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Thermal Analysis of Human Tissues Exposed to Focused Beam THz
Radiations

Oriano Bottauscio®, Mario Chiampi? and Luca Zilberti*

L Istituto Nazionale di Ricerca Metrologica (INRIM), Torino (Italy)
2 Dip. Energia Politecnico di Torino, Torino (ltaly)

The thermal response of human tissues exposed to a focused beam terahertz electromagnetic radiation is evaluated through a
combined analytical electromagnetic wave solution and a step-by-step Finite Element numerical model which solves Pennes’ bioheat
equation. The computational procedure is applied to a 3-layer model of the human tissues for wave frequencies ranging from 0.025
THz to 1 THz and compared with a more detailed 5-layer model. The effects of the Gaussian beam parameters of the electromagnetic

radiation on the temperature elevation are finally evaluated.

Index Terms— Biological effects of electromagnetic radiation, Heating, Propagation, Scattering, Finite Element method.

I. INTRODUCTION

THE TERAHERTZ (THz) frequency region covers the
spectrum of non-ionizing electromagnetic radiations from
0.1 THz to 10 THz. The diffusion of THz technologies for
security applications (body scanners, identification of
weapons, explosives, drugs) and for biomedical science
(noninvasive imaging, tumor therapy) has stimulated research
on the biological effects produced by this radiation [1]. These
studies include experiments on cells, living organisms and
model systems (e.g. [2], [3]), as well as computations of the
thermal response of human tissues (e.g. [4], [5]).
Regarding non-ionizing electromagnetic fields, ICNIRP
recommends guidelines for limiting human exposure in the
frequencies below 300 GHz [6, 7] in terms of maximum
incident power density (10 W/m?). Basic principles of
protection against optical radiation emitted by laser, covering
radiation wavelength up to 1 mm, are also provided by
ICNIRP [8], giving limits in a range from 0.1 W/m? to 10
W/m?, depending on the type of laser radiation. A recent
ICNIRP statement addresses the possible adverse health
effects from exposure to mm-waves used in whole body
electronic security scanners [9]. Indeed, the power levels
employed by the mm-wave body scanners, which operate in
pulse modes, can generate power densities up to 1 KW/m? for
a pulsed field averaged over the pulse width.

Even if terahertz radiation does not penetrate deeply inside
the exposed body, an accurate investigation of the
electromagnetic and thermal effects would require a
computationally demanding simulation. The open-boundary
domain (wave scattering in the air region), the 3-D
characteristics of the incident wave and, mainly, the extremely
fine mesh imposed by the wavelength significantly affect the
computational burden, leading in some cases to solver fails
[3]. This difficulty is here overcome by adopting the analytical
solution of the electromagnetic problem, where a linearly
polarized plane wave is normally incident to the surface of a

stratified half-space. To simulate the effects of a focused
beam, the spatial distribution of the thermal power deposited
in the tissues is properly weighted according to a Gaussian
profile and imposed as driving term in the dynamic Pennes
bioheat equation. This latter is solved inside a quite large
cylindrical domain by a 2D axisymmetric Finite Element (FE)
formulation, adopting properly weighted shape functions [10].

In the present analysis, three biological layers are taken
into consideration: skin, subcutaneous adipose tissue and
muscle (3-layer model), assuming in principle the dielectric
and thermal properties available in the IT’IS database [11] and
in [12]. The investigations are developed at 0.025 THz, 0.1
THz and 1 THz, imposing that the power deposited by the
electromagnetic field decays along the radius following
different profiles. Results based on a 5-layer model, where
skin is subdivided into stratum corneum, epidermis and dermis
[13] are also reported at 0.1 THz.

The coupled electromagnetic-thermal problem is presented
in Sect. 11, whereas Sections Il and IV, respectively describe
the adopted skin model and discuss the computational results,
also comparing the 3-layer and the 5-layer models.

Il. ELECTROMAGNETIC AND THERMAL PROBLEMS

The computations are performed in a simplified exposure
scenario, where a linearly polarized uniform plane wave,
propagating along the z-axis, is normally incident to the
human model surface (Fig. 1a). In a cylindrical reference
system (r, ¢, z), the structure simulating the tissues is assumed
to be indefinite on the r¢-plane and stratified along the z-axis
with n layers, the last of which extends to infinity along the z
direction. The radiation is kept during a time interval D = 1 s
and then it is switched off. Since D is always much longer
than the wave period and the electric time constant of the
tissues is relatively low, sinusoidal steady state conditions can
be assumed developing the problem in the frequency domain.
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Fig. 1. (a) Layered model of human tissues; (b) Gaussian scaling factor
imposed to the volume power density deposited by the electromagnetic wave.
Under the previous assumptions, the electric (E) and
magnetic (H) fields only depend on the z-coordinate and are
given in each i-th layer (including air) by:
E' _; E~ .
H(z)= e ke Erene (1)
77; 77;
with k =8, - jo, =o\ug and n, = /& where @ is the
angular frequency, p is the magnetic permeability and
gE=¢— jo/o IS the complex permittivity (real permittivity € and
equivalent conductivity ). The 2n complex unknowns E;* and
Ei~ are determined by forcing the continuity of E and H across
all the interfaces, by imposing E;~ = 0 and by assuming the
amplitude of the incident wave in air (Eq*) as the driving term.
Finally, the average volume power density transferred to the
biological tissues is evaluated through the analytical relation:
20,2

worglefe s
+%[2ui cos(2B;2) +2v;sin(2B,z) ]

E(z)=E'e ™ +Ee

where (E.*)~(E.‘)* =u, + jv,, being (Ei—)* the conjugate of
E, . Quantity Pem is the driving term for the thermal problem,

which provides the spatial distribution of the temperature and
its time evolution.

In a more realistic situation, the radiation is not uniformly
distributed, but it is focused, illuminating a limited area. Thus,
the rigorous evaluation of the power deposition would need
the solution of a complete 3-D electromagnetic problem, made
complex from the numerical viewpoint due to the required fine
spatial discretization. In addition, fictitious boundary
conditions should be introduced around the region illuminated
by the beam. To overcome these difficulties, following an
approach similar to the one adopted in [14], relation (2) is

rescaled by a factor e, assuming a Gaussian profile, where
parameter b identifies the profile width. Fig. 1b shows two
examples of Gaussian radial distributions, having the same
energetic content, adopted in the following computations.

The dynamic thermal problem is governed by Pennes’
bioheat equation, which is conveniently written in terms of the
temperature elevation 6 with respect to the thermal field
before exposure [5]:

div(igrad®)-h6+P, =c, % (3)

where A is the thermal conductivity, hy is the perfusion
coefficient, cy is the heat capacity per unit volume and Pen is

2
TABLE |
ELECTRICAL AND THERMAL PROPERTIES OF THE TISSUES
Skin SAT Muscle
Relative 25 GHz 18.3 6.4 26.6
ermittivit 100 GHz 5.6 3.67 8.63
P Ye 1 1H, 2.8 2.44 3.12
Electrical 25 GHz 23.6 4,58 30.5
conductivity ¢ 100 GHz 394 10.6 62.5
(S/m) 1THz 44.8 41.9 59.4
Thickness (mm) 1.15 3.5 -
Thermal conductivity A
Wi(m K)) 0.37 0.21 0.49
Perfusion coefficient hy
(WI(m? K)) 7441 1903 2691
Heat capacity per unit 376 214 373

volume ¢y (MJ/(m® K))

the average volume power density vanishing for t > D. Robin
conditions are imposed on the frontal air interface (zo):

@ ZMG(ZO) (4)
al, M

where hamp is the surface heat transfer coefficient. All tissue
parameters are assumed to be constant; this assumption is
justified a posteriori by the low values of 6.

Problem (3) is solved by a 2D axisymmetric FE approach
in a sufficiently large cylindrical domain (Q) where 6 = 0 is
imposed on all external surfaces, apart from the frontal
interface with air (zo). The weak form of the thermal problem,
with suitable shape function w [10], becomes:

IKV9~Vde+jhb9de+Iq, @de+ I h, ., 6wds = I P, wdv
Q Q Q at aQ Q

amb

- (5)
[slle)+ (7 5| -e]

Approximating the time derivative by its incremental ratio
(step-by-step scheme), Eqn. (5) is written in terms of the
unknowns 6 at the considered instant (m) and of the known
values of 0 at the previous instant (Crank-Nicolson scheme):

(Tl shio.)={T-na-nishio.]s g
+ hy[cm]+ h(l_y)[cm—l]
where vy is the time stepping coefficient and the time step h is
set, after preliminary verifications, to 10 ms.

I1l. SKIN MODEL

The model of human tissues is a cylinder whose radius is
assumed large enough (80 mm) to limit the influence of the
fictitious boundary conditions imposed on the lateral sides. In
the first approach, the cylinder is divided along its axis (z-axis)
into three homogeneous layers (skin, subcutaneous adipose
tissue (SAT) and muscle, as in Fig. 1a), disregarding effects
due to tissue microstructure (e.g. sweat gland ducts). The
muscle depth is assumed to be larger enough (40 mm), so that
its artificial boundary does not alter the results. The values of
the skin and SAT layer thickness [13] and of thermal and
electrical tissue parameters [11, 12] are summarized in Table
I, for 0.025 THz, 0.1 THz and 1 THz.

In a more detailed model (5-layer model), the skin is
divided into stratum corneum (SC), epidermis and dermis,
while SAT and muscle are kept unchanged. The thickness,
derived from [15], and the other electric and thermal
parameters of the different tissues are presented in Table II.
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TABLE Il
ELECTRICAL AND THERMAL PROPERTIES OF THE TISSUES AT 0.1 THZ
Equivalent
5-Layer 3-Layer
SC 0.015
Thickness (mm) Epidermis 0.035 1.15
Dermis 1.1
. SC 24
perFraneiltatlit\I/\i/tey g Epidermis 3.2 6.1
' Dermis 5.8
Electrical SC 0.0001
conductivity o Epidermis 1 34
(S/m) Dermis 39
Thermal SC 0.21
conductivity A Epidermis 0.21 0.34
(W/(m K)) Dermis 0.35
Perfusion SC 0
coefficient hy Epidermis 0 6466
(W/(m® K)) Dermis 6760
. SC 3.6
Huef?.tt?cﬂzcr:g&er Epidermis 432 3.39
Dermis 3.78
10000
80004 —— 3-layer 0.025 THz
—o— 3-layer 0.1 THz
—=—3-layer 1 THz
6000

| —=— 5-layer 0.1 THz

4000 _

2000+

Per volume power density (Wima)

0.0 0.5 1.0 1.5
Thickness (mm)

Fig. 2. Diagram along the z-axis of volume power density deposited by the
wave in the tissues. The computations refer to the 5-layer model and the 3-
layer model with equivalent parameters.

The values of the electric parameters for SC epidermis and
dermis have been found in [13] only for 0.1 THz and therefore
the analysis will be performed only for this frequency. In
Table Il the parameters of the equivalent 3-layer model are
also shown. These values, which are close but not equal to the
ones of the skin (see Table 1), are introduced in order to
perform a reliable comparison between the two models and to
put in evidence the effects of SC and epidermis, having
strongly different properties. The equivalent parameters have
been computed by imposing for each property that the
equivalent skin layer has the same external behavior as the set
composed by the three sub-layers. The electrical conductivity
and permittivity have been deduced empirically, by
representing each layer as a resistor and a capacitor parallel
connected and by looking for a couple of values which
provide almost the same equivalent impedance. The thermal
conductivity has been obtained by imposing the same thermal
behavior at steady-state (i.e. by computing the equivalent
thermal resistance). Then, the heat capacity per unit volume
has been found heuristically, forcing the same dynamic
response (in terms of temperature drop across the layer)
against a step of thermal flux crossing the structure. Finally,
the equivalent perfusion coefficient has been obtained as an
average value weighted by the thickness. Preliminary
computations show that in the 3-layer model the equivalent
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Fig. 3. Distribution of temperature elevation at 0.025 THz (left column) and 1
THz (right column). Diagrams of 0 versus z at the symmetry axis for different

time instant (a and b). Maps of the temperature elevation on a r-z plane at
t=1s(candd)andt=8s (e and f).

m'C 0,08

parameters (Table 1) provide results very close to the ones
obtained through the starting values given in Table 1.

IV. DISCUSSION OF RESULTS

In all simulations, reference is made to an incident linearly
polarized plane wave carrying, under unperturbed conditions,
a power density Wy = 1 W/m? and computing the related Pem.
This latter is “focused” around the cylinder axis according to
the Gaussian profile 1 of Fig. 1. The radiation is switched off
after a time interval D = 1 s. The analysis is performed for
three frequencies: 0.025 THz, 0.1 THz and 1 THz.

Figure 2 presents the diagrams of Pem as a function of z for
5-layer model (0.1 THz) and 3-layer model with equivalent
parameters. The results show that in any case the power is
deposited practically only in the skin layer. A variation in the
curve slope always arises at the interface between skin and
SAT, but it is noticeable only for the lowest frequency. The
behaviors of the 5-layer and 3-layer models are similar, but the
low conductivities of SC and epidermis produce a shift, so that
the power deposition starts in the dermis sub-layer.

In the thermal problem, the power density Pem is
distributed in the mesh elements following the Gaussian
profile along the radius; then, the time-spatial distribution of
temperature elevation (0) is evaluated by (6). Figure 3
compares the results computed at 0.025 THz and 1 THz in
terms of diagrams of 0 along the beam axis and of chromatic
maps in the r-z plane att = 1 s and t = 8 s. The diagrams of
Figs. 3a and 3b put in evidence how at the end of the exposure
time (t = 1 s) the highest frequency gives rise to the highest 6
value, but its effect is significant only for deepness lower than
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Fig. 4. Comparison between 3-layer model (left column) and 5-layer model
(right column) at 0.1 THz. Diagrams of 6 versus z at the symmetry axis at
different time instants (a and b). Maps of the temperature elevation on a r-z
plane at the time instantt = 1 s (c and d).
1 mm, whereas at 0.025 THz an appreciable temperature
elevation is found up to z = 3 mm. After the radiation switch
off, the heating propagates mainly toward the internal tissues
(the radial diffusion is significantly lower) and the peak value
of 0 quickly decreases, as in the maps of Figs. 3 ¢, d, e and f.

The comparison between the 3-layer and 5-layer models at
0.1 THz is shown in Fig. 4, which presents the diagrams of 0
versus z and the chromatic maps at time instantt = 1 s. The
first two sub-layers with low electric conductivity slightly
reduce the peak value of the temperature elevation with
respect to the 3-layer model. Figure 4b also shows that, during
the switched-on phase, the 6 values increase throughout SC
and epidermis and the highest value is reached at the interface
with dermis. Successively, the temperature elevation always
decreases with time and the evolution of the thermal
phenomena becomes very similar in the two models, anyway.

The effects of the Gaussian beam parameters are finally
analyzed, keeping the same energetic content in both profiles
(Fig. 1b). In Fig. 5 the distribution of the temperature
elevation along the radius at 1 THz produced by Profile 1 is
compared with the one of Profile 2. The highest 6 values of
Profile 2 are well evident, as well as the reduced area of the
radiation. After the radiation switch-off, the heating diffusion,
differently from the previous case, occurs also along the radial
direction, as presented in Fig. 6, which reports the chromatic
maps of 0 at the time instant t = 1 s (@) and t = 8 s (b). A
comparison with the results of previous profile (Fig. 3f) shows
that the temperature elevations are still significantly higher.

V. CONCLUSIONS

The paper has analyzed the thermal effects produced in
human bodies by an incident wave from 0.025 THz to 1 THz.
Very low temperature elevation are found in all the considered
operating conditions, but they linearly increase by increasing
the power density carried by the wave. The highest 0 values
are reached for the highest frequency and, under the same
energy transfer, more severe conditions are produced by more
focused radiations. Finally, the results suggest that the use of a
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Fig. 5. Diagrams of 6 versus radius at different time instant. The figure
compares the results obtained with Profile 1 (a) and Profile 2 (b) at 1 THz.

Radius (mm)

m°C

Skin

sl
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Fig. 6. Maps of 6 |n a r-zplane for 1 THzatt=1s (a)andt =8 s (b).
stratified model of skin does not significantly modify neither

the values nor the distribution of the temperature elevation.
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