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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.

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:
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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.
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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.



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
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i _PD,SAR,and T :
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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

5
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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

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




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?®
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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

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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Reflection and Penetration Depth of Millimeter
Waves in Murine Skin

S.l. Alekseev, OV. Gordiienko, and M.C. Ziskin*

Center for Biomedical Physics, Temple University Medical School,
Philadelphia, Pennsylvania

Millimeter (mm) wave reflectivity was used to determine murine skin permittivity. Reflection was
measured in anesthetized Swiss Webster and SKH1-hairless mice in the 37—74 GHz frequency range.
Two skin models were tested. Model 1 was a single homogeneous skin layer. Model 2 included four
skin layers: (1) the stratum corneum, (2) the viable epidermis plus dermis, (3) fat layer, and (4) muscle
which had infinite thickness. We accepted that the permittivity of skin in the mm wave frequency range
results from the permittivity of cutaneous free water which is described by the Debye equation. Using
Fresnel equations for reflection we determined the skin parameters best fitting to the reflection data and
derived the permittivity of skin layers. The permittivity data were further used to calculate the power
density and specific absorption rate profiles, and the penetration depth of mm waves in the skin. In both
murine models, mm waves penetrate deep enough into tissue to reach muscle. In human skin, mm
waves are mostly absorbed within the skin. Therefore, when extrapolating the effects of mm waves
found in animals to humans, it is important to take into account the possible involvement of muscle in

animal effects. Bioelectromagnetics 29:340-344, 2008.

© 2008 Wiley-Liss, Inc.
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INTRODUCTION

Therapeutic application of millimeter (mm)
waves in medicine [Rojavin and Ziskin, 1998] has
stimulated great interest in understanding the mecha-
nisms of biological action of mm waves. Recently, mm
wave effects on the immune system, tumor metastasis
and mm wave induced hypoalgesia have been exten-
sively studied in mice [Radzievsky et al., 2000, 2001,
2004; Makar et al., 2003, 2005; Lushnikov et al., 2004;
Logani et al., 2006]. The reported actions arise from
induced systematic effects that result from the shallow
penetration of mm waves into the skin. To determine the
primary targets for mm wave action, it is first necessary
to determine what biological structures are within
the penetration depth of mm waves. Furthermore, to
extrapolate the biologic effects found in mice to
humans, it is necessary to know the mm wave intensity
distribution in both murine and human skin. Both of
these tasks require accurate dosimetry. Dosimetry
calculations are based primarily on the geometry and
permittivity values of skin layers.

Recently we have reported the results of a study of
human skin permittivity using mm wave reflectometry
[Alekseev and Ziskin, 2007] and human skin dosimetry
[Alekseev et al., 2008]. Permittivity was determined for
both homogeneous and multilayer skin models.

We did not find in the literature any permittivity
data specific for murine skin nor any detailed analysis of

© 2008 Wiley-Liss, Inc.

the mm wave interaction with murine skin. Therefore,
the aims of the present study were to determine the
permittivity of murine skin using mm wave reflectom-
etry and to calculate the power density (PD) and specific
absorption rate (SAR) profiles as well as penetration
depth of mm waves in murine skin based on homoge-
neous and multilayer skin models. To evaluate the
influence of hair on murine skin permittivity, we used
hairy and hairless mice.

METHODS

Animals

Millimeter wave reflection was studied in
two strains of mice: male Swiss Webster mice, body
weight approximately 20—25 g (obtained from Taconic,
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Germantown, NY) and female SKHI1-hairless mice,
body weight approximately 22—25 g (obtained from
the Charles River Laboratories, Wilmington, MA). The
animals were housed in plastic cages in the Central
Animal Facility at Temple University. The Institutional
Animal Care and Use Committee of Temple University
approved the experimental protocols. All experiments
were conducted under anesthesia with a mixture of
ketamine (95 mg/kg), xylazine (10 mg/kg), and
acepromazine (0.7 mg/kg). Reflection measurements
were made on the caudal dorsum and flank areas of
both strains of mice. On the Swiss Webster mice, these
regions were shaved on the day preceding the measure-
ments. We used 10 animals of both strains in each
experiment.

Reflection Measurements

The methods and techniques used for mm wave
reflection measurements were the same as described in
our recent publication [Alekseev and Ziskin, 2007].
Reflection was measured at the open-ended waveguide
applied to the caudal dorsum or flank area of murine
skin in the 37-74 GHz frequency range. Reflection
measurements were performed at ambient room temp-
erature of 22—24 °C and relative humidity of 15-30%.

Measurements of Skin Temperature
and Thickness

The skin temperature was measured using a
thermocouple of the IT-23 type (Physitemp, Inc.,
Clifton, NJ) immediately before and after each
reflection measurement. Average temperature of these
two values was used for the permittivity calculation.
The skinfold thickness was measured using a Starrett
micrometer (L.S.Starrett Co., Athol, MA). To deter-
mine the thickness of skin, the skinfold thickness was
divided by two. The skin thickness was also measured
with the micrometer directly in euthanized mice. Both
measurements gave the same result.

Skin Models

In modeling mm wave interaction with skin, we
applied a homogeneous unilayer and a four layer skin
model. The four layer model contained (1) the stratum
corneum (SC), (2) the viable epidermis plus dermis, (3)
fat layer, and (4) muscle which had infinite thickness.
We made several assumptions. First, the skin layers
used in both models were considered to have distinct
plane boundaries. Second, the skin layers contained
different amounts of free water. Third, permittivity of
biological tissue, including skin, in the gigahertz
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frequency range results mostly from the polarization
of free water molecules [Grant, 1982; Foster and
Schwan, 1986; Gabriel et al., 1996a].

The permittivity of each skin layer (i) was
described by the Debye equation with a single
relaxation time t equal to that of pure water at skin
temperature:

AS,' O;
1+ jor

(1)

& = &xi t .

JOE,
where o = 2nf, fis the frequency, j = (— D2, Ag; = g4—
£.; the magnitude of the dispersion of the free water
fraction of the skin layer i, ¢; the permittivity at wn < 1,
€-o; the optical permittivity, ¢, = 8.85 x 10~ % F/m, g,
the skin ionic conductivity. The permittivities of the fat
and muscle layers were selected in accordance with
Gabriel et al. [1996b].

Fitting Procedure

To fit the theoretical equations for calculating the
power reflection coefficient R in different models to the
reflection experimental data, we used the least-squares
technique. The standard deviation of the differences be-
tween the calculated values and the measured values in
the final fit was used as a measure of goodness of fit.

The optical permittivity and ionic conductivity,
and the thickness of the SC played an insignificant
role in the fitting procedure. Taking into account that the
optical permittivity of the solid fraction of skin and pure
water were equal to 2.5 and 5.2, respectively, the optical
permittivity for each skin layer was approximated as
follows:

where w,, is the weight fraction of the total water content
of skin layer i. The weight fraction of total water was set
equal to 0.33 for the SC [Imokawa et al., 1991] and 0.6
for the viable epidermis and dermis layer [Duck, 1990].
The ionic conductivities of the SC and the viable
epidermis and dermis were set equal to 0 and 1.4 S/m,
respectively [Alekseev and Ziskin, 2007].

In determining skin permittivity we varied two
parameters, the permittivity increment Ag,;, and the
thickness d;. The thickness of the SC was fixed equal to
its typical literature value of 0.015 mm [Warner et al.,
1988]. The thickness of the fat layer was determined as
the difference between the total skin thickness meas-
ured experimentally and the thickness of the epidermis
plus dermis.

A sensitivity analysis showed that a 10% variation
in reflection measurements resulted in a variation of Ag;
within10% and d; within15%. The least-squares fit was
considered to be acceptable if the SD was no more than
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+15%. The results of reflection measurements are
presented as mean + SD (n =number of independent
experiments).

Calculation of mm Wave Power Deposition

Millimeter waves were considered to be at normal
incidence to the skin surface. To calculate the power
reflection coefficient (R) and power density profile
PD(z) as a function of skin depth we applied the Fresnel
equations [Born and Wolf, 1975; Alekseev and Ziskin,
2000, 2007]. The penetration depth 6 was calculated as
0 =cl/w -n" where c is the velocity of light.

RESULTS

The mean thickness of skin including the thick-
ness of the fat layer in the caudal dorsum and flank
areas was 0.37 +0.03 mm in the Swiss Webster mice
and 0.38 0.06 mm in the SKH1-hairless mice. The
mean skin surface temperature at the same sites was
328+04 °C in the Swiss Webster mice and
30.3£0.5 °C in the SKH1-hairless mice.

The dependence of the power reflection coeffi-
cient measured in the hairy murine skin on frequency
is shown in Figure 1. The difference between the
reflection data obtained from the caudal dorsum or flank
areas was statistically insignificant. Reflection from
hairless mice was slightly greater than from hairy mice
(<7.4%). The data obtained from both strains of mice
were well fitted to the homogeneous or multilayer skin
models. The parameters of the homogeneous and
multilayer skin models giving the best fit to the data
are presented in Table 1. The electrical parameters of

06 -
0.5 -
04 | M&%\&s\i
0.3 -

02 1
0.1

o0 +——m—m———————
30 40 50 60 70 80

Frequency, GHz

Reflection

Fig. 1. Power reflection coefficient versusfrequency for hairy mur-
ine skin. Symbols are experimental data. The error bars represent
SD atn =10. Solid lines are fits to the four layer skin model. Reflec-
tion curves for hairless murine skin were similar to those of hairy
murine skin but the values ofthe power reflection coefficients were
6.3—7.4% higher.
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TABLE 1. Parameters of Murine Skin Models Giving the Best
Fit to the Experimental Reflection Data

SKH]1-hairless mice,
model number

Swiss Webster (hairy)
mice, model number

Parameter 1 4 1 4
SC
Eoo — 3.39 — 3.39
Ae — 0 — 0
d, mm — 0.015% — 0.015%
g, S/m — 0 — 0
E +D
Eoo 4.12 4.12 4.12 4.12
Ae 18.82 27.21 16.10 24.87
d, mm 00 0.25 o0 0.24
o, S/m 1.4 1.4 1.4 1.4
Fat
d, mm — 0.13 — 0.13
Muscle
d, mm — 00 — 00
Tx 10" s 7.14 7.14 6.9 6.9

The stratum corneum and the rest of epidermis plus dermis are
denoted as SC and E™ + D, respectively; d is the thickness and ¢ is
the ionic conductivity of the skin layer. In homogeneous skin (model 1),
E™ + D stands for the whole skin. Other symbols used in the table
are given in the ““Methods Section”.

Literature value.

Table 1 used with the Debye Equation (1) determine
permittivity of the homogeneous skin or permittivity of
skin layers in the multilayer skin model. They were
further used to calculate the reflection, PD, and SAR
profiles, and the penetration depth of mm waves in
the skin.

The power reflection coefficient and penetration
depth calculated for the plane mm waves at the
therapeutic frequencies are given in Table 2. At each
of three frequencies tested, the penetration depth of the
hairy skin was 9.0—9.7% less than that of the hairless
skin. Since the penetration depth is inversely propor-
tional to attenuation, this result implies that hairless
skin is approximately 9.5% more attenuating of mm
waves than is hairy skin. The R and § values can be used
to evaluate SAR in homogeneous skin. Once the

TABLE 2. Power Reflection Coefficient and Penetration
Depth of Plane Millimeter Wave Electromagnetic Field in
Murine Skin at Therapeutic Frequencies

Swiss Webster (hairy) SKH1-hairless
Frequency, GHz R 0 (mm) R o (mm)
42.25 0.32 0.93 0.34 0.85
53.57 0.29 0.79 0.31 0.72
61.22 0.27 0.73 0.29 0.67

Calculations were made using the homogeneous skin model.
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Fig. 2. Power density (PD) profiles within hairy murine skin
calculated for 42.25 and 61.22 GHz using the one (dashed line)
and four (solid line) layer skin models. In the four layer model,
1denotes the SC, 2 is the viable epidermis plus dermis, 3 is the fat
layer, and 4 is the muscle. Calculations were made for the plane
wave at the incident PD of 10 mW/cm?. The PD profiles within the
hairless murine skin were close to those shown on the graph.

incident PD, /, is defined the SAR at a depth of z can be
calculated as follows [Gandhi and Riazi, 1986]:

2(1-R)I o 2/0

SAR(z) = 5

3)

The results of calculation of the PD profiles for the
two therapeutic frequencies 42.25 and 61.22 GHz in
hairy murine skin are shown in Figure 2. The PD
profiles obtained for the hairless murine skin showed
little difference. Millimeter waves penetrated deep
enough to reach the muscle, that is, 42.5% and 32%
of mm wave energy entering the skin at 42.25 and
61.22 GHz, respectively, was absorbed within the
muscle. In the skin layers with lower water content, that
is, with the higher wave impedances, the SC and fat, the
PD was lower than in the viable epidermis and muscle,
respectively.

The changes of the PD with frequency in the
different layers of skin were small (Fig. 3). The SAR
values increased notably with the frequency at the
surface of the viable epidermis. At the surface of
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Fig. 3. Frequency dependence of the PD and SAR at a depth of d;
(thefrontsurface ofthe viable epidermis), d, (therear surface ofthe
dermis), and ds (the front surface ofthe muscle) ofthe hairy murine
skin. Calculations were made for a plane wave at the incident PD of
10 mW/cm?.

the deeper muscle layer and at the rear surface of the
dermis, the SAR values were close to each other. At
both regions the changes of SAR with frequency were
not as pronounced as on the epidermal layer.

DISCUSSION

In modeling the mm wave interaction with murine
skin we used plane wave exposure and simplified skin
models. The heterogeneity within each skin layer and
non-parallel internal boundaries would affect the
calculated results. However, we do not expect a signi-
ficant influence of these factors on the PD deposition in
the skin and underlying tissue as the heterogeneous and
multilayer models resulted in similar results. This can
be explained by the small difference in water content of
different tissue layers except for the SC and fat layers.
The thin SC and fat layers produced a small effect on the
PD deposition [Alekseev et al., 2008].

Reflection from both hairy and hairless murine
skin was lower than from human skin [Alekseev and
Ziskin, 2007]. This result can be explained by the lower
free water content of murine skin in comparison with
human skin.
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We found that hairy skin, even when shaved,
reflected mm waves less than hairless skin. This could
be due to the lower free water content of hairy skin
resulting from the presence of hair left in the skin after
shaving. Hair does not contain free water [Lynch and
Marsden, 1969] and occupies some skin volume
thereby decreasing the effective free water content of
the skin. To some extent, our calculations supported this
hypothesis showing that the volume fraction of free
water in hairless murine skin was about 11% higher than
in hairy skin. The same influence of hair on skin water
content could be expected in human skin in sites with
marked hair presence.

The calculations of the PD and SAR profiles in
murine skin revealed that mm waves reach the muscle
layer of mice. Hence, in addition to the epidermis and
dermis cells, mm waves may affect the structures
located in the fat and muscle layers. However, in human
skin mm waves are mostly absorbed within the skin
(99.1% and 99.7% of energy entering the skin at 42.25
and 61.22 GHz, respectively) [Alekseev et al., 2008].
Therefore, when extrapolating the effects of mm waves
found in animals to humans, it is important to determine
the location of the biological structures affected
by mm waves. If the primary target of mm wave action
in mice is located, for example, in muscle then we
cannot extrapolate this effect to humans. Thus, to
make adequate extrapolations from animal to humans
it is important to take into account the difference in
the PD and SAR distributions in animal and human
skin.

REFERENCES

Alekseev SI, Ziskin MC. 2000. Reflection and absorption of
millimeter waves by thin absorbing films. Bioelectromag-
netics 21:264-271.

Alekseev SI, Ziskin MC. 2007. Human skin permittivity determined
by millimeter wave reflection measurements. Bioelectro-
magnetics 28:331-339.

Alekseev SI, Radzievsky AA, Logani MK, Ziskin MC. 2008.
Millimeter wave dosimetry of human skin. Bioelectromag-
netics 29:65-70.

Born M, Wolf E. 1975. Principles of optics. Electromagnetic theory
of propagation, interference and diffraction of light. Oxford,
UK: Pergamon Press. pp 627-631.

Bioelectromagnetics

Duck FA. 1990. Physical properties of tissue. A comprehensive
reference book. San Diego, CA: Academic Press, Inc.
pp 319-328.

Foster KR, Schwan HP. 1986. Dielectric properties of tissues. In:
Polk C, Postow E, editors. CRC handbook of biological
effects of electromagnetic fields. Boca Raton, FL: CRC
Press, Inc. pp 27-96.

Gabriel C, Gabriel S, Corthout E. 1996a. The dielectric properties of
biological tissues: 1. Literature survey. Phys Med Biol 41:
2231-2249.

Gabriel S, Lau RW, Gabriel C. 1996b. The dielectric properties of
biological tissues: III. Parametric models for the dielectric
spectrum of tissues. Phys Med Biol 41:2271-2293.

Gandhi OP, Riazi A. 1986. Absorption of millimeter waves by
human beings and its biological implications. IEEE Trans
Microwave Theory Tech 34:228-235.

Grant EH. 1982. The dielectric method of investigating bound water
in biological material: An appraisal of the technique.
Bioelectromagnetics 3:17-24.

Imokawa G, Kuno H, Kawai M. 1991. Stratum corneum lipids serve
as a bound-water modulator. J Invest Dermatol 96:845-851.

Logani MK, Szabo I, Makar V, Bhanushali A, Alekseev S, Ziskin
MC. 2006. Effect of millimeter wave irradiation on tumor
metastasis. Bioelectromagnetics 27:258—-264.

Lushnikov KV, Shumilina YV, Yakushina VS, Gapeev AB,
Sadovnikov VB, Chemeris NK. 2004. Effects of low-
intensity ultrahigh frequency electromagnetic radiation on
inflammatory processes. Bull Exp Biol Med 137:364-366.

Lynch LJ, Marsden KH. 1969. NMR of absorbed systems. II. A
NMR study of keratin hydration. J] Chem Phys 51:5681—
5691.

Makar V, Logani M, Szabo I, Ziskin M. 2003. Effect of millimeter
waves on cyclophosphamide induced suppression of T cell
functions. Bioelectromagnetics 24:356—365.

Makar V, Logani MK, Bhanushali A, Kataoka M, Ziskin MC. 2005.
Effect of millimeter waves on natural killer cell activation.
Bioelectromagnetics 26:10—19.

Radzievsky AA, Rojavin MA, Cowan A, Alekseev SI, Ziskin MC.
2000. Hypoalgesic effect of millimeter waves in mice:
Dependence on the site of exposure. Life Sci 66:2101-2111.

Radzievsky AA, Rojavin MA, Cowan A, Alekseev SI, Radzievsky
AA, Jr., Ziskin MC. 2001. Peripheral neuronal system
involvement in hypoalgesic effect of electromagnetic milli-
meter waves. Life Sci 68:1143—-1151.

Radzievsky AA, Gordiienko OV, Szabo I, Alekseev SI, Ziskin MC.
2004. Millimeter wave induced suppression of B16F10
melanoma growth in mice: Involvement of endogenous
opioids. Bioelectromagnetics 25:466—473.

Rojavin MA, Ziskin MC. 1998. Medical application of millimeter
waves. Q J Med 91:57-66.

Warner RR, Myers MC, Taylor DA. 1988. Electron probe analysis of
human skin: Determination of the water concentration
profile. J Invest Dermatol 90:218-224.



Bioelectromagnetics 24:165—-173 (2003)

Low Power Millimeter Wave Irradiation
Exerts No Harmful Effect on Human
Keratinocytes InVitro
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Low power millimeter wave (LP-MW) irradiation has been successfully used in clinical practice as an
independent and/or supplemental therapy in patients with various diseases. Itis still not clear, however,
whether exposed skin is directly affected by repeated LP-MW irradiation and whether cells of the
epidermis can be activated by the absorbed energy. Keratinocytes, the most numerous component
of the epidermis are believed to manifest functional responses to physical stimuli. In this study we
analyzed whether LP-MW irradiation modulated the production of chemokines, including RANTES
and IP-10 of keratinocytes in vitro. We also investigated whether LP-MW irradiation induces a heat
stress reaction in keratinocytes, and stimulates heat shock protein 70 (Hsp70) production. Vital
staining of keratinocytes with carboxyfluorescein succinimidyl ester and ethidium bromide was used
to analyze the MW effect on the viability of adherent cells. In addition, we studied the effect of LP-MW
irradiation on intercellular gap junctional communication in keratinocyte monolayers by Lucifer
yellow dye transfer. We found no significant changes in constitutive RANTES and inducible IP-10
production following LP-MW irradiation. LP-MW exposure of keratinocyte monolayers did not
alter Hsp70 production, unlike exposure to higher power MWs (HP-MW) or hyperthermia (43 °C; 1 h).
LP-MW irradiation and hyperthermia did not alter the viability of adherent keratinocytes, while
HP-MW irradiation induced cellular damage within the beam area. Finally, we found no alteration
in the gap junctional intercellular communication of keratinocytes following LP-MW irradiation,
which on the other hand, was significantly increased by hyperthermia. In summary, we detected no
harmful effect of LP-MW irradiation on both keratinocyte function and structure in vitro, although
these cells were sensitive to higher MW power that developed heat stress reaction and cellular
damage. Our results provide further evidence that LP-MW irradiation does not induce evidence
of skin inflammation or keratinocyte damage and that its clinical application appears to be safe.
Bioelectromagnetics 24:165-173, 2003.  © 2003 Wiley-Liss, Inc.

Key words: HaCaT; chemokine; heat shock protein; vital staining; gap junctional
communication

INTRODUCTION

Low power millimeter wave (LP-MW) irradiation
has been found to induce numerous beneficial biologi-
cal effects [reviewed in Pakhomov et al., 1998] and was
successfully applied in clinical practice in the past
decade [Korpan and Saradeth, 1995; Pakhomov et al.,
1998; Rojavin and Ziskin, 1998; Radzievsky et al.,
1999]. In spite of the rising number of in vivo and in vitro
studies, the nature of MW exposure on the human
organism is not well understood [Pakhomov et al.,
1998]. Theoretical and experimental data show that
nearly all of the MW energy is absorbed in the super-
ficial layers of skin (epidermis and dermis) [Alekseev
and Ziskin, 2001a,b] suggesting that keratinocytes, the
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main constituents of epidermis, might be affected by
MW exposure. Moreover, several negative skin reac-
tions were reported following LP-MW irradiation,
including cutaneous allergic reactions [Reviewed by
Pakhomov et al., 1998], enhanced delayed type hy-
persensitivity in murin skin model [Logani et al., 1999],
and morphological changes in murin skin nerves
[Zavgorogny et al., 2000].

Our previous studies showed that in vitro exposure
of keratinocytes to LP-MW did not modulate adhesion,
proliferation, or migratory capacity of these cells, while
intracellular TL-1f3 production was slightly increased
[Szabo et al., 2001a]. In this study we further analyz-
ed the in vitro effect of MW irradiation on epidermal
keratinocytes by measuring chemokine release, heat
shock protein production, determining cell viability, and
gap junctional intercellular communication, in order to
learn more about potential risk factors of MW exposure.

Chemokines (chemotactic cytokines) have been
found to play a crucial role in cell trafficking in many
physiological and pathological processes [Taub and
Oppenheim, 1994; Luster, 1998; Ma et al., 1998; Locati
and Murphy, 1999; Lukacs et al., 1999; McGrath et al.,
1999; Murdoch and Finn, 2000]. Activated keratino-
cytes have been reported to produce and release several
chemokines including RANTES (regulated on acti-
vation and normal T cell expressed and secreted) and
IP-10 (interferon-gamma-inducible 10 kDa protein),
and might initiate or augment inflammatory processes
[Boorsmaetal., 1998; Albanesi et al., 2000; Frank et al.,
2000]. Enhanced RANTES production was found in
psoriatic epidermis [Fukuoka et al., 1998; Raychaud-
huri et al., 1999], while keratinocyte derived IP-10 was
detected in histological samples from inflammatory
skin diseases [Flier et al., 2001] and also cutaneous
T cell lymphoma [Tensen et al., 1998]. In the present
study we analyzed whether MW irradiation might
induce activation of epidermal keratinocytes that results
in the production of RANTES and IP-10, chemo-
kines that represent potential risk factors for skin
inflammation.

Stress conditions, including microbial, biochem-
ical, or physical insults have been reported to induce
heat shock protein production in live cells [Maytin,
1995; Bowman et al., 1997; Bowers et al., 1999; Miller
et al., 2000; Ofenstein et al., 2000; Park et al., 2000].
Heat shock protein 70 (Hsp70) represents one of the
major stress proteins essential for cellular recovery,
survival, and maintenance of normal cellular function
[Mayer and Bukau, 1998]. It is also a molecular
chaperone that prevents protein aggregation and refolds
damaged proteins in response to cellular stress caus-
ed by environmental insults, pathogens, and disease
[Maytin, 1995]. We studied whether MW irradiation

might induce Hsp70 production in keratinocytes in vitro
comparing the effect of LP-MW, higher power MW
(HP-MW) irradiation, and hyperthermia.

The vital dye carboxyfluorescein succinimidyl
ester (CFSE) has been widely used in immunohistology
and flowcytometry for analysis of cell viability and cell
division [De Clerck et al., 1994; Hanthamrongwit et al.,
1994; Lyons, 2000; May et al., 2001]. The combination
of CFSE staining with ethidium bromide (EB), which
counterstains dead cells, provided a reliable method
for studying MW effect on cell viability in confluent
keratinocyte cultures.

Epidermal keratinocytes have been found to uti-
lize various types of cell-to-cell communication, in-
cluding gap junctional intercellular communication
[Salomon et al., 1988]. Gap junctions represent protein
channels between two adjacent cells, allowing regu-
lated transfer of low molecular weight substances
[Bruzzone et al., 1996; Kumar and Gilula, 1996]. Using
the scrape loading assay dye transfer technique to
introduce the fluorescent dye Lucifer yellow into kera-
tinocytes, the gap junctional intercellular communica-
tions were quantified by counting of stained cells
[Opsahl and Rivedal, 2000]. We studied whether LP-
MW irradiation might modulate dye transfer and so gap
junctional intercellular communications contribute to
LP-MW effect.

MATERIALS AND METHODS

Cell Culture

Spontaneously immortalized human keratinocyte
HaCaT cells were a kind gift from Prof. N. E. Fusenig
(University of Heidelberg, Germany). Keratinocytes
were continuously cultured in RPMI-1640 medium
(Gibco BRL, Grand Island, NY) with 10% FCS
(HyClone, Logan, UT) (R10) at 37 °C in 5% CO,.
When required, the adherent keratinocytes were detach-
ed by using 0.05% Trypsin-EDTA (Sigma, St. Louis,
MO). The cell viability during normal culture condi-
tions was typically near 100%, as determined by the
Trypan blue exclusion test.

LP-MW Exposure

Adherent keratinocytes in standard tissue culture
plates were exposed from the bottom as described
earlier [Szabo et al., 2001a]. The Russian made milli-
meter wave generator (G-141) produced a continuous
wave 61.2+2.1 GHz field with an output power of
20 mW that resulted in a specific absorption rate (SAR)
of 770 £42 W/kg. Under these conditions, the steady
state temperature elevation of the exposed samples
never exceeded 1.6 °C. The incident power density was



calculated to be 29 +2 mW/cm? as described in our
previous publication [Szabo et al., 2001a]. This type
of MW irradiation was designated low power MW
(LP-MW) irradiation through the manuscript.

High-Power Millimeter Wave Exposure

A Radio Research Incorporated 1 W, 42.25 GHz
generator (part number 9-2-2T) was purchased and
modified by the addition of a Millimetrics single junc-
tion, Q band circulator with 20 dB minimum isolation
to protect the generator’s Varian Klystron (VA535P)
from reflected millimeter wave energy. The output of
the circulator was connected through an adapter to a
section of Russian wave guide with internal dimensions
of 2.6 mm by 5.2 mm (13.52 mm?” area). The power
output was kept at 225 mW. The incident power density
was 1.67 W/cm?, which resulted in a peak SAR of
37£3 kW/kg and a maximum temperature elevation
to 45.2°C by the end of 30 min. The SAR was calcu-
lated by multiplication of the specific heat of water
(4186 x kg~ ' x K™') by the initial rate of temperature
rise as determined thermographically. Reflection was
measured as 0.033 £ 0.001.

During exposures, each cell culture well was
placed such that the wave guide aperture was centered
on, but not touching the bottom of the tissue culture
well. This irradiation resulted in an exposure of 1.4%
of the total keratinocyte monolayer surface. Because
of the low percentage of cell being irradiated, further
analyses of the cells exposed to the high power milli-
meter waves were limited to microscopically observa-
ble changes in the cells that were actually exposed.

Temperature Measurement

The temperature profile of HP-MW irradiation
was generated by an infrared camera (Amber Engineer-
ing, Inc., Goleta, CA). The profile represents the surface
temperature of the medium at the end of the 60 min
HP-MW irradiation. The maximum temperature at
the bottom of the tissue culture plates, where HaCaT
keratinocytes were adhered, was 45.2 °C as determin-
ed by a thermocouple (Physitemp Instrument, Inc.,
Clifton, NJ). This area was located within a ~ 0.5 mm
diameter small circle.

UVB Irradiation

Keratinocyte monolayers in 6 well tissue culture
plates were irradiated by UVB light (302 nm, Chro-
mato-Vue Lamp, San Gabriel, CA) with dish lids
removed, using a dose of 150 mJ/cm®. The UV dose
was monitored with an International Light, Inc.
(Newburyport, MA) radiometer fitted with a UVB
detector. After irradiation keratinocyte monolayers
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were incubated for 24 h at 37 °C, 5% CO, and were
stained with CFSE/EB vital staining.

Measurement of RANTES in
HaCaT Supernatants

HaCaT keratinocytes (2.5 x 10° cells) in R10
were loaded into two opposite corner wells of 6 well
tissue culture plates (Becton-Dickinson, Franklin
Lakes, NJ). One corner well of the exposed plate was
irradiated with LP-MWs at a room temperature for
30 min, while the opposite well was left as a sham
control. A separate plate with keratinocytes was kept at
37 °C, 5% CO, for control. All plates with keratinocytes
were further cultured for 24 h at 37 °C, 5% CO, and the
supernatants were either collected or changed with
fresh medium and the culture was continued for an
additional 24 h.

The concentration of RANTES present in culture
supernatants was determined by ELISA, using matched
mouse capture and detection antibodies in a sandwich
ELISA. The anti-chemokine “‘capture” antibody used
in these experiments was rabbit polyclonal anti-human
RANTES (Pharmingen, San Diego, CA). The capture
antibody was coated onto plastic microwell plates
(Nalge Co., Rochester, NY) and blocked with 1%
BSA-containing PBS, and graded dilutions of culture
supernatant or recombinant standard (Peprotech, Rocky
Hill, NJ) were added. After washing, the captured che-
mokine proteins were detected using biotin-conjugated
anti-chemokine ‘detection” polyclonal anti-human
RANTES, followed by HRP-linked streptavidin (Vec-
tor Laboratories, Burlingame, CA). Following the
addition of ABTS 2,2'-azino-bis-(3-ethylbenzthiaz
oline-6-sulfonic acid) in buffer, the level of colored pro-
duct was measured spectrophotometrically at 405 nm.

No detectable RANTES was found in the culture
medium. The number of cells in each well was de-
termined following detachment by Trypsin-EDTA and
counting cells in hemocytometer. RANTES production
was expressed in pg/10° keratinocytes in 24 h culture
period. Each analysis was carried out in duplicate and
repeated five times.

Measurement of IP-10 in HaCaT Supernatant

HaCaT keratinocytes (2.5 x 10> cells in 500 pl
R-10) were loaded into two opposite corner wells of
24 well tissue culture plates (Becton-Dickinson,
Franklin Lakes, NJ) and were incubated overnight at
37 °C, 5% CO, in order to achieve complete confluency.
Then the medium was changed and one corner well
of the exposed plate was irradiated with LP-MWs at
room temperature for 30 min, while the opposite well
was left as a sham control. The effect of MW irradia-
tion was studied either in the presence or absence of
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100 ng/ml IFNy (Genzyme, Cambridge, MA), added
to the wells before irradiation. Separate plates with
keratinocytes were kept at 37 °C, 5% CO, for control.
After irradiation, keratinocytes were further cultured
for 24 h at 37 °C, 5% CO, and the supernatants were
analyzed for IP-10 production. The IP-10 concentra-
tion in supernatants was determined by an ELISA kit
(HyCult Biotechnology, Uden, The Netherlands) fol-
lowing the manufacturer’s instructions. No detectable
level of IP-10 was present in the culture medium. These
experiments were repeated four times.

Hsp70 Measurement in Cell Lysates

One million HaCaT keratinocytes in 500 pl R10
were plated into two opposite corner wells of 24 well
tissue culture plates. One corner well of the exposed
plates was irradiated with either LP-MW or HP-MW for
60 min at room temperature, and the other well was left
as sham control. Control plates with keratinocytes were
either kept at 37 °C for 60 min (negative control),
or incubated at 43 °C for the same period of time
(positive control). After 24 h incubation at 37 °C, 5%
CO, Hsp70 was determined in cell lysates with an
enzyme immunoassay kit (StressGen, Victoria, BC,
Canada) following the manufacturer’s instructions. All
measurements were carried out in duplicates and were
repeated five times.

Vital Staining of Keratinocytes in Monolayer

The effect of in vitro exposure of keratinocyte
monolayers to MWs, UVB, or heating (43 °C) on
cell viability was evaluated by staining with 5,6-
carboxyfluorescein diacetate, succinimidyl ester (CESE,
Molecular Probes, Eugene, OR) and EB (International
Biotechnologies, New Haven, CO). CFSE develops a
bright green cytoplasmic fluorescence in live cells,
while dead cells show a red nuclear fluorescence with
EB. For immunostaining, the culture medium was
replaced by CFSE at a final concentration of 5 uM in
PBS (Cellgro, Mediatech, Inc., Herndon, VA) together
with 4 mM EB. Color images were taken by a digital
camera (CoolSNAP cf, Roper Scientific, Trenton, NJ)
attached to a fluorescence microscope (Ljumam, P8,
Russia).

Scrape Loading Lucifer Yellow Transfer

HaCaT keratinocytes (3 x 10° cells in 3 ml R10)
were loaded into two opposite corner wells of 6 well
tissue culture plates and were cultured at 37 °C, 5% CO,
for 24 h. By the end of the culture period keratinocyte
monolayers typically reached a complete confluency.
Then the medium was replaced with fresh R10, and one
corner well of the exposed plates was irradiated with
MW for 30 min, while the other well was left as a sham

control. Control plates with keratinocytes were kept at
37 °C 5% CO, (negative control), or incubated at 43 °C
for the same period of time (positive control). During
the last 10 min exposure (and control treatment)
keratinocytes were loaded with 0.1 M Lucifer yellow
dye (Sigma) by scraping the monolayers with a 26 G
needle. At the end monolayers were repeatedly wash-
ed with PBS, and the dye transfer was analyzed by
fluorescence microscopy and quantified by counting
fluorescent adjacent cells starting at the scraped border.
Cells in nonscraped areas remained unstained.

Statistical Analysis

The statistical significance between groups was
evaluated using the Student’s #-test. A P value of < 0.05
was considered significant.

RESULTS

Adherent HaCaT keratinocytes were irradiated
with LP-MW for 30 min and the RANTES production
was measured after 24 and 48 h (Fig. 1). Under control
conditions, HaCaT cells produced 315 + 38 pg/10° cell
of RANTES during the first 24 h incubation, which
significantly decreased to 186 +47 pg/10° cell in the
subsequent 24 h of culture. MW irradiation did not
significantly change the constitutive RANTES produc-
tion, as the RANTES level at 24 h was 279 = 82 pg/10°
cell and dropped to 146 +22 pg/10° cell after the
second 24 h of culture. RANTES production in sham
irradiated keratinocyte cultures was similar to MW
irradiated cultures (222 436 pg/ 10° cell at 24 h, and
153 £ 32 pg/10° cell at 48 h).
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Fig. 1. The effect of LP-MW irradiation on constitutive RANTES
production by HaCaT keratinocytes in vitro. Twenty-four and 48 h
after irradiation, the supernatant was collected and analyzed for
RANTES production by ELISA. No detectable level of RANTES
was present in the culture medium. Mean =+ SE of five separate
experimentsin duplicate.



In contrast, HaCaT keratinocytes produced very
low levels of constitutive IP-10 (data not shown);
however, treatment with 100 ng/ml IFNy induced an
intense IP-10 production resulting in a 1000-fold
increase in IP-10 levels (Fig. 2). MW irradiated cells
in the presence of IFNy produced 5.3 +0.04 ng/ml
IP-10, which did not significantly differ from the
5.440.04 ng/ml IP-10 production of control cells at
37 °C, and the 5.3 +0.14 ng/ml production of sham
irradiated cells.

In order to determine whether MW irradiation
induces thermal stress reaction in keratinocytes, we

IP10 ng/ml

LP-MW Sham

Fig. 2. The effect of LP-MW exposure on IP-10 production by
keratinocytes in vitro. HaCaT keratinocytes were plated into two
opposite corner wells of 24 well tissue culture plates with and
without 100 ng/ml IFNy. After 24 h incubation at 37 °C, 5% CO,
IP-10 was measured in supernatants with ELISA. No detectable
level of IP-10 was present in the culture medium. Mean = SD of four
separate experiments.
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Fig. 3. The effect of millimeter wave exposure on heat shock pro-
tein 70 production in keratinocytes in vitro. After 24 h incubation
at 37 °C, 5% CO,, Hsp70 was measured in cell lysates with an
enzyme immunoassay. Mean + SD of five separate experiments
induplicate. *P < 0.05.
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measured Hsp70 production following a 60 min
exposure of HaCaT cell cultures (Fig. 3). HaCaT
keratinocytes were found to produce a low level of
constitutive Hsp70, which was not significantly altered
by LP-MW irradiation. Incubation at 43 °C, however,
induced a robust increase in Hsp70 production in
keratinocytes without significant alteration in cell
viability (shown in Fig. 4D).

Vital staining of keratinocytes with CFSE/EB
showed that keratinocyte monolayers incubated at
37 °C consist of only live cells (Fig. 4). Neither LP-
MW irradiation, nor sham exposure for 60 min at room
temperature caused cellular damage, as shown in
Figure 4. Furthermore, incubation at 43 °C for 60 min
resulted in no significant alteration in cell viability.
UVB irradiation at a dose of 150 mJ/cmz, however,
caused massive cellular injury in keratinocyte cultures.
The UVB treated cells exhibited fundamental changes
in cell morphology and cell viability with severally
damaged and dead cells. In contrast to LP-MWs, higher
power MW irradiation induced severe cell damage in
irradiated keratinocytes (Fig. 5). The reaction devel-
oped relatively slow, resulting in no immediate change
in cell viability 1 h after irradiation (Fig. 5B). Twenty-
four hours later, however, the vast majority of kera-
tinocytes in the beam area were stained red with EB
indicating severe cell damage and cell death (Fig. 5D).
The cellular damage induced by HP-MW irradiation
developed in the center of irradiation, where the heating
effect was maximum (Fig. 6).

Keratinocytes under both in vivo and in vitro
conditions develop intense cell-to-cell connections,
especially when reaching a highly confluent stage. We
studied whether gap junctional intercellular commu-
nications in keratinocyte monolayers were modulated
by LP-MW irradiation. Keratinocytes were loaded with
Lucifer yellow fluorescent dye using the scrape-loading
technique. Intact cells remained unstained, while cells
at the scrape margin exhibited intense dye uptake and
transfer toward adjacent cells showing a gradual
decrease in fluorescence intensity (Fig. 7, insert).
Figure 7 shows that LP-MW irradiation resulted in no
detectable modulation in gap junctional intercellular
dye transfer when compared to either sham or control
monolayers. Incubation at 43 °C, however, markedly
increased dye travel and the number of adjacent
fluorescent cells.

DISCUSSION

Application of LP-MW in clinical practice in-
volves repeated irradiation of epidermal keratinocytes
in exposed areas and might result in activation of these
cells. Activated epidermal keratinocytes, however, have
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Control

Sham

LP-MW

Fig. 4. The effect of MW irradiation on cell viability in keratinocyte
culture. Cell viability was analyzed following 24 h culture at 37 °C,
5% CO, by double staining of monolayers with CFSE (green color,
live cells) and EB (red color, dead cells). Scale bars on micro-
graphs: 50 pm.

24 h

Fig. 5. The effect of HP-MW irradiation on keratinocyte viability.
The cell viability was determined 1 h after irradiation (A, B) and 24 h
later (C, D) by double staining of monolayers with CFSE (green
color, live cells) and EB (red color, dead cells). EB positive (red)
cellsarelocatedintheirradiated area. Scale bars on micrographs:
100 um.
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Fig. 6. Temperature profile of HP-MW irradiation. One well of a
6 well tissue culture plate containing 3 ml of culture medium was
irradiated with HP-MW for 30 min from the bottom.The distribution
of upper surface temperature within the beam area was deter-
mined by infrared camera at the end of irradiation. The dotted lines
indicate the lateral extent of the cellular damage shown in
Figure 5D.

been reported to produce a number of proinflammatory
molecules including certain chemokines, which might
initiate and augment inflammatory processes via attrac-
tion of immunocompetent cells into the skin [Boorsma
et al., 1998; Fukuoka et al., 1998; Tensen et al., 1998;

Lucifer yellow transfer
(number of cells)

Control Sham LP-MW 43°C

Fig. 7. The effectof LP-MW irradiation on gap junctionalintercellu-
lar communication in keratinocyte monolayers. During the last
10 min of exposure (or control treatment) keratinocytes were
loaded with Lucifer yellow dye by scrape-loading technique.
The fluorescent microscopic images of control and 43 °C cultures
are shown in inserts. Direction and localization of scraping are
represented by dotted arrow-lines. The dye transfer (double
arrows) was analyzed by fluorescence microscope taking color
images by an attached digital camera. Keratinocytes located in
the nonscraped areas remained unstained. Scale bars on micro-
graphs: 50 um. Quantitation of dye transfer was carried out by
countingadjacent fluorescent cells startingwith cells atthe scrape
border. Mean =+ SD of five separate experiments. *P < 0.05.



Albanesi et al., 2000; Frank et al., 2000; Flier et al.,
2001]. In an effort to determine whether LP-MW
irradiation might induce or modulate the production of
keratinocyte-derived chemokines, we measured the
in vitro production of RANTES and IP-10, chemokines,
which have been reported to play a key role in certain
skin diseases. The effect of LP-MW irradiation on
chemokine production was studied using HaCaT kera-
tinocytes. These cells grow well in a serum containing
tissue culture medium without addition of growth fac-
tors and show several similarities to the continuously
dividing basal keratinocytes in epidermis [Boelsma
et al., 1999; Schoop et al., 1999]. We have previously
reported that HaCaT keratinocytes produce constitutive
RANTES in a cell-density-regulated manner. We have
found that in the logarithmic growth phase of cultures
the RANTES production graduately decreased [Szabo
et al,, 2001b]. In the present study we found that
LP-MW irradiation of HaCaT keratinocytes did not
significantly modulate constitutive RANTES produc-
tion. Moreover, the irradiated keratinocytes resembling
control cells in exhibiting a similar decrease in
RANTES production with propagation of cells. In
contrast, HaCaT keratinocytes did not produce con-
stitutive IP-10. In the presence of IFNy, however, a
robust level of IP-10 production was detected. LP-MW
irradiation had no modulatory effect on either consti-
tutive or inducible IP-10 production. These in vitro
findings do not completely rule out the possibility of the
in vivo RANTES or IP-10 production in MW exposed
skin areas, but any production would certainly be far
below the effective concentration level.

The biological effects of MW irradiation might
involve thermal mechanisms with temperature eleva-
tion in the exposed areas [Bush et al., 1981; Walters
et al., 2000]. In our previous study we detected a 1.6 °C
temperature rise by LP-MW irradiation at the surface of
tissue culture dishes loaded with keratinocytes [Szabo
et al., 2001a]. We measured heat shock protein 70 pro-
duction, one of the major heat stress proteins to deter-
mine whether MW irradiation in vitro can induce heat
stress. Under control conditions HaCaT keratinocytes
were found to produce a low level of Hsp70, which was
not significantly altered by LP-MW exposure. HP-MW
irradiation, however, induced a 29% rise in Hsp70
synthesis. The moderate rise in Hsp70 production by
HP-MW irradiation was associated with the small size
of irradiated area, as the wave guide used in these
experiments was 5.2 X 2.6 mm. Moreover, we found
that cellular damage induced by HP-MW irradiation
was well confined within the beam area without
detectable effect on cells outside the beam. Keratino-
cytes incubated at 43 °C for 60 min, however, produced
high levels of Hsp70, and the cell viability in these
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cultures was not significantly altered presumably due,
in part, to the protective effect of heat shock proteins
produced at this temperature. Taken together these data
suggest that HaCaT keratinocytes are able to respond
to thermal stress with Hsp70 production. However,
LP-MW irradiation induced no heat stress reaction in
HaCaT cells.

Since its first introduction by Lyons and Parish
[1994], the vital dye CFSE has been widely used in
immunohistology and flowcytometry for analysis of
cell viability or cell division [De Clerck et al., 1994;
Hanthamrongwit et al., 1994; Lyons, 2000; May et al.,
2001]. CFSE is a nonfluorescent dye until it enters the
cells by crossing the intact cell membrane. Nonspecific
cytoplasmic esterases transform the dye into a fluor-
escent form by a cleavage of ester groups. The active
compound binds to slow turnover intracellular proteins
and this conjugate might remain inside the cells for a
relatively long time. The dye transformation needs
intact intracellular metabolism, and is indicative of cell
viability. Loaded live cells show a bright green fluo-
rescence with fluorescent microscopy. In contrast, EB
cannot penetrate through intact cell membranes, and it
stains the nuclei of dead cells. Dead cells show a bright
red nuclear fluorescence. The combination of CFSE
staining with EB provided a reliable method to analyze
the location and the magnitude of the MW effect on
keratinocytes in vitro.

We found no alteration in the cell viability fol-
lowing LP-MW irradiation. Control cultures, or sham
irradiated keratinocyte monolayers were typically com-
posed of only live cells. UVB irradiation, however,
induced severe cell damage with the characteristic
phenotypical changes for apoptosis. HP-MW irradia-
tion had no immediate effect on keratinocyte viability,
however, 24 h after irradiation, the majority of cells
within the beam became EB positive due to the intense
cellular damage. Resistance of HaCaT keratinocytes
to LP-MW irradiation and hyperthermia (43 °C) are
thought to be part of the protective properties of epi-
dermal keratinocytes. At the same time, HaCaT cells
were sensitive to the effect of UVB or HP-MW irra-
diation, and developed severe cellular damage. Taken
together, these in vitro findings do not support the
possibility of keratinocyte damage in LP-MW irra-
diated skin areas, where the in vivo mechanisms are
known to exert precise temperature regulation.

Gap junctional intercellular communications pro-
vide arelatively fast, although limited signal transfer for
cells in various tissues [Bruzzone et al., 1996; Kumar
and Gilula, 1996]. The role of this type of intercel-
lular communication in epidermis is less understood
[Salomon et al., 1988; Fitzgerald et al., 1994]. We
found that LP-MW irradiation of confluent keratinocyte
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monolayers induced no significant change in Lucifer
yellow dye travel, a tracer for gap junctional com-
munication. Incubation at 43 °C, however, markedly
enhanced the number of communicating cells. These
findings together with the Hsp70 data, however, are
consistent with our observation that LP-MW fails to
significantly elevate the temperature in irradiated cul-
tures. In conclusion, our data support the contention that
LP-MW irradiation in clinical practice is safe and
without a risk of induction of topical inflammatory re-
actions or cell damage in epidermal keratinocytes.
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