types of pain, respectively. The cTFT is widely
accepted as a quantitative assessment for the antinociceptive (preventing transmission of
pain) opioid-related effects of certain chemical drugs8. In either of the tail-flick tests, the
amount of time that lapses before the mouse removes its tail from the cold or hot water
bath is measured to assess the mouse’s tolerance for that type of pain. MWT has been
shown to significantly increase the duration of time mice are able to withstand a noxious
cold stimulus (ice water bath) applied to the tail, by roughly two-fold on average,
compared with sham-exposed mice9. Likewise, MWT shows a statistically significant
increase in the hTFT time compared with a thermally comparable control radiation
source. However, the increase in relief of the hTFT is not to the extent of that of the
cTFT, indicating that the use of MMW radiation is likely more effective for the treatment
4

of chronic non-neuropathic pain than acute pain10. Radzievsky et al have also established
a correlation between neural density in the exposed skin and the effectiveness of the
treatment. The application of MMW was performed on the glabrous hairless surface of
the mouse right hind paw. By surgically transecting the right sciatic nerve, the analgesic
effects of MWT were completely diminished11. In another study using the cTFT, a
correlation was shown to exist between the area of MMW exposure and its analgesic
effectiveness against noxious cold stimuli. Three areas of exposure were considered, the
nose, paw, and back, listed in order of decreasing density of free nerve endings per unit
area of skin. The mice exposed in the nasal area showed the greatest increase in
tolerance to chronic non-neuropathic pain over the control sham-exposed group, followed
closely by the group exposed at the paw. Those mice exposed on the back showed a
significant increase in pain tolerance compared to the control, but also significantly less
than that of the other two groups, establishing a correlation between the density of free
nerve endings at the site of exposure and the effectiveness of MWT12. The human analog
of the cTFT is the cold pressor test13. MWT was also found to increase pain tolerance in
human volunteers using this criterion14.
In addition to pain-suppressing effects, the treatment of pruritis, the itching
sensation, is of interest in delineating one of the physical pathways that MWT may
produce biological effects, specifically the three possible opioid pathways (mu, delta, and
kappa). Another study by Radzievsky et al observed and counted the number of
scratching movements performed by mice injected with 48/80, a pruritogenic compound.
Irradiation with MMW reduced the number of scratching movements per hour slightly
5

more than two fold over that of a group exposed to a sham (not transmitting) generator.
Treatment with (-)-naloxone, a kappa-opioid antagonist, blocked the anti-pruritic effects
of MWT, depending on the dosage used. Treatment with (+)-naloxone, a kappa-opioid
agonist, did not alter the effects of MWT15. This suggestion of opioid involvement is
backed up in another work by co-author Mikhail Rojavin, who studied the effect of
MMW exposure on the duration of chemically-induced anesthesia in mice. The
anesthetics used were ketamine and chloral hydrate. For both agents, exposure to MMW
increased the duration of anesthesia by roughly 50% compared to a sham-exposed group,
as quantified by measuring the time from the onset of loss of consciousness to the
mouse’s regaining of the ability to stand upright. Treatment with (-) naloxone again
negated the effects of MWT, producing a duration of anesthesia not significantly
different from that of the sham-exposed group16. The Radzievsky group further
investigated the role of the opioid pathways in the MMW treatment of chronic nonneuropathic pain and chronic neuropathic pain. Using the cTFT, and the wire surface
test, a means of quantifying chronic neuropathic pain17, the group compared MMW
treated mice that had specific opioid channels delta, mu, and kappa chemically blocked
by, respectively,: naltrindole methanesulfonate (NTI), β-funaltrexamine (β-FNA), and
nor-binaltorphine (nor-BNI). These groups were compared with a group of mice not
treated at all and with a group treated with MMW but given only a benign saline
injection. Those mice treated with the kappa-blocker nor-BNI showed cTFT times not
statistically different from those mice given no MWT, while the other blockers only
marginally diminished the hypoalgesic effects of MWT. While this again suggests a
6

likelihood of the involvement of the kappa-opioid channel, further tests showed an
increase of enkephalin in the brains of MMW- exposed mice, which is linked with the
delta-opioid channel18.
Further work has been done to pinpoint the relationship between observed effects
of MWT and the opioid pathways. My work with the group headed by Dr. Mahendra
Logani compared cytokine levels in mice treated with the aforementioned channel
specific blockers. In this work, the use of MWT as an adjunct therapy to mediate some
of the harmful effects of a chemotherapeutic agent, cyclophosphamide (CPA), was
investigated. CPA, used as an anti-cancer drug, disturbs the balance of Th1 (proinflammatory) and Th2 (anti-inflammatory) cytokines, which can lead to unpleasant and
potentially harmful side effects. The use of MWT tends to shift the balance of Th1 and
Th2 cytokines found in peripheral blood back in the direction of normal resting levels.
The use of blockers specific to the mu- or delta- opioid channels inhibited the ability of
MWT to restore this balance, in fact, exacerbating the disparity. Blocking the kappaopioid channel did not reduce the effectiveness of MWT, and additionally, similar results
were found in a group treated with a kappa-blocker and not exposed at all as for the
group exposed to MMW and treated with a kappa-blocker, raising the possibility that the
way MWT restores this balance may be through blocking the kappa-channel, rather than
through activating the others19. Earlier studies by the group analyzed the ability of MWT
to counteract the suppressive effect of CPA on T-cell function, critical to the immune
response in fighting off infection. Again, MMW exposure was found to restore the
Th1/Th2 cytokine balance, and increase proliferation of T-cell populations20,21,22.
7

Finally, another measure of immunocompetence, phagocytotic activity, known to be
diminished by the application of CPA, was restored by through the pairing of MWT with
CPA treatment23.
Additional evidence for the involvement of the opioid pathways has been
presented in a study of tumor growth suppression. MWT was shown to significantly
reduce the mass of B16F10 melanomas in mice. Moreover, the effect again was negated
by treating the mice with the kappa-opioid blocker naloxone24. In the previously
discussed works, examples were shown of the effects of MMW on cells’ systems that
were already chemically disturbed from the resting state, with the general trend appearing
that MWT works to restore the system back in the direction of the resting state. In the
case of tumor reduction, the role of MWT is to assist activation of the immune system to
attack the tumor. This may be accomplished through shifting the balance of cytokines in
the area of the tumor in the direction of increased Th1 activity. Such an investigation has
been performed by Szabo et al. Resting keratinocytes were exposed to therapeutic MMW
radiation. Intracellular levels of interleukin-1β (IL-1β), a pro-inflammatory Th1
cytokine, were shown to have a statistically significant increase25. Because keratinocytes
are by far the major component of the outer skin layers where both MMW are absorbed
and where the immediate effects of melanomas take place, activation of the anti-tumor
response is likely to originate in these cells.
To pinpoint the exact nature of the effects of MMW, it is necessary to continue
reducing the scale of the experiments, from the whole animal and tissue studies discussed
earlier, to investigations of phenomena in specific cells, and finally, exploring the
8

underlying physical events taking place at a molecular level. The Szabo paper mentioned
previously describes a one-way change in a pro-inflammatory cytokine caused by
irradiation of cells in a resting, normal state, which may serve to offer some explanation
of the effect seen in the tumor suppression study by Radzievsky. Conversely, the
majority of the cited works by the Logani group show a biphasic effect in which MWT
appears to restore the balance of cytokines in the direction of that of the resting,
unstimulated cell, and this trend can be chemically blocked through manipulation of
opioid pathways. The analysis of a number of studies of the effects of radiation on
specific types of cells and cell structures can shed more light on these seemingly
contradictory phenomena.
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CHAPTER 3
MICROSCOPIC EFFECTS OF MMW EXPOSURE AND UNDERLYING
MOLECULAR PHYSICS

The collection of works authored by the group of Stanislav I. Alexeev focus more
on the microscale direct physical effects of millimeter waves than the total macroscale
effect observed at the tissue, systemic, or organism level. The emphasis of this group was
focused on quantitatively modeling any thermal and chemical changes caused by
exposure to MMW. Of particular significance are several works that investigate possible
effects of MMW exposure on ionic currents. The passage of ions into and out of cells
plays a role in virtually all biological processes, and is especially important in the
transmission of signals via the nervous system in complex organisms. These ions include
sodium (Na+), potassium (K+), calcium (Ca2+), and others. The passage of these ions
across cell membranes primarily occurs at specific protein molecules which span the
membrane. The bulk of the membrane material is made up of non-polar phospholipid
molecules which allow very little passage of charged material. Ion transport can be
divided into three general categories, described by Hille26. The first is simple diffusion
across the phospholipid portion of the membrane, which accounts for a very small portion
of total transport. Next, there is diffusion at the transmembrane protein molecules, which
tends to occur at a far faster rate than that of the phospholipid regions. The two situations
can be modeled as resistors with several orders of magnitude difference in resistance.
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Finally, transportation against the gradient occurs at certain protein molecules, which
requires the input of energy from the cell, or some external stimulus.
The protein molecules bind a specific ion or group of ions and move them across
the phospholipid bilayer to the other side by changing the molecular shape of the protein,
known as conformation. The rate at which this process occurs depends on a number of
variables. The first is the concentration gradient, which produces a voltage difference
across the membrane depending on which side of the membrane there is a higher
concentration of that ion. Another is the rate at which the protein is able to change its
conformation. Finally, there is the rate of collision between the ion and the binding site
on the protein, which is influenced both by the concentration of the ion in the vicinity of
the binding site and the temperature of the surrounding medium. Energy needed to
induce the conformational change necessary to move the ion across the membrane may
come from the binding of the ion to the receptor site, from the cells metabolism, or from
an external source of energy such as an incident field of electromagnetic radiation, for
which a model is proposed by Astumian27. Radiation in the megahertz and gigahertz
range, which includes MMW, may be of the proper eigenfrequency to excite
conformational transitions in long, chained, polar molecules such as transport proteins,
according to Bohr et al28,29,30.
In attempting to pinpoint the effect of MMW exposure on ionic currents, the
simplest case to investigate is that of the membrane in the absence of any naturally
occurring transport proteins. In one such study, Alexeev constructed a synthetic bilayer
lipid membrane (BLM) embedded with some inorganic ion transfer channels and
11

measured the current of ions flowing across it31. The BLM can be modeled as a parallel
plate capacitor, which allows linking of the capacitance to the current measured through
it. Through dynamic real time measurement it was found that MMW exposure slightly
increased the rate of change of the current, indicating a decrease in capacitance. This
decrease in capacitance closely mirrored the increase in temperature caused by the
millimeter wave exposure. This can be explained in that the packing of the lipid
molecules would be expected to change with increasing temperature, which leads to a
reduction in capacitance. The effect was shown to be reversible, as the capacitance
returned to baseline levels as the temperature decreased back to room temperature.
Because the total change in ionic current found in this model was very small
(~1%), it makes sense to investigate more complex models, which include the
transmembrane proteins which facilitate the transport of most of the ions which enter and
exit the cell. Models for predicting ionic currents transmitted through molluscan lymnaea
(pond snail) neurons, which are used as a suitable analog for human neurons for some
phenomena, in varying ion concentration gradients have been established in previous
works by Alexeev32,33. Using this model, ionic currents of the lymnaea neuron were
analyzed during treatment with MMW. Currents, measured through use of the whole-cell
voltage clamp technique, were found to momentarily decrease, and then increase to a new
steady state rate significantly higher than the baseline. Elevating the temperature of the
neuron and surrounding bath at the same rate using other forms of heating provided an
effect not significantly different from that caused by MMW, indicating that the cause was
likely thermal in nature. The effect could also be produced by the selective application of
12

ouabain, a sodium pump inhibitor, which suggests that this particular effect may be due
to thermal sensitivity of the molecule which pumps Na+ ions against the concentration
gradient34. A similar investigation was performed regarding the effects of MMW
exposure on Ca2+ and K+ currents in the same lymnaea neurons. The thermal sensitivity
of the potassium channels followed the model proposed in the previous work35. The
effect was blocked through the application of ethanol, which counteracts the thermal
sensitivity of the channel.
While these effects follow logically from a thermal model, others do not. In a
study of kidney cells cultured from a marmoset, MMW exposure at nonthermal intensity
affected the ability of Ca2+-activated K+ channel proteins to bind calcium ions. The
authors, V.I. Geletyuk et al, note that the degree to which the binding affinity is increased
depends both on the initial sensitivity of the channel as well as the calcium ion
concentration gradient present36. Channel currents were measured using the patch-clamp
technique, isolating the channel protein of interest, as opposed to measuring current
transmitted through the entire cell, as in the studies on neurons. Further experiments by
this group performed on the same cells showed a biphasic effect, that is, channels with
low initial activity showed an increase in activity following MMW irradiation, while the
opposite was true for channels with high initial activity. An adjustable generator was
tuned at the frequency of 42.25 GHz to an intensity low enough to be considered nonthermal (2 mW/cm2), ruling out the likelihood of temperature dependent effects37. A
similar biphasic effect was also noted by Akoev et al in examining effects of millimeter
waves on electroreceptors in skates (Ampullae of Lorenzini). At non-thermal power
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levels, the receptor firing rate increased, depending on frequency. When irradiated at
power levels sufficient to cause measurable temperature increase, the firing rate was
inhibited, regardless of frequency. This effect could be duplicated through heating the
receptor environment through non-radiative means38.
More neuronal studies have been performed by the Pakhomov group funded by
the United States Air Force, with an interest in delineating thermal and frequency-caused
effects. In one group of experiments on isolated frog sciatic nerves, two distinct
phenomena were encountered39. The isolated nerves were stimulated by electrode either
at a low or a high rate of transmembrane voltage pulses and irradiated with MMW of
varying intensity and frequency. The irradiation was shown to produce a reduction of the
latency of the compound action potential (CAP) and an increase in the CAP amplitude.
This effect was proportional to the intensity of the radiation and independent of
frequency, and could be reproduced simply by heating the nerve and surrounding bath at
the same rate at which it was irradiated by the MMW. Another effect was noted,
however, only for the cases of high-rate stimulation. High-rate voltage pulse stimulation
caused a decrease in test CAP amplitude, which was attenuated by MMW of certain
frequencies, especially 41.34 GHz, regardless of intensity40.
A connection between the effects of irradiation on neurons and calcium dynamics
was explored in the works of V.S. Rao. Neuronal cells derived from mouse embryonic
stem cells were irradiated over a range of radiofrequencies between 700 and 1100 MHz,
with specific absorption rates ranging from 0.5 to 5 W/kg. Irradiation at 800 MHz
significantly increased the rate of calcium ion spiking within the cells41.
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Some connections between the opioid pathways and ion channels have been
established. Trends differ for Na+, K+, and Ca2+ channels. The affinity of both μ and δ
opioid receptors is decreased by the presence of large concentrations of Na+ ions, while
the affinity for antagonists is increased42. It has also been shown that activation of μ and
δ receptors increased inward K+ currents in whole cell experiments, which led to a
decrease in the neuronal firing rate43. The activation of any of the three types of opioid
receptors was found to inhibit Ca2+ currents in whole cell neural experiments44.
The connection between the effects of MMW and neuronal firing rates were
further explored by Pikov et al. Cortical pyramidal neurons extracted from SpragueDawley rats were irradiated at 60.125 GHz. A decrease in the firing rate was noted, even
in trials in which calcium signaling was chemically blocked. The author speculates that
the firing rate decrease is likely due to thermal effects of MMW causing an increase in K+
currents, and that Na+ currents were not likely affected45.
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CHAPTER 4
EXPERIMENTAL PHILOSOPHY AND PLAN

Despite the significant body of work devoted to exploring the nature of MMW
exposure effects on living systems, there are still considerable uncertainties that decrease
the likelihood of mainstream medical use. The clinical trials performed by the
Radzievsky group rely on macroscopic and subjective criteria, predominately patient
feedback. While the work done has shown a consistent relationship between nerve
density of the exposure site and effectiveness of treatment, it leaves the mechanism of
MMW interaction with the nervous system open to speculation. Likewise, the work of
the Logani group shows a consistent bidirectional effect in which MMW treatment
restores the balance of Th1/Th2 cytokines toward resting levels regardless of the
direction of initial perturbation. The issue with this is that cytokine levels in the
bloodstream and select tissues are subject to a large number of varying input stimuli,
many of which cannot be well controlled simultaneously. The studies of Alexeev show a
promising connection with those of the Logani group, but in the nervous system as
opposed to the endocrine system. In these works, the general trend also seems to be a
bidirectional effect, that of restoring neuronal firing rate in the direction of normal resting
levels, regardless of the direction of initial perturbation. However, the same criticism of
these findings can be made as those cited above. The firing rate of a neuron measured by
the whole cell voltage clamp technique depends on intake and output of ions through a
variety of different protein channels in cell membranes and internal organelles.
16

In summary, the consistent issue with much of the earlier work is that it employs a
“top-down” approach to solving the question of how MMW exposure produces systemic
biological effects, measuring quantities that may result from a number of variables that
are not entirely accounted for, and usually leaving underlying physical mechanisms
subject to speculation46. My goal, instead, is to take a “bottom-up” approach, measuring
a specific variable, ionic current through one type of channel measured by “patchclamping”, and comparing results with a molecular model that explains how this effect of
MMW exposure takes place. A review of the scientific literature shows that this is a
novel approach to understanding how MMW exposure can initiate a sequence of
physiological changes leading to a therapeutic effect. To date, the only other work
employing a similar method of exposing ion channel proteins to MMW and measuring
currents raises two concerns. First, the frequency used, 60.00 GHz, is not known to be of
use therapeutically, though it is in the MMW regime; and second, the temperature
increase allowed (>8K) was greater than that typically experienced (<2K) in tissue
irradiated for therapeutic purposes47.
In contrast to the whole cell voltage clamp used by Alexeev and many others to
record neuronal firing rates, patch clamping utilizes a micropipette to electrically isolate a
cell or a specific portion of a cell such as an ion transport channel protein and measures
the electrical current across it using an electrode. The resistance of the glass micropipette
is high enough to assume that virtually no current can pass across it. The technique is
described by Sakmann and Nehr48. Furthermore, a section of membrane with a known
composition in terms of number and type of channels can be removed and isolated, even
17

to the point of making a single channel recording. Moreover, this technique gives the
experimenter far greater control over the chemical composition on each side of the
membrane, allowing the gradients of specific ions to be more accurately determined.
These channel proteins are large complex molecules often broken up into smaller
domains according to composition, structure and function. The channel may be open,
allowing passage to a certain ion or molecule, or closed, denying passage. Whether the
channel is open or closed depends on the conformation, or shape, that the gating domain
is in. Different conformations of the domain correspond to different energy levels of that
portion of the molecule. These changes in energy level may come from changes in the
other domains of the protein, from collisions or bonding changes with atoms and
molecules in the local environment, or perhaps from some outside source of energy, such
as an incident electromagnetic field.
It is well known that ionizing radiation, waves with frequencies in the ultraviolet
regime and higher, can cause significant temporary and permanent changes in the bond
structure of biological molecules. The notion that some less energetic electromagnetic
fields can cause energy level changes in a biological molecule, especially those
containing electric dipoles, is also not new49. The use of patch clamping and advanced
microscopy has greatly increased the ability to measure these effects, especially over the
last two decades.
When considering which ion channel proteins are likely to be part of the pathway
by which MMW therapy operates, a number of factors must be examined. It is important
to take into account the location of the ion channel, its function in the body, and the
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molecular structure of the channel itself. The history of MMW research shows numerous
accounts of the importance of nerve density at the site of MMW application, so channels
present in the nervous systems of humans and mice, especially those found in free nerve
endings, are particularly of interest. Additionally, the number of works which show the
reliance of MMW therapy on the endogenous opioid system and levels of cytokines in the
bloodstream would indicate that channels which stimulate hormone release may play a
significant role in the mechanism.
The Slo1 BK (Big Potassium) ion channel is commonly found in mammalian
neurons, especially those of primates, including humans, as well as in some smooth
muscle cells and in many structures in the endocrine system. Its functions include roles
in the regulation of neuron firing rates, neurochemical signaling, muscle tension and
relaxation, hormone release, and pain reception50. This channel is also sometimes
referred to as maxiK, KCa1.1, or KCNMA1.
The Slo1 BK channel structure is tetrameric, in other words, consisting of four
identical Slo1 polypeptides, each containing seven transmembrane domains (S0-S6), as
well as two intracellular calcium sensing domains (RCK1 and RCK2, referred to as S7S8 and S9-S10 in some older literature)51. The presence of the S0 domain sets it apart
from most other voltage sensing potassium channels, which typically contain six
transmembrane domains. The domains S1-S4 serve as the voltage sensing unit (VSD),
with S5 and S6 forming the pore gating domain (PGD).
The Slo1 BK channel opens to move K+ ions across the cell membrane when
triggered by a combination of two stimuli: the voltage gradient across the cell membrane
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and the concentration of Ca2+ ions in the cytoplasm. As the voltage gradient across the
membrane increases, the likelihood of channel opening increases, and the K+ current
increases, due to K+ binding sites becoming exposed in the pore channel of the protein,
which help to move ions along in a way similar to peristalsis. Likewise, the binding of
Ca2+ ions in what is known as the “calcium bowl” of the RCK1 and RCK2 domains
allows the channel to open at lower voltages. The process is described by the ten-state
Horrigan-Aldrich (HA) model52,53,54,55,56,57,58. This model predicts the opening
probability of the channel for potential differences ranging from -300 mV to 300 mV, and
calcium concentrations ranging from 10nM up to 300μM49.
A number of studies have explored factors that may influence the potassium
currents through the Slo1 BK channel besides membrane voltage and intracellular
calcium concentration. Levels of magnesium59,60 as well as some other divalent cations,
such as Zn2+, are capable of lowering the voltage needed to trigger the gating mechanism.
In each case, it can be shown that certain alterations in to the amino acid sequence of the
calcium sensing domain can block the ability of these other cations to influence channel
opening. Certain molecules have also been explored as possible influences on Slo1 BK
channel behavior. Some, such as Omega-3 fatty acids, of interest due to their possible
beneficial effects on the cardiovascular system, show an ability to stimulate channel
action61. While the mechanism by which such large molecules affects ionic currents
through this channel is not entirely certain, some smaller molecules produce effects by
changing bonding groups in one of the calcium sensing domains. Some reactive oxygen
species, such as hydrogen peroxide, show an inhibitory effect through this
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mechanism62,63. Carbon monoxide, a small polar molecule, has been shown to increase
currents in this way64.
While the Slo1 BK channel’s overall structure and amino group profile are widely
accepted, the details of how exactly specific amino groups change position in the various
states of channel activation is still quite limited at this time. Only the pore gating domain
has been well mapped through microscopy49. Another potassium channel found in even
greater numbers in the membranes of neurons whose structure in many conformations has
been determined is the Shaker Kv family of channels. Specifically, the Shaker Kv 1.2/2.1
(Protein Data Bank ID: 2R9R) has had several of its open conformations mapped through
crystallography65,66.
Shaker Kv channels share most of the extracellular and transmembrane structure
of BK channels, with the exception being the S0 domain. The major difference in the
channels lies in the intracellular region, as Shaker Kv channels do not possess calcium
sensing domains. Thus, the triggering mechanism for opening the channel is the voltage
gradient across the membrane. Once opened, the conformation of the channel protein
determines how many potassium binding sites are exposed in the pore channel, which
limits the speed at which ions pass through the channel. A more detailed analysis of the
similarities and differences between the structure, behavior and function of Shaker Kv
and Slo1 BK channels is included in Chapter 7.
Experimentation with these channels will provide a number of potential benefits
to this research. Because Shaker Kv channels are commonly found in rodent nervous
systems, this may provide a possible connection between findings in human and mouse
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MMW therapy trials. Furthermore, the mapped structure of Kv1.2/2.1 can provide a
basis for simulations to compare with experimental results and attempt to more closely
pinpoint the nature of interaction between MMW radiation and channel proteins. Finally,
because these channels have no calcium-dependent component of gating, this could help
to point in the direction of the structures which Shaker Kv channels share in common
with Slo1 BK, and help to rule out a direct effect on the calcium sensing domains.
A series of experiments will be performed in which Shaker Kv channels are
exposed to MMW or IR radiation as transmembrane currents are measured at
superimposed voltage gradients ranging from -65 to -35 mV, in order to address the
following questions:
Q1. Can a similar effect be seen by irradiating Shaker Kv and Slo1 BK channels
with the same 42.25 GHz field?
Q2. Does another known therapeutic MMW frequency, 61.22 GHz, produce a
similar effect in the Shaker Kv channel, or does this frequency employ a different
pathway?
Q3. Can the effect on the Shaker Kv channel be duplicated by a thermally
identical field operating at a millimeter wave frequency (64.00 GHz) not known to be
used for therapeutic purposes?
Results for the exposure of the Shaker Kv channels will be compared with those
of the Slo1 BK channel to see if there is a similar increase of current through the channel
under MMW exposure compared to the baseline group not exposed to any MMW. The
Shaker Kv channel shares a similar pore gating structure with the Slo1 BK channel,
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particularly with respect to electrical polarity. If the pore gating domain of the Slo1 BK
channel is excited by MMW exposure at 42.25 GHz, a similar increase in current may be
observed by irradiating Shaker Kv channels at this frequency (Q1). Current
measurements will also be performed while irradiating channels using another source, an
adjustable millimeter wave generator tuned to a different therapeutic frequency, 61.22
GHz (Q2), and a frequency not previously thought to have any biological effects, 64.00
GHz (Q3). These controls will allow us to more clearly investigate whether the effects of
the 42.25 GHz are unique to that frequency. The use of the 61.22 GHz field will also
provide insight as to whether the different therapeutic millimeter wavelengths work
through the same channels.
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CHAPTER 5
MATERIALS AND METHODS

5.1 Thermal testing of MMW generators
Preliminary testing of therapeutic MMW producing devices has been performed.
Thermal maps have been generated using an infrared (IR) camera system manufactured
by Amber Engineering of Goleta, CA, a division of Raytheon, which produces 256x256
pixel image maps. A two-point linear calibration procedure is used to convert pixel
values to temperature values, by taking images of two standard reference bodies held at
different temperatures. The calibration source used was the Mikron M320 Blackbody
Calibration Source Calibrator, manufactured by Mikron Instrumentation of Wyckoff, NJ.
The MMW producing devices tested were the “YAV” and “G4-141”, manufactured by
Istok in Fryazino, Russia. The YAV device is specifically designed to produce
therapeutic intensity MMW at one particular frequency, 42.25 GHz, while the G4-141 is
tunable to a range of frequencies and intensities, shown in figures 1 and 2.
The apparatus for these experiments has been described and illustrated in figure 3
by Khizhnyak and Ziskin67. A “phantom” used to simulate the thermal characteristics of
skin is constructed of filter paper saturated with water covered with a polyethylene film
to prevent evaporation clamped in a clear plastic holder. The polyethylene was chosen
because of its very low attenuation of MMW. The phantom is heated from one side by
the generator, while images are taken from the opposite side with the IR camera, using
PC control. Images were taken at regular time intervals during irradiation of the target.
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Figure 1: “YAV 7.1” device for producing therapeutic millimeter wave radiation with
wavelength 7.1mm, frequency 42.25 GHz
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Figure 2: “G-141” adjustable generator for frequency regime 37.50 to 53.57 GHz
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Figure 3: Experimental setup for measuring heating of a water phantom by

MMW Images are collected and processed using Amber-View, a program
distributed by Amber Engineering along with the camera, and ImageJ, a freeware
program distributed by NIH. ImageJ is used to analyze and quantify the images,
producing two and three dimensional numerical maps of temperature versus position
data. Data is exported in list form, which is compiled into spreadsheets using Microsoft
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Excel. Finally, the data is fitted to numerical profiles using algorithms written for Matlab
and MAPLE.
Analysis of the data has shown agreement with the spatial and temporal
distributions proposed by Alexeev and Ziskin68. These distributions fit the bioheat
equation originally postulated by H.H. Pennes69. For analysis in cylindrical polar
coordinates, the bioheat equation is given as:

ρC p

 ∂ 2T 1 ∂Tt ∂ 2Tt
∂T
= k ∗  2t +
+ 2
∂t
r ∂r
∂r
 ∂z


 − Vs ∗ (Tt − Tb ) + Q ( z , r , t ) (1)


where ρ is the mass density of tissue being heated (kg/m3), Cp is the specific heat
of the tissue (J/kgºC), Tt is the temperature of the tissue (ºC), Tb is the temperature of the
blood (ºC), k is the coefficient of heat conduction for the tissue (W/mºC), z is the depth
into the skin (m), r is the distance from the center of the incident beam of radiation (m),
Vs is the coefficient of blood flow (W/m3ºC), and Q(z,r,t) is the heat deposition function
(W/m3). Vs is determined by the following:

Vs = fb ∗ ρb ∗cb (2)
where fb is the specific volumetric blood flow rate, ρb is the mass density of blood,
and cb is the specific heat of blood. The heat deposition function is calculated through:

Q(z, r, t ) =

2 ∗ (1 − R)

δ

−2 z

∗ I0 ∗ e δ ∗ S (r ) ∗ u(t ) (3)

in which R is the power reflection coefficient, I0 is the peak power density, δ is
the penetration depth of MMW into the skin, S(r) is the incident power density (IPD)
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distribution on the surface of the skin, and u(t) is the unit step function, 0 before the
generator is turned on, 1 while it is running.
Alexeev proposes a numerical solution of equation (1) using the Crank-Nicolson
method70. If a broad-beam exposure is assumed, that is, if the surface area heating is
assumed to be constant with respect to r, rendering equation(1) to be one-dimensional,
and then the simplifications of dropping the radial derivatives will allow equation (1) to
be solved analytically, using Laplace transforms for the transient solution. This analytic
method is detailed in the earlier work of Foster et al71. Application of the numerical
method to the simplified case has not shown distinguishable difference from the analytic
solution.
For the generators being used in this case, however, the more accurate two
dimensional narrow-beam solution is preferred. A few differences arise in the analysis of
temperature patterns for the phantom as opposed to in vivo measurements on human skin.
For human skin, the temperature distribution is taken at a depth of z =0, while the
temperature map for the phantom is taken from the back side of the target, at a depth of z
=0.22 mm. The density used is the mass density of liquid water, rather than the average
density of human forearm tissue, and the specific heat of tissue is likewise replaced with
that of water. Instead of using the properties of blood, it is air that circulates over the
phantom, removing some of the heat generated by irradiation.
Using a circularly symmetric Gaussian distribution for S(r) produces the best fit
of the temperature data:

S (r ) = e− cr (4)
2
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with a value of c= 3 .6 ± 0 .3 / cm 2 . By using this expression in the heating
deposition function, a numerical distribution of temperature can be approximated for a
given position in an irradiated sample for some time during the experiment.

5.2 Preliminary Slo1 BK Experiments
Slo1 BK channels of the specific mutation U11058 were expressed transiently in
human embryonic kidney HEK-tsA cells using the FuGene method (Roche).
Macroscopic potassium ion currents were recorded in the inside out configuration using
an AxoPatch 200B amplifier (Axon Instruments). Electrodes were pulled from 1010
glass, wax coated to greatly reduce capacitance to less than 10 picofarads, and fire
polished. The input resistance of the electrodes used was ~1MΩ, measured in the bath
solution, and compensated in the recordings. Capacitative and leak currents were
subtracted using a P/6 protocol from the leak holding voltage of -50mV. Currents were
recorded at low gain (<2mV/pA) to minimize capacitive transients. The voltage-clamp
amplifier had three main characteristics; a 10-MΩ feedback resistor on the head stage for
fast frequency response, supercharging for quick voltage steps, and series resistance
compensation, with a tuning circuit to allow near complete compensation. Linear leakage
and capacitance were subtracted by scaling current recorded during a negative-going
control step, from -140mV to -80 mV.
The extracellular solution contained 140mM KCl, 2mM MgCl2, and 10mM
HEPES, at a pH of 7.2. For experiments in which the calcium domain was not to be
chemically activated, the internal solution was kept free of divalent cations and contained
30

140mM KCl, 11mM EGTA, 10 mM HEPES at a pH of 7.2. The presence of EGTA
binds any possible calcium, reducing free calcium ion concentrations to levels no higher
than 0.8nM, far below the threshold for activation of the calcium sensing domains. For
experiments in which the calcium domain was to be activated, calcium concentration in
the intracellular solution was varied from 0.001 to 0.120 mM.
Data was filtered through the built-in 4-pole Bessel filter circuit of the patch clamp
amplifier at 10kHz and digitized at 100kHz with an ITC-16 DA/AD converter interface
(Instrutech). Although the likelihood of interference from the 42.25 and 61.22 GHz
MMW generators was minimal because of the 1000-fold difference in frequency regime,
aluminum shield was still used for protection against electromagnetic interference. Data
acquisition was controlled through software packages PulseFit and PatchMachine on an
Apple Macintosh computer. Data was analyzed with PatchMachine and processed with
IgorPro and Microsoft Excel running on and Apple Macintosh and Dell Optiplex
computers.
Before measurements of current through the patch could be performed, a seal of at
least one gigaohm must be achieved by applying light suction through the pipette until
such a seal forms against the cell membrane. Calcium levels and transmembrane voltage
were set to the desired level using the bath solution controls. Current levels were
considered stable when variations of less than 5 pA were present, and then the MMW
generator was started. After 30 seconds, which fully allowed the generator signal to
stabilize in intensity, the patch current was recorded, and the solution concentrations were
then adjusted to the next desired level, and another measurement taken. Four upward
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sweeps and four downward sweeps of transmembrane voltage were performed per trial,
from 0 mV to 200 mV. Two trials were performed on a control group, with no radiation,
and three for a group radiated at 42.25 GHz with the YAV device.

5.3 Shaker Kv Experiments
Shaker channels were heterologously expressed in HEK cells obtained for
American Tissue Type Collection by transient transfection of cytomegalovirus promotercontaining plasmid DNAs with FuGene6 (Roche). Enhanced GFP was used as a
transfection marker. The channel mutant used in the experiments was ShBΔ6–46 T449V,
which lacks both N- and C- type inactivation. Transfected cells were plated at a low
density on poly-L-lysine coated coverslips and used for electrophysiological
measurements within 72 hours.
Data were acquired in the inside-out patch-clamp configuration using the

aforementioned pipettes of ∼1 MΩ initial resistance when filled with solution. The

external recording solution contained 146mM NaCl, 2mM KCl, and 5mM Tris pH7.0.
The internal solution contained 112 mM K gluconate, 30 mM KF, 20mM KCl, and 5mM
Tris pH 7.0.
For trials in which MMW exposure was performed, two generators were used, in
order to investigate possible frequency dependent effects. The first was a “YAV7.1”
millimeter wave generator (Istok, Fryazino, Russia). The output beam was directed
through use of a series of passive rectangular waveguides, 60 cm in total length, with an
operating range of 33-50 GHz, with internal dimensions 2.6mm x 5.2mm. At the end, the
32

open waveguide was directed through the glass pipette in which the cell membrane patch
was held in solution, with the center of the beam directed as accurately as possible at the
sample. Output power was controlled through use of an amplifier (AMP-22-01120,
Millitech Inc., Northampton, MA) with a frequency range of 41-46 GHz and input
voltage of 0-10V. The amplifier was powered by an adjustable 0-12V external DC
voltage source (Wild, Heerbrugg, Switzerland).
The second generator used was manufactured by Millitech custom for the Temple
University Medical School Center for Biomedical Physics. Its output frequency range
was 60-64 GHz, produced by coupling a 15-16 GHz generator with a 4x frequency
multiplier. Adjustment of frequency was performed through an external 0-20 V
adjustable DC voltage source (RCA, Harrison, NJ). Beam direction was performed by
the construction of a passive waveguide setup 60 cm in length, with an operating
frequency range of 50-75 GHz, and internal dimensions of 1.8mm x 3.6mm. The
generator and waveguides are shown in figures 6 and 7.
Output power for both devices was measured through use of a power meter
ML4803A (Anritsu), with a power sensor head MP714A for the 33 to 50 GHz frequency
range and MP716A for the 50 to 75 GHz range. Measurements were taken at the end of
the waveguide setup to determine the incident power density of the beam as close as
possible to the target.
Localized heating was estimated through infrared photography of a water-based
phantom to measure temperature increase, and reflectivity measurements to determine the
fraction of power “seen” by the target.
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Once a stable seal of 1 gigaohm between the pipette and cell membrane was
achieved, current measurements could be performed. For each measurement, the
transmembrane voltage was adjusted to the desired level using the solution controls,
current level was allowed to stabilize, and then the MMW generator was started. After
30 seconds, the current was recorded, and the transmembrane voltage would then be
adjusted to the next desired level, and another measurement taken. Nine trials were
performed for each of four groups each consisting of two upward and two downward
sweeps of transmembrane voltage, from -64mV to -38mV, except for the group irradiated
at 42.25 GHz, for which eight trials were performed,. Results for each of the nine trials
consist of the calculated average from the four voltage sweeps. The four groups were a
control, in which no radiation was used, a thermal control, in which the patch was
irradiated with a 64.00 GHz field from the adjustable Millitech generator, and the two
experimental groups irradiated at 42.25 GHz by the YAV device and at 61.22 GHz by the
Millitech device. 64.00 GHz is not considered a therapeutic frequency, but is in the same
frequency regime as the 60.00 GHz used in thermal experiments by the Bezanilla group
with a similar Millitech apparatus47.

5.4 Reflectivity Estimation Procedure
The intended target of the incident radiation, the patch of cell membrane through
which ionic currents are measured sits in solution inside a glass pipette, meaning that the
beam must pass through two interfaces before reaching its target, the air-to-glass
interface, and the glass-to-solution interface. In order to give a rough estimate of the
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amount of power reaching the cell membrane patch, an experiment was performed to
measure the reflectivity of a thin glass surface for the frequency regime used in these
experiments. Coupling this data with the assumption that the solution has the same
absorbance and heat capacity as water for an electromagnetic field in this frequency
regime, one may estimate a possible range of incident power seen by the section of cell
membrane.
The system used to measure the reflectivity is constructed as follows. An
adjustable millimeter wave generator (Model G4-141, Istok, Fryazino, Russia) is
connected to a precision attenuator (Model D3-37, Istok, Fryazino, Russia). The beam
then passes through a directional coupler to an open waveguide, at the end of which the
target is placed flush, so that the beam hits it as perpendicularly as possible. The
reflected portion of the beam passes back through the directional coupler and is
transmitted via a BNC cable through a signal amplifier to an oscilloscope (GOS-620,
Good Will Instrument Co., New Taipei City, Taiwan). When the object is placed at the
end of the waveguide, the amplitude of the sinusoidal waveform is measured on the
oscilloscope. The object is then replaced with a small flat piece of metal, which may be
assumed to be a perfect reflector for this frequency regime. The precision attenuator is
then adjusted until the signal on the oscilloscope shows the same amplitude as for the
object. When this occurs, the attenuation, A, level is measured in dB, and the process is
repeated for the next frequency. The reflection coefficient, R, which varies with
frequency, is then calculated from the measured attenuation by the equation:
= 10
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Illustrations and pictures of this experimental setup can be found in figures 4 and
5. This procedure has been used with widely accepted results72. Reflection coefficient
data can be seen in figure 9. For the 42.25 GHz field, over 45% of the field is reflected
back by the glass of the pipette, while for the 61.22 GHz field, only roughly 5%
reflection occurs. In order for the power level reaching the patch to be as close to equal
as possible, the 42.25 GHz field was amplified to a greater power than that of the 61.22
GHz field. For the 42.25 GHz experiments, the voltage input for the amplifier was
adjusted to produce a peak power of 80 mW at the waveguide opening, which
corresponds to a power density of 591.7 mW/cm2. Based on reflectivity measurements,
an approximate depth of 0.5 mm of solution between the pipette wall and membrane
patch and past estimates of power deposition in water solutions73, it can be conservatively
estimated that the patch would experience an intensity not exceeding 90 mW/cm2, and no
less than 50mW/cm2. Correspondingly, peak power for the 61.22 GHz experiments was
amplified to 50 mW in order to produce a comparable level of intensity at the patch,
confirmed by a temperature measurement with a thermocouple probe shown in figure 8
inside a solution filled pipette. With no bath circulation present, temperature increases
were between 0.6K and 0.8 K for the first thirty seconds after the start of the generator,
and reached a steady temperature of 1.4K to 1.5K above starting temperature after two
minutes.
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Figure 4: Experimental setup for determining reflectivity of various interfaces for
MMW radiation of 37.50 to 53.57 GHz
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Figure 5: Waveguide splitter, power meter and sensor head for 37-54 GHz regime,
oscilloscope and precision attenuator
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Figure 6: Millitech adjustable generator for frequency regime 60.00 to 64.00 GHz, with
adjustable voltage source for frequency adjustment
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Figure 7: Passive waveguide and power sensor head for power meter for 54-78 GHz
regime
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Figure 8: Temperature monitor for thermocouple probe
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Figure 9: Reflection coefficient from air-pipette glass interface due to millimeter wave
irradiation . Error bars represent standard deviation of the mean
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CHAPTER 6
RESULTS AND ANALYSIS

For the preliminary Slo1 BK channel measurements, the PatchMachine software
routine was programmed to collect current measurements for 200 equally spaced voltage
readings as the voltage was swept from -0 to 230 mV. Because the maximum current
may vary greatly from trial to trial, as some channels become semi-permanently inactive,
direct comparison of channel currents is not desirable as a means of assessment. For the
purposes of comparison, it is preferable to use the open channel probability, a non
dimensional variable, denoted by G calculated from the current and the maximum current
for that trial:
( )
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)
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V is the transmembrane potential, while V0.5 is the half activation potential. Q is
the valence and F is Faraday’s constant. Plots of

( )

versus transmembrane voltage and

the confidence intervals for the preliminary Slo1 BK experiments are shown in Figures
10 and 11. For the Shaker Kv experiments, they are shown in Figures 12 through 16.
Confidence intervals for the data are shown in figures 21 through 28.
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Figure 10: Channel open probability for Slo1 BK irradiated at 42.25 GHz versus control
(no irradiation) (N=2). Error bars represent standard deviation of the mean

44

Figure 11: Confidence interval for Slo1 BK channel open probability with no radiation
(black) and 42.25 GHz irradiation (red)
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Figure 12: Channel open probability data for all four groups, Shaker Kv channels
irradiated at experimental frequency 42.25 GHz (purple) (N=8), experimental frequency
61.22 GHz (green) (N=9), thermal control frequency 64.00 GHz (orange) (N=9), and no
irradiation (black) (N=9). Error bars represent standard error from the mean
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Figure 13: Channel open probability data for channels exposed to 42.25 GHz versus
control (no irradiation). Error bars represent standard error from the mean
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Figure 14: Channel open probability data for channels exposed to 61.22 GHz versus
control (no irradiation). Error bars represent standard error from the mean
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Figure 15: Channel open probability data for channels exposed to thermal control (64.00
GHz) versus control (no irradiation). Error bars represent standard error from the mean
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Figure 16: Channel open probability data for channels exposed to 42.25 GHz versus
61.22 GHz. Error bars represent standard error from the mean
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Figure 17: F-test for difference of means between channels irradiated at 42.25 GHz
versus 61.22 GHz (purple) and vice versa (orange) at confidence levels of 90%, 95% and
99%
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Figure 18: F-test for difference of means between channels irradiated with thermal
control frequency (64.00 GHz) versus channels not irradiated (purple) and vice versa
(orange) at confidence levels of 90%, 95% and 99%
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Figure 19: T-test for difference of mean channel open probability between channels
irradiated at 42.25 GHz and 61.22 GHz
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Figure 20: T-test for difference of mean channel open probability between channels
irradiated at 64.00 GHz and not irradiated
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Figure 21: Comparison of 90% confidence intervals for channels irradiated at 61.22
GHz versus non-irradiated channels
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Figure 22: Comparison of 90% confidence intervals for channels irradiated at 42.25
GHz versus non-irradiated channels
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Figure 23: Comparison of 90% confidence intervals for channels irradiated at 64.00
GHz versus non-irradiated channels
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Figure 24: Comparison of 90% confidence intervals for channels irradiated at 61.22
GHz versus channels irradiated at 42.25 GHz
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Figure 25: Comparison of 99% confidence intervals for channels irradiated at 61.22
GHz versus non-irradiated channels
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Figure 26: Comparison of 99% confidence intervals for channels irradiated at 42.25
GHz versus non-irradiated channels

60

Figure 27: Comparison of 99% confidence intervals for channels irradiated at 64.00
GHz versus non-irradiated channels
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Figure 28: Comparison of 99% confidence intervals for channels irradiated at 61.22
GHz versus channels irradiated at 42.25 GHz
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The error bars in the plots of open channel probability represent the sample standard
deviation with N-1 degrees of freedom:
=
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where X is the mean of the open channel probability, xi is the channel open probability
for the i-th trial and N is the number of trials.
The upper and lower bounds for the confidence intervals are given, assuming that
we do not know the true variance, but only the sample standard deviation:
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where t is given by the Student’s t distribution for the α level of confidence.
Tests were performed first to determine if it could be said that the variance of two
groups are the same for a particular confidence level based on the sample variances,
knows as the F-test, and then to determine if the means of two groups are different,
known as the T-test. For the F-test, a value known as R12 is computed:
4
12
3
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The null hypothesis is assumed, that the population variances for groups 1 and 2

are the same. R12 is then compared with 5(3

,(4

,∝ .

If 5(3
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,∝

is less than R12,

then the null hypothesis is accepted. Results are shown in figures 17 and 18.
For the T-test between groups 1 and 2, the value of R12 is given by:
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where SW is known as the pooled estimator of the common population variance given by:
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The null hypothesis assumes that the population means of groups 1 and 2 are the

same. R12 is then compared with the test statistic .(3

(4 ' .

If R12 is less than .(3

(4 ' ,

then the null hypothesis is accepted. Results are shown in figures 19 and 20. These
formulas, and all distribution values used in analysis, were taken from Serrano74.
It can be seen from inspection that each irradiated group showed an increase in
channel open probability from the control group for at least part of the voltage range
tested for both types of channel. However, it is somewhat more convenient to look at the
data in terms of the “shift” in voltage dependence that occurs due to MMW exposure,
since the curvature of the data still shows roughly the same sigmoid shape, but shifted a
certain number of millivolts to the left in each case.
For the sigmoid shaped channel open probability curves, the region from PO = 0.3
to PO = 0.7 is nearly linear. To more simply illustrate the leftward shift of the curves, this
portion of the data has been plotted in figures 29 and 30, with a linear regression
performed and the equations displayed in the figure. It can be seen from this data that the
leftward shift in the Slo1 BK channels is roughly twice that of the Shaker Kv. This is
consistent with existing work on Slo1 BK channels which tend to show fairly large shifts
64

in the probability curve in comparison with purely voltage-gated channels, such as
Shaker Kv. The leftward shift is also accompanied by a slight reduction of the slope for
the linear portion.
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Figure 29: Leftward shift of Linear Portion of Channel Open Probability Curve for Slo1
BK
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Comparison of Regression Analysis for
Linear Section of Shaker Kv ProbabilityVoltage Curves
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CHAPTER 7
DISCUSSION AND CONCLUSIONS

7.1 Connection of Ionic Currents with MMW Effects
For a more complete understanding of how there can be a therapeutic effect from
a MMW exposure, there must be a knowledge of what change can be caused in a
molecule, an organelle, a cell, or some tissue by the absorption of radiation at these
frequencies. Experimental data from studies of these phenomena must be examined in
the light of what is known about the physical processes that occur when the human
body’s regulatory systems perform actions of maintenance and repair. The idea is for
each step in the process to be tested in order to build an explanation of the overall
systemic effect in terms of the simplest possible interactions of energy and matter. The
current work has illuminated a particular initial step that can play a role in both
intercellular and intracellular signaling, and ultimately achieve a therapeutic effect.
As discussed earlier, connections between the effects of MMW and the
endogenous opioid system have been established, as well as some relations between the
ionic currents that drive neural signaling and opioid receptors. Building on the idea that
it is plausible that the pathway by which MMW is translated into a usable signal within
the human body involves some effect on the firing rate of cutaneous nerves, it is
important to discuss the mechanism by which these signals are produced. One of the
seminal papers of record on this mechanism was authored by Hodgkin and Huxley in
195275.
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To summarize, the resting potential of mammalian neurons is ~-70 mV, with the
inside (cytoplasmic) of the membrane at the lower potential relative to the outside
(extracellular solution). This gradient is caused by varying concentrations of sodium,
potassium, calcium and chlorine ions, as well as other monovalent, divalent and trivalent
elemental and polyatomic ions in far lesser concentrations. Most of the membrane is
composed of a double phospholipid layer, which is nearly impermeable to small ions.
The concentrations are maintained by proteins embedded in the cell membrane which can
open and close to allow specific ions to diffuse through, and some which can even pump
specific ions against gradients.
The “firing” of the neuron refers to action potentials which propagate along the
length of the neuron, and then “jump” at a synapse to the next neuron, eventually
reaching the central nervous system, or in the case of a motor neuron, reaching a
peripheral muscle. The firing action occurs when sodium ion channels open and allow
sodium to flow into the cell, creating a depolarization, in which the membrane potential
becomes more positive. This is followed by the opening of the potassium channels,
which transport potassium ions out of the cell, repolarizing the membrane back towards
its typical resting level.
Because of the aforementioned works which indicate a change in neuronal firing
due to MMW exposure, a possible mechanism for this effect would involve an increase in
K+ currents. Potassium channels in mammalian cells are classified either as large
conductance or small conductance; however the majority of potassium flow that regulates
neuronal firing occurs in the small conductance channels due to their far greater
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populations in the membrane, and their gating characteristics. Of the two channels
studied here, Slo1 BK is the large conductance channel, accommodating currents up to
30pA per channel, with a gating mechanism that depends on both the transmembrane
voltage and the concentration of cytoplasmic calcium ions. The Shaker Kv channel is a
small conductance channel, limited to peak currents 100 times smaller than that of Slo1
BK, due to a smaller pore structure76. Both channels were discovered and isolated in
drosophila melanogaster fruit flies.

7.2 Structural and Functional Comparison of Slo1 BK and Shaker Kv Channels
The Slo1 BK channel opens in response to elevated concentrations of Ca2+ ions in
the cytoplasm as well as depolarization of the membrane that occurs during instances of
increased sodium influx77. Its structure is well described by Hoshi49. It has a tetrameric
structure, with each of its four components containing seven transmembrane helices,
named S0 through S6. S1, S2, S3 and S4 make up the voltage sensing domain (VSD),
and S5 and S6 make up the gating pore. The S4 domain is linked to the S5 domain,
which activates the opening of the pore. The S6 domain is linked to an intracellular
domain, named RCK1, which senses calcium levels in the cytoplasm. The RCK1 domain
is then linked to a domain with very similar structure, the RCK2 domain, also known as
the “calcium bowl”. As cytoplasmic calcium levels increase, the number of times a
calcium ion binds in the bowl increases, which also triggers the gating action of the pore
domains, allowing potassium ions to move through the channel. The structure, and the
leftward shift of the Po vs voltage curve due to calcium concentration is shown in figure
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31. This leftward shift that occurs as calcium concentrations increase is well predicted by
the Horrigan-Aldrich (HA) model52, depicted in figure 32. This model predicts more
than 70 possible discrete states of open probability depending on how many of the
voltage sensing and calcium sensing domains are activated. This is greater than the
number possible if it is assumed that the calcium domains have only two energy levels
because it takes into account that these domains may each bind up to four calcium ions at
a time, with each binding event contributing energy to the protein.
While the Shaker Kv, the other channel studied here, accommodates far smaller
current levels per channel and does not have a gating mechanism due to calcium binding,
its structure is also tetrameric with a great deal of similarity to that of the Slo1 BK
channel50. The structures can be seen side by side in figure 33, with greater detail of the
Shaker channel in figure 34. Transmembrane domains S1-S4 are nearly identical, with
S4 having a high concentration of positively charged amino structures, most of which are
arginine, that move in response to changes in voltage. The S0 domain is not present at all
in the Shaker channels. The channel pore between S5 and S6 is only slightly smaller in
the Shaker Kv as opposed to the Slo1 BK, and the internal structure of the pore contains
different amino sequences, which bind and release K+ ions at a much slower rate than
those of the Slo1 BK pore domain78. The pore of the Shaker Kv is almost perfectly
selective to K+ ions due to its size matching very closely to that of the shell of hydration
around the ion65. The other significant difference is the lack of the calcium sensing
domains and “bowl” in the Shaker channels. However, it is notable that the intracellular
domain terminates with a carboxyl (-COOH) group, just as it does in the Slo1 channels.
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Also of note is the structure of the linkage between domains S4 and S5, which triggers
opening of the pore. The linkage is a hinge-like structure composed of a proline-valineproline (PVP) sequence79. Because these two amino acids are non-polar, it is unlikely
that this structure would be affected directly through an alternating electromagnetic force
field, such as MMW.
Despite the lack of polar residues in the linkages between S4 and S5 and between
S6 and the terminal intracellular domains of the channel, it is still possible that MMW
may interact with other polar components such as the arginines that move the S4 domain
in response to transmembrane voltage, or the cysteines, glycines, glutamates and
aspartates that make up some of the S5 and S6 structure64, and conduct potassium ions
along the length of the pore, as well as separating ions from their hydration shells at the
mouth of the pore. While the composition of the PVP hinge is well agreed upon, the
exact nature of its movement remains a mystery, although several possible motions are
proposed by Tombola80 and shown in figure 35, with the helical screw model gaining
quite a bit of traction in recent literature81. The energy transition of the conformational
change and the magnitude of the electric dipole that the MMW may interact with would
depend on the motion.
As mentioned earlier, ion channels become inactive temporarily or permanently
for a number of reasons. For voltage-gated channels, there are at least two. First, the
channel becomes inactive when a threshold of transmembrane voltage is reached, which
is temporary and reversible, if the voltage changes again to a level within the open range
for the channel. Additionally, channels may become inactive despite voltages within
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their typical open range82. This may occur due to some damage to the protein, possibly
chemical or thermal in nature. It may also occur due to chemical binding of the gating
mechanism in the closed position. These effects may be temporary or permanent based
on the nature of the damage and the removability of the chemical cause.
For Shaker Kv channels, there are two additional types of inactivation83,
specifically known as N-type and C-type. N-type is also called rapid inactivation, and
can be found in other voltage gated potassium channels as well as sodium channels. The
mechanism is described as a “ball-and-chain” apparatus. The “ball” fits into the channel
pore opening when the gate is open, preventing the flow of ions. The “chain” attaches to
the N-terminus of the pore region, which explains the name84, 85.
C-type is known as slow inactivation, as it occurs on time scales of the order of
seconds, as opposed to N-type, which occurs on the order of tens of milliseconds. This
type of inactivation occurs in the C-terminus of the channel pore, the selectivity filter,
binding the pore in such a constrictive position that it will not admit K+ ions, but will
admit smaller Na+ ions86. C-type inactivation occurs at the extracellular end of the pore,
while N-type inactivation occurs at the intracellular end87.
The Shaker Kv channels used here in this study were a specific mutant T449V,
used for their reliable sigmoidal response curve, and which do not experience either Ntype or C-type inactivation66. The notation T449V indicates that the amino acid
threonine (T) usually found at reside number 449 has been replaced with valine (V).
Thus, the results here were not due to MMW preventing these types of inactivation from
occurring, however, the possibility that MMW can prevent inactivation of other channels
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by one of these methods cannot be ruled out. It is somewhat unlikely that MMW
prevents N-type inactivation directly though physical action on the “ball and chain”, as
the “ball” is largely composed of non-polar residues, and the chain composition tends to
vary considerably in the different channels that experience this type of inactivation, so it
would be unlikely that MMW could produce an effect on this type of inactivation across
a wide range of channels.

Figure 31: The Horrigan-Aldrich model of gating for the Slo1 BK channel (Hoshi, 2013)
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Figure 32: Horrigan-Aldrich (HA) model of gating for Slo1 BK channel (Horrigan 2002)

74

Figure 33: Difference in structure between Shaker Kv (a) and Slo1 BK (b) channel
proteins (Salkoff 2006)
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Figure 34: Schematic of Shaker Kv structure (a), side view of one subunit with color
coding to match the schematic and Potassium ions in yellow (b), top view with each of
the four subunits having a different color and potassium ion in purple(c) and side view
with all four subunits and potassium ions in purple (Tombola 2006)
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Figure 35: Proposed models of voltage sensing in Shaker Kv channels with arginine
depicted as blue circles, sorted according to magnitude of displacement of the S4 domain
(Tombola 2006)
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7.3 Conclusions
This work has attempted to provide insight into how millimeter waves, despite a
short penetration depth of roughly 1mm into the body, can initiate a biological process
that provides a therapeutic effect. Local exposure of the skin to MMW has been shown
to induce the changes in cytokine levels associated with the endogenous opioid system.
The release of these cytokines from cells may occur due to signals received from the
nervous system, or directly through some chemical stimuli. It is particularly notable that
surgical blocking of a branch of the nervous system and chemical blocking of certain
opioid pathways can negate the therapeutic effects of MMW treatment11, 15-19. A
common link between the mechanism of neural signaling and the actions of the
endogenous opioids system is that both processes rely on the transport of ions though cell
membranes facilitated by transport proteins, especially potassium ions. The experiments
performed here have shown an increase in potassium ion currents through two transport
channels present in some mammalian neurons, a strictly voltage gated channel, Shaker
Kv, and another potassium channel, Slo1 BK, in which the gating mechanism depends
on both the transmembrane voltage and the concentration of calcium ions.
The following paragraphs offer explanations for the effect shown in this
experimental work with regard to other experiments that have shown effects on currents
in Slo1 BK and Shaker Kv channels. The hypotheses of other investigators are compared
with the ideas presented here to show where the current theory holds up and where it may
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not be adequate for describing these effects. Concepts which require further
experimentation to validate are discussed in the following chapter.
The dose response results of experiments with the two types of channels show a
similar shift to the left for both channels, though about twice as great in magnitude for
Slo1 BK as Shaker Kv, with little change in the slope of the linear portion of the sigmoid
curve. A nearly opposite shift was demonstrated by treating Shaker channels with
phosphatidyl-biphosphate (PIP2), causing the probability curve to shift rightward, with
little change of shape. This was attributed to the ability of PIP2 to bind the pore gating
domain in the closed position, requiring a greater force from the voltage sensing domain
and linkage to open the channel88.
Often, such effects are demonstrated through mutation studies, in which one
amino group is replaced with a different type of group, with the naming convention
mentioned previously. In Shaker Kv channels, this is most typically performed in the
channel pore domains, rather than the voltage sensing domains. For a similar effect due
to that of MMW application, two mutations of the channel pore, S460A and V476A,
show a modest leftward shift with little shape change. Both were attributed to direct
effects of destabilizing the closed state, reducing the force needed to open the channel.
Two other mutations, A465V and L366A, produce large leftward and rightward shifts,
respectively, accompanied by a flattening of the probability curve. This change in shape
of the curve is attributed to effects on the voltage domain, which are more pronounced at
one end of the channel’s voltage range than the other89. A similar rightward shift with
slope reduction was shown with the mutation V478W, in which non-polar, aliphatic
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valine was replaced with non-polar aromatic tryptophan. Replacement with polar
charged residues such as serine or glutamine increased conduction, moving the curve
leftward with no change in slope90. Mutations of the P475 residue in the gating domain
produced leftward shifts when the replacement amino acid is an aromatic group and
rightward otherwise. Replacement with another aliphatic amino acid produced flattening
of the probability curve91.
Because effects on the voltage sensing domain tend to cause a change in shape of
the probability curve, it seems wise to investigate other components shared in common
between the Shaker Kv and Slo1 BK channels. One that may be overlooked occurs in the
intracellular domains. Though Shaker Kv does not have the same calcium sensing
domains present in Slo1 BK at all, its intracellular domains also terminate in carboxyl
groups. It has been suggested that MMW may have an excitatory effect on carboxyl
groups due to their dipole moment of 0.3D92. This could directly impose a force on the
S6 domain, which may result in a leftward shift. It has been shown that direct,
oscillating spring-like forces on the linkage between the intracellular calcium sensing
domains and the S6 gating domain in Slo1 BK channels, reducing the amount of force
needed for the S4 voltage sensing domain to open the channel. This mechanism is
illustrated in figure 36.
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Figure 36: Mechanism of linkages between voltage sensing (S4), pore gating (S6) and
calcium sensing domains in Slo1 BK channels (Niu 2004)

One other idea that arises is the idea of MMW has some effect on loosening the
shell of hydration around potassium ions, which is necessary for their ability to traverse
the channel pore. Although the frequency of MMW is likely an order of magnitude to
high to directly accomplish this, it may occur through an excitation of carbonyl groups in
the pore domain, which the Hoshi group has shown to be central to the liberation of the
hydration shell67. Although it may seem counterintuitive that a slightly constricted pore
would be more favorable to ion conduction, there seems to be an ideal pore size which is
most energy friendly to removing the shell of hydration.
The use of molecular dynamics (MD) simulations, while still in its infant phases,
could be very useful in reducing some of the time and financial obstacles of physical
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experiments on ion channels. Some success has been shown in predicting changes in
currents due to mutations, especially those in the voltage sensing domains which are not
as easily produced as other mutations. By replacing phenylalanine with leucine (F290L)
in residue 290 in the S2 domain, a rightward shift and reduction of slope in the
probability curve was predicted due to the force imposed on the S4 domain, binding it in
the non-conductive state, consistent with the aforementioned physical measurements of
direct effects on voltage sensing domains93.
While promising, there are a few drawbacks currently on use of MD techniques
for predicting ionic currents. First, to build the simulation, it is necessary to have the
structure of the channel protein in as many configurations as possible. Currently, X-ray
crystallography has only produced a few open configurations, and no closed
configurations for the Shaker Kv channel, and even less information on more complex
channels, such as Slo1 BK. Because these proteins are very large systems of hundreds of
thousands of atoms, computing power is at a premium. The ability to recalculate the
forces on individual atoms is currently limited to the microsecond scale, which precludes
the possibility of accurately modeling forces oscillating as rapidly as that produced by
exposure at MMW frequencies, even with “coarse grain” simulations, which greatly
simplify the model by assuming large swaths to be rigid structures that do not change94.
The group led by Dr. Michael Klein here at Temple has had notable success in
providing more evidence of the sliding helix model of voltage sensor movement95, 96, 97.
At the moment, these simulations are best used in conjunction with other tools such as
crystallography and spectroscopic analysis to provide snapshots of conformational states
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in individual domains through which the protein passes as it transitions from an open
channel to closed, as opposed to being able to fully predict ionic currents, which requires
detailed computations of intramolecular forces throughout all domains of the protein
simultaneously.
In considering the original question of this work, I would say that it is likely that
potassium channels play a role in the mechanism by which MMW produce effects remote
to the site of exposure in a complex multicellular organism. Even the modest leftward
shift seen here in the channel open probability curves indicate that irradiation with MMW
could conceivably accelerate the process through which the membranes of free nerve
endings in the skin become repolarized in the Hodgkin-Huxley model of neuronal
activity. Moreover, in light of the connections between potassium channels and the
endogenous opioid system, this work also provides additional credence to the effects seen
on opioid levels in the peripheral blood of mice treated with MMW, as well as the ability
of certain opioid antagonists to nullify the effects of MMW, as quantified by means such
as the tail-flick tests.
Within the channel protein, it is not entirely certain exactly which components are
targeted by MMW. The possibilities would include the voltage sensor domain S4, the
linkage between the voltage sensor and the pore gating mechanism domain S5, the gating
mechanism itself, the charged amino residues in the pore which aid the conduction of
potassium ions along the length of the pore, or possibly the intracellular domain. It is
likely that the slight shift in slope of the probability curve indicates a direct effect on the
voltage sensor, but the dominating effect in the leftward shift of the curve is due to a
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different effect on a polar residue, possibly the carboxyl groups at the terminal end of the
intracellular domains in both types of channels. The idea of the sliding helix model of
voltage gating which combines translocation and torsion supports this idea, as it has been
proposed in the works of Bohr cited earlier that the torsional modes of large polar
molecules may be excited by radiation with frequencies in the tens of GHz. Effect on
preventing N-type inactivation is unlikely because the energy required would take
thousands of photons acting over the course of a second, which is several orders of
magnitude greater than the time scale for such inactivation events. Moreover, for amino
sequences of the length of the “chain” in the “ball and chain” mechanism, vibrational
excitation by frequencies under 240 GHz is very unlikely98.
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CHAPTER 8
FINAL REMARKS AND IDEAS FOR FUTURE WORK

The next logical steps in developing a better understanding of the connection
between the nervous system and the effects of MMW exposure would follow the multilevel approach I have discussed throughout this work. The channel protein itself is not
truly the smallest scale at which a possible effect due to MMW may be seen. Channel
proteins may be chemically cleaved into smaller subunits, such as, but not limited to,
certain functional domains (S0, S1, S2, etc.). Spectroscopic analysis of the functional
domains of the proteins could provide valuable information about which domains could
enter an excited state, changing their conformation, during MMW irradiation, as well as
irradiation with other frequency regimes, such as radio waves and infrared. The
drawback to this approach, at the current level of experimental apparati is that the
components of the channel protein tend to behave much differently when they are not
linked to the remainder of the channel, and thus, not subject to all of the intramolecular
forces and the possible shielding from MMW that may occur, so any results would have
to be very conservatively interpreted. Some promise has been shown in using
radiofrequency stimulation to monitor changes in the position of specific charged
residues99.
On a larger scale, such as at the cellular level, a more complete picture would
certainly include further studies on other potassium channels, as well as channels that
transport sodium, calcium, chlorine and various polyatomic ions, all of which play a role
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in the process through which nerve signals move throughout an organism, as well as
many other regulatory processes. Whole cell measurements on different types of sensory
nerves could provide valuable insight as each type is characterized by its own unique
population profile of ion channels. This could provide a good deal of insight as to
whether a certain type of channel is favored by MMW therapy. Potassium channels were
a logical place to start, since MMW seems to have much more pronounced effect on a
system that is already disturbed in bringing it back to a state of homeostasis, but to build
a full Hodgkin-Huxley model would require a complete profile of all the channels present
in a neuron. While the increase in potassium currents shown in this work is likely to have
an effect on neuronal firing rates, this may be modified if MMW has a similar effect on
sodium channels, which tend to work in opposition. However, if MMW were to cause a
rightward shift in the channel open probability curve for sodium channels, this could have
a synergistic effect on neuronal firing rates in conjunction with the effect shown on
potassium channels.
Ultimately, in this and many other studies of physical phenomena in modern
medical applications, the ideal scenario would be a system of in vivo human
measurements in clinical trials. Studies of isolated phenomena are very valuable, but it is
in live measurement with all systems working together at once that we can provide more
definitive answers to a significant portion of the MMW therapy mystery. Real time
electrophysiology and blood analysis could demonstrate that an effect is taking place in a
certain tissue or organ, albeit in a rather invasive manner, unfortunately. My recent work
at NYU’s Langone Medical Center with the group of Leeor Alon has taken a different
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approach100. Through the use of magnetic resonance imaging (MRI), very accurate
measurements of temperature rise in three dimensions are possible, which can spot highly
localized thermal phenomena, currently at a resolution of millimeters, with time scales in
the tenths of milliseconds. As these resolutions improve, this may prove to be a very
powerful and non-invasive means of pinpointing matter that is excited by irradiation,
which is significant not only for the use of MMW therapeutically, but also as a possible
means of targeted ablation of tumors. A sample measurement is shown in figure 36.
Such measurements could prove very valuable on two fronts with regards to MMW
therapy. First, it could be definitively measured how deep MMW is able to cause enough
heating to stimulate cells and processes thermally34. In addition, this could show
“hotspots” in which MMW exposure causes a greater temperature rise than predicted by
current models68. This may indicate the presence of a type of molecule with a resonant
absorption at this frequency, which would provide a target to test for a frequencydependent phenomenon.
While my proclivities as an engineer tend to push me toward isolating specific
physical phenomena and attempting to explain them through the laws of motion and
thermodynamics, I appreciate that, for applications such as biomedical engineering, these
phenomena occur in a complex framework that we have only scratched the surface of
physically explaining.
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Figure 37: Use of MRI to measure heating due to MMW exposure. The upper figure is a
cross section of a human leg at mid-calf level, and the lower figure is that of a circular gel
phantom. The lower bar is the color coding representing the temperature elevation. (Alon
2015)
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