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Pulsed microwaves above specific energy thresholds have been reported to cause
brain injury in animal models. The actual physical mechanism causing brain damage
is unexplained while the clinical reality of these injuries remains controversial. Here
we propose mechanisms by which pulsed microwaves may injure brain tissue by
transduction of microwave energy into damaging acoustic phonons in brain water. We
have shown that low intensity explosive blast waves likely initiate phonon excitations
in brain tissues. Brain injury in this instance occurs at nanoscale subcellular levels
as predicted by physical consideration of phonon interactions in brain water content.
The phonon mechanism may also explain similarities between primary non-impact
blast-induced mild Traumatic Brain Injury (mTBI) and recent clinical and imaging findings
of unexplained brain injuries observed in US embassy personnel possibly due to
directed radiofrequency radiation. We describe experiments to elucidate mechanisms,
RF frequencies and power levels by which pulsed microwaves potentially injure brain
tissue. Pathological documentation of nanoscale brain blast injury has been supported
experimentally using transmission electron microscopy (TEM) demonstrating nanoscale
cellular damage in the absence of gross or light microscopic findings. Similar studies are
required to better define pulsed microwave brain injury. Based upon existing findings,
clinical diagnosis of both low intensity blast and microwave-induced brain injury likely
will require diffusion tensor imaging (DTI), a specialized water based magnetic resonance
imaging (MRI) technique.
Keywords: microwave, phonon, U.S. embassy exposures, cognitive disorder, mTBI

Received: 19 April 2020
Accepted: 18 June 2020
Published: 04 August 2020
Citation:
Hubler GK, Hoffman SW,
Andreadis TD and DePalma RG
(2020) Pulsed Microwave Energy
Transduction of Acoustic Phonon
Related Brain Injury.
Front. Neurol. 11:753.
doi: 10.3389/fneur.2020.00753

Frontiers in Neurology | www.frontiersin.org

INTRODUCTION
Swanson et al. (1) examined 24 US Cuban embassy personnel exposed to an unknown directed
energy source. They found that 21 of those examined had clinical findings similar to mild traumatic
brain injury (mTBI). All 24 individuals reported audible and sometimes painful sounds during
possible exposures. Hoffer et al. (2) examined a partially overlapping group of 35 embassy-related
individuals, among whom 25 reported auditory phenomena and post incident symptoms along
with 10 individuals who lived with the affected persons who did not report hearing sounds.
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high frequency THz phonons in brain water (14, 15). Energy
stored in optical phonons decays within nanoseconds to lower
frequency acoustic phonons creating damage when brain tissue
strength is exceeded. A phonon bottleneck occurs where the
7.5 GHz phonon (lowest frequency acoustic phonon in water)
decays to the ground state (16, 17). Energy stored from higher
frequency phonons pumps the amplitude of the 7.5 GHz phonon
until water molecules rupture to disrupt brain tissue. When
phonon generated waves have sufficiently high amplitude, tissue
across the peaks of the phonon wavelength will be sheared. The
resulting wavelength can be used to estimate the dimensions of
tissue and cellular damage. Based upon the speed of sound in
water (1,500 m/s) and a phonon frequency of 7.5 GHz, phonon
associated brain damage was predicted to occur at ∼200 nm
intervals (200 nm = 1,500 m/s ÷ 7.5 × 109 cycles/s) at peaks
of wave forms exceeding tissue strength (14). Injury dimensions
would measure ∼3–6 nm approximating the dimensions of cell
membranes and other intracellular structures.
To test this hypothesis, Song et al. (18, 19) subjected mice
to open field blasts using 350 g of C4 explosive. Mice were
placed 2.1, 3, 5, and 7 meters from a blast source (18). Cognitive
and behavioral testing showed that deficit severity correlated
with closeness to the blast, overpressure and impulse exposure.
Subsequent TEM of these brains showed nanoscale intracellular
neuronal damage consistent with damage dimensions predicted
by phonon injury assuming 100% water brain content (19).
Shock damage occurs within microseconds as the shock wave
passes though the brain at the speed of sound in water, in
contrast to milliseconds required for inertial or impact injuries.
Cellular damage occurs in well-documented absence of head
motion at blast exposures approximating 47–87 kPa (18, 19).
These observations support the hypothesis that 7.5 GHz acoustic
phonons in brain water content likely explain nanoscale brain
damage in non-impact low intensity blast exposures. Since
gross and light microscopic changes are absent under these
circumstances, detection of subcellular damage as a result of
microwave exposure suggests use of TEM. Gross examination
and conventional light microscopy should be supplemented
by TEM. This is yet to be done for microwave brain injury.
Similarly, as in low intensity blast exposures, diffusion tensor
imaging (DTI), a water-based imaging technique, will likely
be required to detect clinical microwave effects invisible to
conventional imaging.

These workers found that all 25 individuals hearing sounds had
vestibular abnormalities; over half of these exhibited cognitive
disorders. The ten individuals who did not report hearing sounds
did not exhibit vestibular or cognitive abnormalities. Verma et al.
(3) expanded Swanson’s 2018 report to include 40 government
employees describing acoustic experiences. These individuals
had neurological symptoms suggesting mTBI. Significant brain
structural abnormalities were documented using advanced
specialized MRI imaging of this cohort (3).
The method of delivery of damaging energy to these
personnel remains controversial. A sonic source initially was
postulated because subjects heard high-pitched sounds during
the incidents (4–8). Lin (6, 7) suggested the mode of attack as
a possible directed energy source of pulsed microwaves based
on observations that pulsed microwaves are audible to those
irradiated. Microwaves can also be focused into narrow field-ofview beams in order to target individuals.
Experimental evidence indicates that pulsed microwaves
can induce disruption in brain tissue producing subsequent
behavioral and cognitive dysfunction. Thomas et al. (9)
early reported that pulsed microwaves disrupted acquisition
performance in rats. Wang and Lai (10) later demonstrated
that acute exposures to pulsed microwaves impaired reference
memory in rats. In addition, pulsed microwaves reportedly
may alter blood-brain barrier permeability, disrupt long-term
potentiation and result in DNA strand breaks (11). Pakhomov
and Murphy (12) reviewed an extensive body of microwave
experiments performed in Russia and the former Union of
Soviet Socialist Republics. In these works, animal brains were
found to be considerably more sensitive to pulsed microwaves
than to continuous wave microwaves; they concluded that
microwave heating did not, at least primarily, cause this injury
effect. Thermal sensors placed in rabbit brains showed no
more than a 0.2◦ C temperature increase in animals displaying
cognitive impairments.
Mechanisms by which pulsed microwave energy injure or
impair the brain remain unclear. Based upon our prior physical
considerations of low intensity primary blast and crystalline
fracture effects (13, 14), we here describe physical mechanisms
by which microwave energy may produce brain injuries similar
to those caused by primary blast exposure. Using documented
experimental physical findings, we consider the hypothesis
that primary blast shock waves due to explosions and pulsed
microwaves may both excite GHz frequency phonons in brain
water content to cause nanoscale subcellular brain injuries.

MICROWAVE EFFECTS ON AUDITORY
SYSTEM AND BRAIN TISSUE

PHONON MODEL OF BRAIN INJURY:
ULTRASTRUCTURAL EFFECTS

We consider microwave frequency ranges and wavelengths from
300 MHz (1 m) to 10 GHz (3 cm) in air where availability of
microwave sources coherent on short time scales (i.e., 50 µs)
exist. The permittivity and conductivity of white and gray brain
matter are shown in Figure 1 (20). Figure 2 shows the depth into
brain tissue where the microwave energy is ∼1/2.7 of incident
energy. Note that microwave wavelengths in air and brain
tissue are functions of microwave frequency. The microwave
wavelengths in brain tissue range from 0.5 to 18 cm with 1/2.7

Based upon observation of failure wave effects in brittle solids
(13), Kucherov et al. (14) developed a primary brain blast injury
hypothesis based on water behaving as a brittle solid under
shock wave blast loading. Calculation of brain cellular injury
dimensions were based upon the fact that the water content of
brain tissue is 70–80% and that of cerebrospinal fluid 100%.
They postulated that shock waves from an explosive blast excited
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incident energy). Figure 2 shows that 0.3–10 GHz microwave
radiation penetrates a few cm to a few mm into brain tissue.
The resulting thermal expansion may launch an acoustic wave
by thermoelastic effect traveling by bone conduction to the inner
ear where it activates cochlear receptors (23). A single microwave
pulse may thus be perceived as an acoustic click while a train
of microwave pulses is sensed as an audible tone with a pitch
corresponding to the pulse repetition rate.
Watanabe et al. (24) employed finite differential analysis to
model the effect of 1 mW/cm2 , 915 MHz single 20 µs wide
square pulses (rise time 400 ns) incident upon the back of realistic
human head models. These workers found that thermoelastic
coupling of microwave energy into the brain occurred near the
brain surface, launching an acoustic wave propagating to the
opposite side of the head at the speed of sound in water and
reverberating up to several times. Reverberation frequencies were
found to range from 7 to 9 kHz as determined by the transit times
across a 14 cm skull cavity. Use of a 50 µs pulse length with a
repetition rate of 7–9 kHz maximized energy coupling to brain
tissue (24). Longer pulses or higher repetition rates produced
destructive interferences that canceled some of the impinging
microwave energy. Other than the skin depth dependence, this
mechanism may be similar for any microwave frequency in the
0.3–10 GHz range, dependent mainly on the frequency with
which the microwave pulses are delivered.
We now present three other possible head-microwave
interactions not previously considered.

FIGURE 1 | Experimentally determined conductivity and permittivity of white
and gray matter vs. RF frequency (19). Conductivity is used to calculate the
penetration depth into brain tissue (called skin depth in electromagnetic
nomenclature). Permittivity is used to calculate the microwave wavelength in
brain tissue.

1) Wieland et al. (25) employed a cyclotron x-ray light source
and x-ray diffraction to measure actual displacements in
bovine bone samples. They detected strains as small as 8 ×
10−6 due to the resulting inverse piezoelectric effect which
induces strain due to applied electric field (25). Strains as
large as 9 × 10−4 were detected with electric field exposures
of ∼6,000 V/m or ∼6 V/mm. Amplitude of microwave
exposure of 1 volt/mm resulted in a sizable strain of 1.5
× 104 . Measurements of bone dielectric properties indicate
that molecules in bone also respond to low GHz radiation
values (20)1 . Sufficiently large microwave power could send
energy to the ear directly through the bone sensed by affected
individuals as painful and damaging to hearing. Pulsed
microwave energy may also launch acoustic waves into the
brain tissue adjacent to the skull at the same frequency.
Figure 3A shows a schematic representation of this possible
mechanism of bone piezoelectric effects coupling microwave
energy into phonons in brain tissue through piezoelectric
response of skull bone.
2) A shock wave created by a sudden strain induced in bone
of the skull is another possible transduction mechanism
inducing launch of acoustic phonons in brain water. Here,
the pulse rise time of the microwaves may be an important
parameter. If, for example, the rise time of the microwave
pulse is as rapid as (7.5 GHz)−1 or 0.13 ns, this level of

FIGURE 2 | Microwaves in air and in brain vs. microwave frequency.
Calculated depth of penetration of microwaves into the brain is shown. Energy
is reduced by a factor 1/2.7 at a superficial level termed “skin depth” using
electromagnetic nomenclature.

attenuation depths of 0.2–4 cm. The dominant interaction of 1–
10 GHz microwave frequencies in water relate to absorption at
a “Debye” peak at these lower microwave frequencies related to
migration defects through the H bond water network (21).
Microwave interactions with the human head were early
described by Frey et al. (22) (first reported microwave effects
upon the auditory system). His detailed descriptions were
designated as the Frey Effect (22). Subsequently, Lin et al. (23)
clarified the fact that square microwave pulses are audible.
Experimental modeling determined that the microwave pulse
rapidly heats tissue in the “skin” brain depth (depth of 1/2.7 of
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1 Most crystals exhibit THz phonon frequencies. Thus, atoms in crystals will be
displaced by the inverse piezoelectric effect at 1–10 GHz frequencies with relatively
low efficiency.
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FIGURE 3 | (A) Mechanism of bone peizoelectric effects in launching phonons in brain tissue water. (B) Schematic representation of transduction of fast rise-time
pulsed microwaves to acoustic phonons in brain tissue through the shock response of the inverse piezoelectric effect in the bone of the skull. (C) Schematic
representation of transduction of pulsed microwaves to acoustic waves in brain through the thermoelectric effect in brain tissue water.
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acoustic shock could excite the lowest acoustic phonon in
water with a 7.5 GHz frequency (13–15). With sufficient
power, such energy could initiate a damage mechanism as
occurs in explosive shock with skull bone rippling, Figure 3B
schematically depicts this effect.
3) While electromagnetic radiation is known to transduce to
optical phonons, electromagnetic radiation was not earlier
believed capable of acoustic phonon coupling. However,
Nelson et al. (26), using “Laser Induced Phonons” (LIPS)
methodology, demonstrated that electromagnetic radiation is
capable of coupling to acoustic phonons in absorbing liquids.
These investigators used two ∼532 nm lasers with slightly
different wavelengths to produce a difference interference
wavelength tunable in the 1–30 GHz region by tuning
one of the lasers. The absorbed light heats the liquid
at the peaks of the differing laser wavelength, causing
thermal expansion, thus launching acoustic waves at that
specific wavelength. A secondary laser probe diffracted
by the momentary diffraction grating generated by the
peaks of the acoustic waves then detects resulting acoustic
phonons within the liquid. Figure 3C is a schematic
representation of non-uniform heating phenomena capable
of transducing microwave energy into acoustic phonon
waves in brain tissue.

FIGURE 4 | Phonon wavelengths in water vs. phonon frequency
(wavelength = sound velocity/frequency).

DISCUSSION
Incident durations described by injured personnel are as follows:
“The sound seemed to manifest in pulses of varying lengths –
seven seconds, 12 seconds, two seconds – with some sustained
periods of several minutes or more. Then there would be silence
for a second, or 13 seconds, or four seconds, before the sound
abruptly started again” (5). The repetition rate from the AP news
report (5) claimed to be a central frequency of 7,266 Hz with
several frequencies spaced 200 Hz on either side of 7,266 Hz. The
microwave frequency within the pulses and the pulse width of the
microwaves triggering the audible effect remain unknown.
Igarashi et al. (27) showed 50% mortality with extensive gross
brain damage in rats directly exposed at close range to a single
high pulse of 3 kW, 2.45 GHz microwaves for 0.1 s. Based upon
the size of the rats and the microwave horn used, we estimate the
incident power density to be ∼1 kW/cm2 which would deliver
to the target an average power of 1,000 W/cm2 (27). By contrast,
a 30-min application of 2.8 GHz pulses using power as low as
15-mWcm−2 was seen to damage rat brains (10). In the absence
of known experimental threshold power inducing brain damage,
we suggest initially beginning with a minimum average power
delivered in a focused microwave beam to ∼1 Wcm2 . For a
7 kHz repetition rate using 50 µs pulses, the individual pulse
power at target would be ∼1 Wcm−2 /duty cycle = ∼3 Wcm−2 .
These estimated values are useful stating points for empiric
experimental observations.
Lin et al. (6, 7) suggested that pulsed microwaves were the
likely means by which the U.S. Cuban embassy personnel were
injured. However, the precise mechanisms by which microwaves
cause brain injury require delineation. To reiterate, we propose
that microwaves can transduce acoustic waves in brain water
by three possible mechanisms: (i) inverse bone piezoelectric
effects, (ii) fast pulse rise-time shock affecting bone, and
(iii) thermoelastic absorption, at GHz frequencies. We present
hypotheses on how pulsed microwave transduced acoustic waves
from a directed energy beam with specific characteristics induce

Experimental laser diffraction grating effects do not disappear
immediately after 100 ps (ps) excitation pulses end. The effect
persists for many microseconds, suggesting that short (∼ps)
relaxation times of rotational states cause water to sustain large
spatial temperature gradients for relatively long-time intervals
(21). This effect implies that non-uniform heating of water could
also launch high frequency acoustic waves. Thus, a third possible
mechanism coupling microwave energy into acoustic phonons
may be rapid heating of water in the brain tissue at the peaks of
the microwave waveforms. In this case, microwaves heat water
directly rather than by the interference effects of two optical
wavelength lasers. The net end results of phonon generation
appear to be similar.
Rapid heating can cause thermal expansion (the thermoelastic
effect) exciting acoustic waves in water at the frequency of the
incident microwaves. Brain tissue may be especially susceptible
to excitation of an intrinsic acoustic phonon at a frequency
of 7.5 GHz due to its increased lifetime as compared to other
frequencies. Figure 4 shows the phonon wavelengths in water
vs. phonon frequency. Note the phonon effects are also active at
these lower wavelengths.
Microwave pulses or short rise time pulses may therefore
excite phonons by several mechanisms. We hypothesize that,
(i) the inverse piezoelectric effect in the skull, (ii) fast rise-time
shock, (iii) and microwave absorption in water in the brain are
all capable of launching acoustic waves that produce the sounds
heard by targeted subjects through the Frey Effect (22). With
sufficient energy input, brain damage likely occurs by a phonon
energy mechanisms exceeding brain tissue strength (13, 14).
The efficacy of these mechanisms to produce brain damage also
depends upon microwave frequency as shown in Figure 4 along
with microwave pulse rise-time.
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nanometer scale intracellular brain damage. Such damage is
likely, as with low intensity blast, best detected by TEM (18, 19).
Clinical detection of imaging abnormalities requires use of DTI,
a water imaging technique. The hypothesis that dimensions of
injury due to microwave brain tissue may be similar to that of
coupling of low intensity primary shock wave energy causing
blast-induced (mTBI) requires experimental verification. The
commonality of dimensions of phonon excitation may account
for these dimensional similarities. Later symptoms displayed by
embassy personnel also appear to mimic injury characteristics
of mTBI caused by primary low-level blast (1–3). In addition
to presenting a consistent physical nanoscale model of brain
damage, the present working hypothesis may also explain why
pulsed microwaves are more damaging than continuous wave
microwaves. Threshold characteristics of differing pulsed wave
microwave energies damage remain to be determined.
Microwave exposure alters blood brain barrier permeability to
cause DNA damage (11, 12). Blood brain injury also is known
to occur in blast injury but is much better described (28–
30). A critical review by Zhi et al. (31) concluded that animal
studies remain conflicting and inconclusive. The magnitude of
the microwave energetics under consideration, compared to high
level blast effects causing hollow organ and lung damage, is orders
of magnitude less. Energies involved in this injury compare to
those found in low level blast effects ranging from ∼47 kPa to
levels < 100 kPa resulting in nanoscale injuries in the absence
of gross or microscopic organ damage (18). Long term studies
of single or pulsed microwave injuries resulting in chronic glial
or astrocytic effects have not been done, while limited data on
blood brain barrier effects imply endothelial vacuolization in
the olfactory region (11, 12). High explosive blasts have long
been known to generate wide wavelength microwaves likely with
differing effects than the short-wave high frequency microwaves
here considered (32).
Further studies of apparently conflicting data are required
(31). Postulated microwave brain damage has yet to be fully
characterized experimentally. The present analysis of injury
mechanisms is based upon well-founded physical principles
and observations. Exploration of exposure times, power and
specific microwave wavelengths here considered can serve to
define dimensions of microwave brain injury, optimal diagnostic
methods, and eventual protective measures. Limitations of
the present theory include the need to postulate three
hypotheses possibly inducing phonon generation in water.
These alternative possibilities suggest several approaches to
experimental exploration.
We here have presented physical theory, injury hypotheses
and biological findings related to microwave brain damage. These

injuries can be explored by exposure of animal models to varying
microwave exposure times, power, frequencies, and pulses
including magnitude and frequency as compared to controls.
Subsequent neurobehavioral testing followed by comprehensive
examination of brain tissues including TEM will be needed
to uncover ultrastructural damage. Parameters of microwave
power thresholds, frequency, duration and pulse characteristics
causing specific types of brain injury require varying types
of experimental exposures. An initial starting point of 7 kHz
repetition rate using 50 µs pulses, the individual pulse power
at a murine target of ∼1 Wcm−2 /duty cycle = ∼3 Wcm−2
is suggested. Microwave skull interactions require exploration
using pulsed microwave exposure of diploic skull bone or
piezoelectric bone surrogates in vitro adjacent to 0.9% isotonic
saline. High frequency transducers attached to bone and in
adjacent water can be used detect high frequency transduced
acoustic waves. Thermoelastic phonon generation mechanism
in normal saline solution alone could also be explored using
direct microwave exposure to study basic aspects in vitro phonon
generation in water. Data thus obtained in vitro can be used to
guide initial specific parameters of power, wavelength and pulse
frequency likely to cause in vivo microwave brain injury.

DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING
RD, TA, and SH are fulltime government employees. GH is
consultant in physics at the School of Medicine, University of
Missouri at Columbia Missouri. This work was funded as part
of their duties.

ACKNOWLEDGMENTS
We thank James Hirvonen for critical reading of the manuscript.
The opinions expressed are those of the authors and not those
of the University of Missouri, the U.S. Department of Veterans
Affairs, the Naval Research Laboratory, the Department of
Defense or the Government of the United States.

REFERENCES

2. Hoffer ME, Levin BE, Snapp H. Acute findings in an acquired
neurosensory dysfunction. Laryngoscope Investig Otolaryngol. (2019)
4:124–31. doi: 10.1002/lio2.231
3. Verma R, Swanson RL, Smith DH. Neuroimaging findings in US Government
personnel with possible exposure to directional phenomena in Havana, Cuba.
JAMA. (2019) 322:336–47. doi: 10.1001/jama.2019.9269

1. Swanson RL, Hampton S, Green-McKenzie J, Diaz-Arrastia R, Grady MS,
Verma R, et al. Neurological manifestations among US government personnel
reporting directional audible and sensory phenomena in Havana, Cuba.
JAMA. (2018) 319:1125–33. doi: 10.1001/jama.2018.1742

Frontiers in Neurology | www.frontiersin.org

6

August 2020 | Volume 11 | Article 753

Hubler et al.

Acoustic Phonon-Related Brain Injury

21. Hansen JS, Kisliuk A, Sokolov AP, Gainaru J. Identification of structural
relaxation in the dielectric response of water. Phys Rev Lett. (2016)
116:237601. doi: 10.1103/PhysRevLett.116.237601
22. Frey AH. Auditory system response to radiofrequency energy. Aerospace Med.
(1961) 32:1140–2.
23. Lin JC, Wang Z. Hearing of microwave pulses by humans and
animals; effects, mechanisms, and threshold. Health Phys. (2007)
92:621–8. doi: 10.1097/01.HP.0000250644.84530.e2
24. Watanabe Y, Tanaka T, Taki M, Watanabe S. FDTD analysis of
microwave hearing effect. IEEE Trans Microw Theory Tech. (2000)
11:2126–32. doi: 10.1109/22.884204
25. Wieland DCF, Krywka C, Mick E, Willumeit-Römer R, Bader R, Kluess D.
Acoustic investigation of the inverse piezoelectric effect of trabecular bone
on a micrometer length scale using synchrotron radiation. Acta Biomaterial.
(2015) 25:339–46. doi: 10.1016/j.actbio.2015.07.021
26. Nelson KA, Miller RJD, Lutz DR, Fayer MD. Optical generation of
tunable ultrasonic waves. J Appl Phys. (1982) 53 1144–9. doi: 10.1063/1.3
29864
27. Igarashi Y, Matsuda Y, Fuse A, Ishiwata T, Naito Z, Yokota H. Pathophysiology
of microwave-induced traumatic brain injury. Biomed Rep. (2015) 3:468–
72. doi: 10.3892/br.2015.454
28. Wang Y, Arun P, Wei Y, Oguntayo S, Gharavi R, Valiyaveettil M, et al. Repeated
blast exposures cause brain DNA fragmentation in mice. J Neurotrauma.
(2014) 31:498–504 doi: 10.1089/neu.2013.3074
29. Kabu S, Jaffer H, Petro M, Dudzinski D, Stewart D, Courtney A, et al. Blastassociated shock waves result in increased brain vascular leakage and elevated
ROS levels in a rat model of traumatic brain injury. PLoS ONE. (2015)
10:e0127971. doi: 10.1371/journal.pone.0127971
30. Smith M, Piehler T, Benjamin R, Farizatto KL, Pait MC, Almeida
MF, et al. Blast waves from detonated military explosive reduce
GluR1 and synaptophysin levels in hippocampal slice cultures.
Exp Neurol. (2016) 286:107–15. doi: 10.1016/j.expneurol.2016.
10.002
31. Zhi WJ, Wang LF, HuX. Recent advances in the effects of microwave
radiation on brains. Mil Med Res. (2017) 4:29. doi: 10.1186/s40779-0170139-0
32. Cherepenin VA, Shumilin VF. About mechanisms of wideband microwave
radiation at explosion of condensed high explosives. In: Sabath F,
Mokole EL, editors. Ultrawide Band Short Pulse Electromagnetics 10.
New York, NY: Kluwer Academic/Plenum Publishers (1999). p. 33–
9. doi: 10.1007/0-306-47093-4_5

4. Stone R. Sonic Attack or Mass Paranoia? New Evidence Stokes Debate
Over Diplomats’ Mysterious Illness. (2018). Available online at: https://
www.sciencemag.org/news/2018/06/sonic-attack-or-mass-paranoia-newevidence-stokes-debate-over-diplomats-mysterious~injuries
(accessed
December 1, 2019).
5. Lederman J, Weissenstein M. Dangerous Sound? What Americans Heard
in Cuba Attacks. (2017). Available online at: https://www.apnews.com/
88bb914f8b284088bce48e54f6736d84 (accessed June 1, 2019).
6. Lin JC. Mystery of sonic health attacks on Havana-based diplomats. URSI
Radio Sci Bull. (2017) 362:102–3.
7. Lin JC. Strange reports of weaponized sound in Cuba [Health Matters]. IEEE
Microw Mag. (2018) 19:18–9. doi: 10.1109/MMM.2017.2765778
8. Ultrasound and Intermodulation Distortion Tech Report: CSE-TR-001-18.
(2018). Available online at: https://spqr.eecs.umich.edu/papers/YanFuXuCuba-CSE-TR-001-18.pdf (accessed June 1, 2019).
9. Thomas JR, Schrot J, Banyan RA. Comparative effects of pulsed and
continuous-wave 2.8-GHz microwaves on temporally defined behavior.
Bioelectomagnetics. (1982) 3:227–35. doi: 10.1002/bem.2250030207
10. Wang B, Lai H. Acute exposure to pulsed 2450-MHz microwaves affects watermaze performance of rats. Bioelectromagnetics. (2000) 21:52–6. doi: 10.1002/
(SICI)1521-186X(200001)21:1<52::AID-BEM8>3.0.CO;2-6
11. Hermann DM, Hossmann KA. Neurological effects of microwave
exposure related to mobile communication. J. Neurol. Sci. (1997)
152:1–14. doi: 10.1016/S0022-510X(97)00140-8
12. Pakhomov AG, Murphy MR. A comprehensive review of the research on
biological effects of pulsed radio frequency radiation in Russia and the former
Soviet Union. In: Lin JC, editor. Advances in Electromagnetic Fields in Living
Systems. (2000). p. 265–90. doi: 10.1007/978-1-4615-4203-2_7
13. Kucherov Y, Hubler G, Michopoulos J, Johnson B. Acoustic waves excited by
phonon decay govern the fracture of brittle materials. J. Appl. Phys. (2012)
111:023514. doi: 10.1063/1.3675274
14. Kucherov Y, Hubler GK, DePalma RG. Blast induced mild traumatic
brain injury/concussion: a physical J analysis. Appl. Phys. (2012)
112:104701. doi: 10.1063/1.4765727
15. DePalma RG. Chapter 2: Combat TBI: history, epidemiology and injury
modes. In: Kobeissy FH, Boca Raton FL, editors. Neurotrauma: Molecular,
Neuropsychological and Rehabilitation Aspects. Boca Raton, FL: CRC
Press/Taylor and Francis (2015). doi: 10.1201/b18126-3
16. Pratesi G, Barocchi F. A coupled high-resolution monochromator-FabryPerot system for Brillouin and Raman spectroscopy measures. Sci Technol.
(1995) 6:41–5. doi: 10.1088/0957-0233/6/1/008
17. Fangfei L, Qiliang C, Tian C, Zhi H, Qiang Z, Guangtian Z.
In situ Brillouin scattering study of water in high pressure
and high temperature conditions. Phys Condens Matter. (2007)
19:425205–14. doi: 10.1088/0953-8984/19/42/425205
18. Song H, Cui J, Simonyi S, Johnson CE, Hubler GK, DePalma RG, et al. Linking
blast physics to biological outcomes in mild traumatic brain injury: narrative
review and preliminary report of an open-field blast model. Behav Brain Res.
(2018) 340:147–58. doi: 10.1016/j.bbr.2016.08.037
19. Song H, Konan L, Cui J, Johnson C, Langenderfer M, Grant D, et al.
Ultrastructural brain abnormalities and associated behavioral changes in
mice after low-intensity blast exposure. Behav Brain Res. (2018) 347:148–
57. doi: 10.1016/j.bbr.2018.03.007
20. Gabriel C, Gabriel S, Corthout E. The dielectric properties
of biological tissues, Literature survey. Phys Med Biol. (1996)
41:2231–49. doi: 10.1088/0031-9155/41/11/001

Frontiers in Neurology | www.frontiersin.org

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Copyright © 2020 At least a portion of this work is authored by Stuart W. Hoffman,
Tim D. Andreadis, and Ralph G. DePalma on behalf of the U.S. Government and, as
regards Dr. Hoffman, Dr. Andreadis, and Dr. DePalma and the U.S. Government, is
not subject to copyright protection in the United States. Foreign and other copyrights
may apply. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

7

August 2020 | Volume 11 | Article 753

