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Millimeter-wave interactions with the
human body: state of knowledge and

recent advances
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The biocompatibility of millimeter-wave devices and systems is an important issue due to the wide number of emerging body-
centric wireless applications at millimeter waves. This review article provides the state of knowledge in this field and mainly
focuses on recent results and advances related to the different aspects of millimeter-wave interactions with the human body.
Electromagnetic, thermal, and biological aspects are considered and analyzed for exposures in the 30-100 GHz range with a
particular emphasis on the 60-GHz band. Recently introduced dosimetric techniques and specific instrumentation for bioe-
lectromagnetic laboratory studies are also presented. Finally, future trends are discussed.
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. INTRODUCTION

Recent advances in millimeter-wave technologies have trig-
gered an exponential interest to wireless applications at milli-
meter waves. Antennas and devices operating in this band
have a reduced size compared to their counterparts in the
lower part of the microwave spectrum. Furthermore, very
high data rates (up to 4 Gb/s) can be reached for short- or
long-range communications. The radio coverage strongly
depends on frequency and is essentially determined by the
water vapor and molecular oxygen-induced atmospheric
absorptions. For instance, shifting the frequency from 70/80
to 60 GHz decreases the operating range from 3 km to
400 m [1]. This decrease is related to the 16 dB/km peak of
oxygen-induced absorption around 6o GHz [2, 3] that
makes this frequency range extremely attractive for secured
local communications, particularly in indoor environments,
guaranteeing low interference with other wireless services
and devices, as well as with adjacent network cells. At the
same time, because of this resonance absorption, human
body has never been exposed to 57-64 GHz radiations in
the natural environmental conditions.

60-GHz broadband short-range communications for wire-
less personal area networks have been promoted by the
WirelessHD Interest Group and WiGig alliance. The current
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target market applications are mainly restricted to indoor
wireless high-definition multimedia devices [4]. Integrated
60-GHz front-ends are expected to be commercialized by
2014 on lap tops. Moreover, recent progress in miniaturiza-
tion and low-cost devices has triggered research activities
aiming at developing future millimeter-wave body area net-
works (BAN). Recently, several world-leading research
groups have focused on the characterization of the body
channel, development of on-body antennas, and integration
with already existing devices, e.g. [5].

Before being introduced on the market, millimeter-wave
systems should comply with local regulations that are usually
based on the ICNIRP and/or IEEE exposure limits. For far-field
exposures, the power density (PD) averaged over 20 cm® is
limited to 1 mW/cm® (general public) and to 5 mW/cm®
(workers) in the 60-GHz band [6, 7]. To respect these limits
and due to technological limitations, the typical power radiated
by the radio front-ends is below 10 dBm. However, power den-
sities up to 20 mW/cm” (general public) and 100 mW/cm®
(workers) are permitted for local exposure scenarios, i.e. for
PD averaged over 1 cm” [6]. Exposures under these conditions
have had a limited practical interest so far, but should now be
studied in detail due to the expected development of body-
centric communication systems [5, 8, 9]. In such systems, the
antennas might be placed directly on the body inducing loca-
lized exposures of the superficial body layers.

In this context, it is fundamental to analyze millimeter-
wave/human body interactions from electromagnetic (EM)
and thermodynamic viewpoints, as well as the potential bio-
logical consequences and their power thresholds.

The main purpose of this paper is to make an overview of
the most recent results related to the different aspects of
millimeter-wave interactions with the human body.
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. INTERACTION OF THE
MILLIMETER WAVES WITH THE
HUMAN BODY

A) Primary biological targets for 60-GHz
radiations

The primary biological targets of 60-GHz radiations are the
skin and eyes. Exposure of the eyes leads to the absorption
of the EM energy by the cornea characterized by a free
water content of 75% and a thickness of 0.5 mm. Ocular
lesions have been found after high-intensity exposure of an
eye (3 W/cm?, 6 min) [10]. However, studies performed at
60 GHz (10 mW/cm?, 8 h) demonstrated no detectable phys-
iological modifications [11], indicating that millimeter waves
act on the cornea in a dose-dependent manner.

Hereafter we will essentially consider the interactions with
the skin as it covers 95% of the human body surface. From the
EM viewpoint, the skin can be considered as an anisotropic
multilayer dispersive structure made of three different
layers, namely, epidermis, dermis, and subcutaneous fat
layer (Fig. 1). The skin also contains capillaries and nerve
endings. It is mainly composed of 65.3% of free water,
24.6% of proteins, and 9.4% of lipids [12].

B) Dielectric properties

Knowledge of the dielectric properties of the skin is essential
for the determination of the reflection from, transmission
through, and absorption in the body, as well as for EM mod-
eling. In contrast to frequencies below 20 GHz, existing data
on the permittivity of tissues in the millimeter-wave band
are very limited due to some technical difficulties. In
the 10-100 GHz range, the dispersive dielectric properties of
the skin and biological solutions are primarily related to the
rotational dispersion of free water molecules. In particular,
high losses are related to the free water relaxation with the
peak at 19 GHz at 25°C [13].

The results of skin permittivity measurements reported in
the literature so far have demonstrated strong correlation with
the measurement technique and skin model (in vivo or
in vitro, skin temperature, location on the body and thick-
nesses of different skin layers). Gabriel et al. [14] reported
extrapolated complex permittivity of human skin up to
110 GHz based on measurements performed below 20 GHz.
The results presented by Gandhi and Riazi [15] at 60 GHz
were obtained using a Debye’s model based on measurements
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Fig. 1. Schematic representation of the skin structure.
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performed for the rabbit skin at 23 GHz. Alabaster [16]
measured the complex permittivity of excised human skin
samples at millimeter waves using a free-space technique.
Hwang et al. [17] completed in vivo measurement on
human skin up to 110 GHz using a coaxial probe. Finally,
Alekseev and Ziskin [18] carried out reflection measurement
with an open-ended waveguide and proposed a homogeneous
and multilayer human skin models fitting the experimental
data.

The permittivity data available at 60 GHz are summarized
in Table 1 for the room and body temperatures. The complex
dielectric constant extracted from Gabriel’s, Gandhi’s, and
Hwang’s models at 55-65 GHz are presented in Fig. 2.
These data are compared with the theoretical values obtained
using Maxwell’s mixture equation [19]. Significant discrepan-
cies among the reported data are found for the real (11%) and
imaginary (62%) parts (Gabriel’s model is used as a reference).

C) Dosimetric quantities at millimeter waves

The major dosimetric quantities at millimeter waves are the
following:

1) Incident PD: This is the main exposure characteristic
adopted by most of the international guidelines and stan-
dards in the 10-300 GHz frequency range. The PD is
defined as follows:

P -
PD =< = |Ex H], (1)

where P is the incident power, S is the exposed surface area,
and E and H are the electric and magnetic field vectors,
respectively.

2) Specific absorption rate (SAR): The SAR is a quantitative
measure of power absorbed per unit of mass and time.
In contrast to the PD, it also takes into account the physical
properties of exposed samples:

dr

P olEP
a dr|,_,

SAR = — =C (2)
m

where m is the tissue mass, o is its conductivity, and p is its
mass density. C is the heat capacity, and T is the tempera-
ture. It is important to underline that in equation (2) o
combines both electrical and ionic conductivities.

3) Steady-state and/or transient temperature (T'), which is
particularly important in case of medium- and high-power
exposures.

Table 1. Overview of the skin electrical properties at 60 GHz.

Reference " T, °C Method  Sample type
Gabriel [14] 7.98 —jli0.90 37 E In vivo
Gandhi [15] 8.89 — j13.15 37 E In vitro
Hwang [17] 8.05 — j4.13 24-26 M In vivo
Alabaster [16] 9.9 — j9.0 23 M In vitro
Alabaster [16] 13.2 — j10.3 37 E In vitro
Alekseev [18] 8.12 —j11.14 2022 M In vivo
Mixture eq. [19] 9.38 —j12.49 30 T -

E, extrapolation; M, direct measurement; and T, theoretical value.


https://doi.org/10.1017/S1759078711000122

e (Gabriel et al.
ssssssses Gandhi ef al.
= = = Hwang ef al.
===== Mixture eq.

35 37 59 61 63

/(GHz)

'-v-|--l--'v'-

65
Fig. 2. Complex permittivity of the skin in 55-65 GHz range.

D) Reflection and transmission at the air/skin
interface

The skin dielectric properties have a significant influence on
the reflection and transmission at the air/skin interface.
Their variability should be carefully taken into account for
the on-body channel modeling.

For a 60-GHz plane wave illuminating a homogeneous
semi-infinite flat skin model, analytically calculated reflection
and transmission coefficients are represented in Fig. 3 for the
perpendicular polarization (E perpendicular to the plane of
incidence, TE mode) and parallel polarization (E parallel to
the plane of incidence, TM mode). As expected, the reflected
power strongly depends on the angle of incidence and polar-
ization. For normal incidence, 30-40% of the incident power
is reflected from the skin.
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Fig. 3. Power reflection and transmission coefficients at the air/skin interface
at 60 GHz for (a) parallel polarization and (b) perpendicular polarization.
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E) Absorption in the skin

The transmitted power decreases exponentially in the skin as a
function of depth. The attenuation of the PD and SAR at
60 GHz are plotted in Fig. 4. The PD and SAR are maximal at
the skin surface (Table 2). 40% (for Gabriel and Gandhi
models) and 60% (for Hwang model) of the incident power
reach dermis; only 0.1% (for Gabriel and Gandhi models) and
10% (for Hwang model) reach the fat layer. These results
suggest that only epidermis and dermis should be considered
for the EM dosimetry and on-body antenna characterization.
This conclusion was confirmed by detailed analysis performed
by Alekseev et al. [20] for multilayer skin models.

F) Influence of clothing

For future body-centric applications, it is particularly impor-
tant to assess the effect of clothing on the millimeter-wave
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Fig. 4. Attenuation of the PD and SAR in the skin for an incident PD of
1 mW/cm” at 60 GHz.
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Table 2. PD and SAR in the skin for different dielectric models (incident
PD = 1 mW/cm?).

Model Max. PD, mW/cm® Max SAR, W/kg
Gabriel [14] 0.62 26.0
Gandhi [15] 0.59 27.6
Hwang [17] 0.74 13.1

absorption. The dielectric constant of clothing &, has never
been investigated at 60 GHz. Here we assumed &, = 1.25 +
jo.024; this corresponds to the complex permittivity of the
dry fleece at microwave frequencies [21]. Since the clothing
thickness d, typically ranges between o and 1.2 mm, we com-
puted the transmission coefficient at 60 GHz for this range
using Gabriel’s permittivity model [14]. The results show
that the transmission coefficient slightly increases with the
clothing thickness (Fig. 5).

Furthermore, to assess the contribution of an air gap d,
between the skin and clothing, we computed the power trans-
mission coefficient for a four-layer model (Fig. 6). For a sep-
aration ranging from o to 2 mm, this coefficient varies from
56 to 72% with a minimum at 1.25 mm. These results demon-
strate that, in contrast to the clothing that can enhance the
transmission, the presence of an air gap induces a decrease
of the power transmitted to the skin.

G) Millimeter-wave heating

Shallow penetration depth of 60-GHz radiations in the skin
(typically 0.5 mm) results in SAR levels that are significantly
higher than those obtained at microwaves for identical PD
values. This may lead to a significant heating, even for low-
power exposures. The steady-state distribution of the relative
temperature increments for a PD of 1 and 5 mW/cm? is rep-
resented in Fig. 7. These results correspond to the analytical
solution of the 1-D heat transfer equation that takes into
account the effect of surface cooling and blood flow [22]. It
is worthwhile to note that the heating is strongly correlated
with the coefficient characterizing the heat transfer from the
skin to air. These results demonstrate that heating due to
local millimeter-wave exposure affects not only skin, but
also subcutaneous tissues including fat and muscles.
Therefore, a multilayer model should be used for the accurate
assessment of the thermal effects.

The parametric study performed by Kanezaki et al. [23]
demonstrated that the temperature distribution induced by
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Fig. 5. Comparison of the transmission coefficient with and without clothing
at 60 GHz.
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a millimeter-wave exposure strongly depends on the geo-
metrical and thermal properties of the multilayer model.
Furthermore, Alekseev and Ziskin [24, 25] demonstrated
that heating is related to the blood flow in the skin, i.e. to
the environmental temperature and physiological conditions.
It was shown that depending on these parameters steady-state
temperature increments may vary by a factor of 3.

Finally, it is important to underline that temperature incre-
ments induced by the PD below current international
exposure limits [6] are much lower than environmental
thermal fluctuations.

I, INSTRUMENTATION AND
DOSIMETRY FOR THE
BIOCOMPATIBILITY STUDIES AT
MILLIMETER WAVES

Nowadays, there is an increasing interest of the scientific com-
munity to the potential biological effects of millimeter waves
[1]. The mechanisms of potential bioelectromagnetic inter-
actions are not fully understood. Progress in this direction
may result in new applications, but also in update of current
exposure safety standards.

A) Exposure systems

Specific exposure systems have been used to experimentally
investigate possible biological impacts of millimeter-wave
exposures. Most of these systems can be divided in three
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Fig. 7. Temperature increments for a homogeneous skin model exposed to a
plane wave at 60 GHz.
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main sub-units: (1) signal generation sub-unit; (2) spectrum
and power control sub-unit; and (3) exposure chamber con-
taining biological samples (Fig. 8).

The first sub-unit typically consists of a generator, ampli-
fiers, isolator, attenuator, and radiating structure/antenna
(e.g. [26]). The state of the art power limits are delivered
by military systems (up to several MW at 94 GHz) [27];
however, the output power of the generators used for the
research purposes at 6o GHz is typically limited to several
watts [26, 28, 29].

The second sub-unit ensures real-time monitoring of the
signal spectrum and output power stability that might be criti-
cal for the reliable interpretation of the biological outcome.
It consists of a network analyzer, spectrum analyzer, and/or
power meter.

Finally, the exposure chamber ensures appropriate
environmental conditions for the biological samples under
test and determines the EM boundary conditions. The
requirements on the environmental conditions depend on
the sample type. Biophysical samples, as for instance artificial
models of biological membranes [30], require high purity of
the air and absence of vibrations. For cells in culture, precise
temperature control (37 + 1°C) and CO, concentration of
5% must be ensured. The most commonly used animal
models (e.g. mice, rats, rabbits [31]) require air circulation,
lighting, and minimization of presence of additional environ-
mental stresses.

Free-space exposure set-ups or anechoic chambers have
been previously used in most of the studies implying cell or
animal exposures to millimeter waves [32-35]. Recently,
several research projects have been focused on the development
of compact millimeter-wave reverberation chambers providing
uniform exposure of animals independently on their position.

B) Dosimetry

Dosimetry studies have to be conducted to control and
characterize the exposure levels within the samples and to
optimize the exposure conditions (uniformity of the field dis-
tribution, number of simultaneously exposed samples, etc.).
Two complementary approaches have been implemented.

1) NUMERICAL DOSIMETRY
A flowchart illustrating the general principle of the numerical
E-field-based dosimetry for bioelectromagnetic studies is

Signal generation Control of radiation parameters

- Generator and amplifiers
! P - Network analyzer

=hsnlsho Spectrum analyzer
- Attenuator (for power control) - p Y

- Power meter
- Antenna

r - Ete.
- Other electronic components
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chamber
- Environmental conditions
(T, CO,, humidity, efc.)
- Integration with biophysical
instrumentation
Exposure chamber

! - Requirements on the number
of exposed samples
i - Uniformity of PD and SAR !

distributions
i - Evaluation of peak and mean :
i _PD,SAR,and T :
Dosimetry and opti

Ianon

Fig. 8. Schematic representation of a typical millimeter-wave exposure system
structure for laboratory studies.
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Fig. 9. Schematic representation of the numerical dosimetry approach at
millimeter waves.

presented in Fig. 9. The major challenges for numerical
dosimetry at millimeter waves are the following: (1) electri-
cally large problems (A, varies from 2.5 to 1.25 mm in
30-100 GHz range; this implies small mesh cell sizes of the
numerical models - in the order of 0.1 mm [26]), (2) uncer-
tainties on the precise values of the dielectric properties of
tissues and absence of well-established database beyond
20 GHz [14], and (3) multi-scale problems related to the pres-
ence of the electrically small sub-structures (e.g. cell mono-
layers or different layers of skin [19]). Furthermore, the EM
problem should be coupled with the thermodynamic one to
carefully take into account possible heating and dielectric
constant variations related to the thermal gradients [36].
Significant changes of permittivity values of biological
tissues and solutions typically appear for the temperature
gradients AT > 3°C.

2) EXPERIMENTAL DOSIMETRY

At millimeter waves, the direct field-based dosimetry faces two
major problems. First, the gradients of PD and SAR values
within biological tissues are high because of the strongly loca-
lized absorption. This implies that the measurements should
have spatial resolution better than o.1-0.2 mm. Second, the
already-existing E-field probes are too big in size for the
local dosimetry [37], and additionally may perturb the EM
field and temperature distribution. Furthermore, the sample
conductivity should be known to determine the local or
average SAR. Therefore, this experimental technique has a
limited practical interest.

An alternative solution consists in remotely or invasively
measuring the near-surface thermal dynamics of the sample
under test (2). This is the most efficient way to experimentally
determine the SAR and T distributions. Some non-perturbing
techniques have been reported for the simultaneous determi-
nation of T and SAR, including optical fiber measurements
[38], high-resolution infrared imaging [19], and utilization
of thermosensitive liquid crystals [39].

C) Far-field exposures

In most of the reported in vitro studies, a directive antenna is
used for the exposure of biological samples under free-space con-
ditions or within a thermo-controlled incubator [26, 30, 33]. In
this configuration, several samples can be exposed simul-
taneously with a sufficient uniformity of the PD distribution
(typically better than 30%) and low peak-to-mean PD ratio.
The detailed analysis of the PD and SAR distribution within
the sample under test is performed using numerical tech-
niques assuming the incident wave to be a normally incident
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plane wave [40]. Finite-difference time-domain (FDTD),
finite element method (FEM), and finite integration technique
(FIT) have been successfully applied for the numerical dosim-
etry studies [19, 40]. This numerical modeling strategy was
validated experimentally using infrared thermometry [19]. It
is worthwhile to note that the meniscus effect, considered as
an important factor for frequencies around 1 GHz [41], can
be neglected in bioelectromagnetic studies at millimeter wave.

Several far-field exposure scenarios have also been reported
for in vivo studies [11, 31, 42-44]. Here again, the choice of the
far-field exposure conditions was motivated by the more
uniform PD distribution compared to near-field exposures.
Significant efforts have been undertaken by Alexeev et al. to
supply accurate analytical, numerical, and experimental
dosimetry for both animal and human skin exposures [20,
24, 25, 45]. Infrared radiometry in combination with micro-
encapsulated thermosensitive liquid crystals was efficiently
used for the EM and thermal dosimetry of rabbit and primates
eyes [11, 39].

D) Near-field exposures

The major disadvantage of the far-field exposure systems is
their low exposure efficiency (typically 10-15%) resulting in
low PD levels on the biological samples. For a given
antenna, there are two possible solutions to reach higher
PD: (1) to increase the output power and (2) to bring closer
the antenna and the sample. The first solution requires the
use of high-power generators [43, 44] that are not always
available for research purposes [46, 47]. The second solution
implies characterization of the near-field distribution in the
presence of biological samples in the reactive zone [38]. It
was demonstrated that accurate dosimetry is crucial, as signifi-
cant variations in T and SAR profiles appear for the displace-
ments of the order of 0.5 mm under near-field exposure
conditions [48].

A few near-field configurations have been implemented
mainly in studies dealing with the potential therapeutic appli-
cations of millimeter waves including exposures at 61 GHz
[24]. An experimental approach based on a high-resolution
infrared imaging has shown to be highly effective for in vivo
dosimetry applications [28, 48], but also for antenna measure-
ments including determination of the near-field PD distri-
bution [49]. Near-field exposures were also developed in a
number of in vitro studies providing PD up to 100 mW/cm?
at 60 GHz [35, 37, 46, 50].

IvV. BIOLOGICAL EFFECTS OF
MILLIMETER WAVES

There is a growing concern about possible health and biologi-
cal effects of wireless technologies. Most of the bioelectromag-
netic studies have investigated mobile phone exposures, and
only few studies have focused on the biocompatibility of milli-
meter waves. Studies performed before 1998 were summarized
by Pakhomov et al [51]. In this paper we focus on major
studies, essentially at 60 GHz, published after 1998.
Millimeter waves are non-ionizing radiations with a
quantum of energy of 1.2 X 10 *-1.2 x 10 * eV. This
energy is not sufficient to break chemical bonds as the
energy required to induce ionization is of several orders of
magnitude higher (typically 10 eV). However, some processes
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require much less energy to be altered, for instance the energy
required for excitation of rotational modes is 10 >°~10™ * €V.

At 10-100 GHz, heating is the major effect resulting from
the absorption of the EM energy. Significant thermal responses
(AT > 0.5°C) appear after exposure to PD > 5 mW/cm?, and,
in case of very high-power exposures (above several hundreds
of mW/cm?), it can lead to a pain sensation or tissue damage.
The expected PD values for the emerging wireless communi-
cation systems are low enough to do not induce any biologi-
cally significant thermal effect typically appearing for the
temperature increments exceeding 1-2°C [9]. The absence
of direct or combined biological effects that do not directly
depend on temperature rise is still controversial.

An argument in favor of possible interactions of millimeter
waves with living organisms is their therapeutic applications
introduced in some Eastern European countries more than
20 ears ago [52]. It is still unclear if the observed effects can
be fully explained in the framework of the thermodynamics,
or if direct EM interference with biological processes might
also take place. It is important to underline that, in general,
this therapeutic technique is not accepted by the Western
medical community.

A) Biological effects at physiological levels

Most of the previous studies related to the interaction of milli-
meter waves with biological tissues were motivated by their
potential therapeutic applications. The operating frequencies
and power densities used for these applications are
within 42-61 GHz and 5-15 mW/cm?® ranges, respectively.
According to the scientific literature, millimeter-wave action
could have two main pathways: (1) analgesic effect and (2)
effect on the inflammatory and immune systems (Table 3).

1) STUDIES OF ANALGESIC/HYPOALGESIC EFFECTS

Application of millimeter waves for the pain therapy showed
some positive results [53]. Studies on animals demonstrated
that the optimal effect was obtained at 61.22 GHz and
13.3 mW/cm® [54]. Various scientific publications reported
positive data using blind tests with animal or volunteer
studies. A 15-min exposure allows mice to better withstand
noxious stimulation caused by the cold water tail-flick test
[55, 56]. The hypoalgesic effect is not observed for PD <
0.5 mW/cm® [56]. Pretreatment with specific opioid

Table 3. Summary of the main reported biological effects.

Application f,GHz PD, mW/cm® Biological response
Military 94 >1000 Strong thermal effect
Therapeutic 42.2 5t0 15 Hypoalgesic effects
53.6 Effect on immune and
61.2 inflammatory
systems
Wireless 60 <5 Controversial effect on
communications cellular
proliferation

No effect on gene
expression related
to cellular stress

Possible effect on
bio-membrane
organization
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antagonists completely blocked this effect [57] that suggests
involvement of endogenous opioids (natural molecules
involved in pain tolerance).

Taking into account local energy absorption, the most
intriguing question is the link of observed effects with the
exposure site. Hypoalgesic effects were found in animals and
humans exposed at the acupuncture points [58-60].
Moreover, it was found that the most pronounced results
were obtained by exposing the skin areas with the high
nerve endings concentration [61] confirming the role of the
peripheral neural system. Stimulation of the neurons located
in skin induces a coordinated set of physiologic actions
called systemic response (Fig. 10).

Two models could explain the therapeutic effects of milli-
meter waves: (1) direct activation of skin cells (keratinocytes
and/or mastocytes) that induces the secretion of molecular
signaling factors in the general blood circulation and (2)
stimulation of the peripheral neural system that in turn acti-
vates the central neural system and induces the secretion of
opioids peptides [54].

2) EFFECT ON INFLAMMATORY AND IMMUNE

SYSTEM

During the past 25 years, the effects of millimeter waves on the
immune system have been extensively studied, showing that
they can modulate immune responses [52].

Szabo et al. analyzed the effect of 61.2-GHz exposure on
epidermal keratinocytes by measuring the release of molecules
playing a crucial role in cell trafficking in many physiological
and pathological processes, so called chemokines (Fig. 10). In
this work, the authors have found no modulation of pro-
duction of the two chemokines involved in inflammatory
skin diseases, namely RANTES (regulated on activation and
normal T cell expressed and secreted) and IP-10 (interferon-
gamma-inducible 10kDa protein) [35, 62]. Nevertheless,
they showed a modest increase in the intracellular level of
IL-18, a major pro-inflammatory cytokine produced and
release by keratinocytes in response to various stimuli [62].
This result suggests that 61.2-GHz exposure could activate
keratinocytes. Moreover, the in vivo study of Makar et al.
[63, 64] on mice irradiated at 61.3 GHz and 31 mW/cm?®

Millimeter waves

4+—— Keratinocytes

A: paracrine and endocrine
* pathwa

Peripheral » ¥
nerve —

. neural
B: pathwayﬂ

¥~ Blood vessel
Chemokines
or other secreted factors

Physiological signaling pathways

Central g

systemic response
neural Opioid (s p )
system peptides

Fig. 10. Model illustrating possible mechanisms of millimeter-wave effects.
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also showed a pro-inflammatory effect initiated by activation
of free nerve endings in the skin.

On the other hand, low-intensity 42-GHz exposure were
described as displaying anti-inflammatory actions [65, 66].
Using a model of local acute inflammation in mice, Gapeyev
et al. [42] have shown that millimeter waves reduces both
the footpad edema and local hyperthermia induced by
Zymosan.

B) Biological effects at cellular and molecular
levels

Cellular and sub-cellular experiments have been carried out in
order to decipher the molecular mechanisms of possible
millimeter-wave interactions. These studies are highly hetero-
geneous and few of them analyze common biological func-
tions. However, three main topics can be extracted from the
scientific literature: (1) effect on cell cycle and proliferation,
(2) effect on gene expression, and (3) effect on biological
membranes (Table 3).

1) EFFECT ON CELLULAR PROLIFERATION

Millimeter waves have been used in association with conven-
tional drug therapy to treat skin melanoma [52] for investi-
gating potential anti-proliferative effects. It was observed
that 52-78 GHz exposure reduces the proliferation of
human melanoma cells [67]. It was also shown that the inhi-
bition of the proliferation was modest and correlated with
structural changes and modification of the energy metabolism
of the exposed cells [68]. However, 2 years latter, the same
author failed to reproduce these results [69].

On the contrary, studies conducted by the authors’ research
team suggested that the proliferation was not significantly
affected by low-power millimeter-wave exposure [26]. Results
coming from Ziskin’s research group demonstrated that the
anti-cancer properties of millimeter waves may be indirect. It
was found that exposure can reduce tumor metastasis
through activation of natural killer cells [70], or protect cells
from the toxicity of commonly used anticancer drugs [63].

2) EFFECT ON GENETIC EXPRESSION

According to the non-ionizing nature of the millimeter waves,
most of the studies reported that they are not genotoxic [71].
On the other hand, the hypothesis of possible proteotoxic
effect has been issued. Recently, our group published a
thorough study showing that, if care is taken to avoid
thermal effects, no notable change of protein chaperone
expression, such as HSPyo or clusterin, could be detected
[72]. These results are in agreement with previously reported
data [35], which demonstrated the absence of the effect on the
HSP induction. In order to further explore the potential pro-
teotoxic effect of millimeter waves, we analyzed the effect on
the reticulum stress and its associated unfolded protein
response. Our results demonstrated that 59-61.2 GHz radi-
ations at 0.14 mW/cm? do not affect the endoplasmic reticu-
lum homeostasis [47, 73]. These data indicate that millimeter
waves do not trigger an acute stress necessitating a transcrip-
tional response.

3) EFFECT ON BIOMEMBRANES
Cell membrane consists of phospholipid bilayer with
embedded proteins. Its structure is dynamic, although
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highly ordered, and several studies suggested that it may be a
molecular target of millimeter waves. For instance, data from
our group showed that 60 GHz exposure at PD levels close to
those typically expected from wireless communication
systems (0.9 mW/cm?) can induce structural modifications
in artificial biomembranes [30]. The exposure reversibly
increased the lateral pressure of the phospholipid monolayer,
but this event is not strong enough to disturb the phospholipid
microdomain organization within a biomembrane.

In parallel, it was demonstrated that structural changes in
cellular membranes may occur during the exposure at
42.2 GHz (35.5 mW/cm?®) [74]. Reversible externalization of
phosphatidylserine was observed without cellular damage
that can eliminate the hypothesis of apoptosis induction.
The biological relevance of this observation is not clear, but
such a modification could play a role in the cellular signaling
or cellular interactions. Moreover, it was demonstrated that
53-GHz radiations and 130-GHz pulse-modulated exposures
can induce physical changes and modify permeability of phos-
pholipid vesicles [75, 76]. It was assumed that millimeter
waves could interfere with the orientation of charged and
dipolar molecules leading to changes at the membrane/water
interface.

V. CONCLUSION

This paper summarizes the most significant recent results and
advances in the field of interaction of millimeter waves with
the human body. EM, thermal, and biological aspects are
reviewed with a particular emphasis on 60-GHz exposures.
The recently introduced dosimetric techniques and instru-
mentation for bioelectromagnetic laboratory studies are
presented.

First, available data on the dielectric properties of skin at
60 GHz is summarized demonstrating that well-established
permittivity database is missing for the millimeter-wave
band. It is shown that 26-41% of power is reflected at the
air/skin interface for the normal incidence, and this value
deviates significantly for illuminations under oblique inci-
dence. More than 90% of the transmitted power is absorbed
by the skin, and therefore single- or multi-layer skin model
is sufficient for the reliable EM dosimetry. Clothing in direct
contact with the skin enhances the power transmission,
whereas an air gap of o-2 mm between the clothes and skin
decreases the transmission. Millimeter waves induce
steady-state temperature increments of the order of several
tenths of °C for PD below the current far-field exposure
limits; however, significant thermal effects may appear for
local near-field exposures. It was demonstrated that, in con-
trast to the EM model, for the reliable thermal dosimetry, it
is crucial to consider multi-layer structure including skin,
fat, and muscle.

In addition, the state of the art in the development of lab-
oratory exposure set-ups at millimeter waves, as well as in the
numerical and experimental millimeter-wave dosimetry is
provided in order to highlight the significant progress in
this field during the last decade. An exhaustive analysis of
the in vitro and in vivo biological studies is performed for
the low- and high-power exposures. Whereas some effects
have been observed for the medium-power exposures
(5-15 mW/cm?) leading to the local heating of the order of
1-2°C, most of the reproducible results for the lower PD
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demonstrated that direct biological effects at 60-GHz are
not likely. Future trends of the bioelectromagnetic studies at
millimeter waves cover such aspects as investigation of poss-
ible synergistic and combined EM/thermal effects, exact deter-
mination of power thresholds, and identification of possible
biomarkers of the millimeter-wave exposure.

Finally, new trends in wireless BAN suggest that
millimeter-wave on- and off-body sensors including wearable
antennas are of increasing interest. To design appropriate
antennas for these applications, the influence of the body on
the antenna performances should be carefully taken into
account. Therefore an accurate characterization of skin dielec-
tric properties is required. Besides, one of the promising cur-
rently unexplored solutions to reduce susceptibility to
shadowing is to implement reconfigurable millimeter-wave
wearable antennas. For on-body applications, the characteriz-
ation of the propagation channel is of utmost importance as it
significantly differs from the free-space one, and no infor-
mation is currently available in the scientific literature on
this issue.
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