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Near-infrared spectroscopy (NIRS) technology and Mie theory are utilized for fundamental
research on radiofrequency ablation of biological tissue. Firstly, NIRS is utilized to monitor
rats undergoing radiofrequency ablation surgery in real time so as to explore the relationship
between reduced scattering coefficient (µ′

s) and the degree of thermally induced tissue coagu-
lation. Then, Mie theory is utilized to analyze the morphological structure change of biological
tissue so as to explore the basic mechanism of the change of optical parameters caused by ther-
mally induced tissue coagulation. Results show that there is a close relationship between µ′

s and
the degree of thermally induced tissue coagulation; the degree of thermal coagulation can be
obtained by the value of µ′

s; when biological tissue thermally coagulates, the average equivalent
scattering particle decreases, the particle density increases, and the anisotropy factor decreases.

Keywords : Near-infrared spectroscopy (NIRS); Mie theory; radiofrequency ablation; reducing
scattering coefficient (µ′

s); the average equivalent scattering particle radius.

1. Introduction

From the point of view of cell biology, biological
tissue is composed of different sizes and different
components of cells and interstitial cells. From the
point of view of tissue optics, biological tissue is a
typical optical turbid medium that includes light
absorption and scattering simultaneously. Research
indicates that there is an obvious change of opti-
cal properties, especially scattering properties, of
biological tissue under thermal effect.1,2 Radiofre-
quency ablation surgery, carried out on the target
tissue by radiofrequency device to make the proteins

coagulate, is a physical nerve block therapy. By
quantitative analysis and research on the laws of
optical transmission in biological tissue pre- and
post-thermal coagulation, it is optical transmission
in tissue is closely related to the optical parame-
ters of biological tissue,3–6 and found that the com-
position and structure of biological tissue change
in thermal coagulation or lesions.7–9 Obviously,
the above knowledge has significant influence on
the medical research and clinical applications of
radiofrequency ablation and laser hyperthermia and
on the development of medical equipments.10
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In this paper, we studied the fundamental the-
ory of radiofrequency ablation of biological tissue.
Firstly, near infrared spectroscopy (NIRS) technol-
ogy is utilized to explore the relationship between
reducing scattering coefficient (µ′

s) and the degree
of thermally induced tissue coagulation. Then, from
the morphological structure aspect, Mie theory is
utilized to explore the basic mechanism of the
change of optical parameters of biological tissue
induced by heat coagulation.

2. Method

2.1. Experimental system

The experimental system (see Fig. 1) consists of two
parts: the radiofrequency ablation system (8, 9) and
the NIRS system (1–6). Both the radiofrequency
temperature (38–100◦C) and radiofrequency dura-
tion (0–100 s) can be adjusted using the radiofre-
quency ablation system. By using the NIRS
system,11 the spectral intensity of tissue can be
measured in a minimally-invasive manner, in real
time and in vivo in near-infrared region; real time
display parameters of absorption coefficient (µa),
reducing scattering coefficient (µ′

s), hemoglobin
oxygen saturation (SO2), oxy-hemoglobin concen-
tration (CHbO2), deoxy-hemoglobin concentration
(CHb), total hemoglobin concentration (CtHb), cere-
bral blood flow (CBF) and cerebral blood volume
(CBV) can also be calculated.

The optical parameter of µ′
s is analyzed in this

paper. It is calculated by the following empirical
Eq. (1).

µ′
s(λ) = 3.1784 · exp(0.4314 · S690−850)

·
(

λ

690

)(−0.1667S690−850−0.4441)

. (1)

Here S690–850 is the absolute value of the spec-
trum curve slope in the 690–850 nm wave band, λ
is the wavelength. Equation (1) is obtained through
intralipid and phantom model experiments and its
accuracy is verified by OXImeter (96208, ISS Cham-
paign, IL) using intralipid, phantom and rat models.
Equation (1) is only applicable to the 100 µm probe
and should be recalibrated for the other probes.11

2.2. Radiofrequency ablation
experiments

Eighty normal rats (weight: 250 ± 20 g, 40 male,
and 40 female) were selected and divided into eight

Fig. 1. Experimental system. (1) Halogen light source (HL-
2000, Ocean Optics Inc. Dunedin, FL); (2) Y-shape fiber
optic probe (diameter: 100 µm); (3) USB fiber optical spec-
trometer (USB2000, Ocean Optics Inc.); (4) Computer and
software; (5) Stepper motor driver (MID-7604 National
Instruments); (6) Stepper motor and controller (PCI-7344);
(7) The section of fiber probe; (8) Radiofrequency electrode;
(9) RF equipment (Leksell Neural RF instrument, Sweden
Elekta).

groups randomly according to radiofrequency tem-
perature: the control group (the not heated group),
42–45◦C (the hypothermia group), 50◦C, 55◦C,
60◦C, 65◦C, 70◦C and 75◦C groups. Each group
had 10 rats. The radiofrequency duration was 60
seconds.

First, radiofrequency electrode and NIRS
probes were bound together in parallel, fixed in
the stereotactic apparatus, and moved from the
surgical hole to the target by the stepper motor.
Then, the radiofrequency parameters were set and
the radiofrequency ablation was started. After the
ablation, radiofrequency electrode and NIRS probes
were withdrawn with the stepper motor, the rat
brain was removed, and pathological examination
was immediately performed. During the course
of radiofrequency ablation experiment, the opti-
cal parameters of target tissue were continuously
recorded in real time including the pre- and post-
states.

2.3. Mie theory interpretation

Mie scattering theory is an accurate mathemat-
ical solution of Maxwell’s equations for parallel
monochromatic light irradiation on an isotropic
dielectric sphere in uniform medium using rigorous
electromagnetic theory by G. Mie in 1908. Mie the-
ory can be applied to study the scattering char-
acteristics of biological tissue when the scattering
effect of biological tissue is equivalent to that of
spherical particles from a phenomenological point of
view.12,13 Supposing that there is irrelevant scatter-
ing between spherical particles, µ′

s can be expressed
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by the following equation:

µ′
s(λ) = N0

p∑
i=1

f(ri)(πr2
i )Qscat(m, ri, λ)

· [1 − g(m, ri, λ)], (2)

where ri is the particle radius (for a specific bio-
logical tissue, its cellular and subcellular organs
are non-single), f(ri) is the particle size distribu-
tion function, N0 is the particle density, m is the
relative refractive index of the scattering particles
to the surrounding medium (m = n1/n2, n1 and
n2 are the refractive index inside and outside the
particles, respectively), and λ is the wavelength.
Qscat(m, ri, λ) and g(m, ri, λ), calculated by Mie
theory directly, are dimensionless scattering effi-
ciency factor and anisotropy factor of single scat-
tering particle, respectively.14,15

2.4. Morphological study by use
of Mie theory

Firstly, µ′
s at the wavelengths of 690, 710, 730,

750, 770, 790, 810, 830, and 850 nm are induced
by radiofrequency ablation experiment and are nor-
malized at 770 nm so as to eliminate the influence
of particle density. Then, comparing the nine nor-
malized data sets with Mie theory results from
Eq. (2) (also normalized at 770 nm) using the
least square method, the average equivalent scat-
tering particle radius can be effectively estimated(
r =

∑
i rif(ri)

)
. Lastly, with the average equiva-

lent scattering particle radius established, the parti-
cle density can then be estimated by comparing the
original nine data sets (no normalization) with Mie
theory results reusing the least square method.14–16

3. Results and Analysis

3.1. Results of radiofrequency
ablation experiments

Four types of µ′
s curves are found in the experiments

(see Fig. 2, in which the gray column represents
the radiofrequency period). Figure 2(a) represents
the characteristic curve of µ′

s of one control group
rat. It shows that µ′

s is relatively stable during
the whole process. Figure 2(b) represents µ′

s of
one hypothermia group rat (radiofrequency param-
eters: 44◦C, 60 s). It shows that µ′

s increases grad-
ually at the beginning of radiofrequency ablation,
then gradually returns to the initial state after the
end of radiofrequency ablation, and then becomes

stable. All the µ′
s curves of the hypothermia group

rats have the same trend. Figure 2(c) represents
µ′

s of one heat group rat (radiofrequency parame-
ters: 50◦C, 60 s). It shows that µ′

s increases grad-
ually at the beginning of radiofrequency ablation,
then decreases slowly but still higher than the ini-
tial state after the end of radiofrequency ablation,
and lastly becomes stable. All the µ′

s curves of
the 50◦C and 55◦C groups of rats have the same
trend. Figure 2(d) represents µ′

s of one “heat”
group rat (radiofrequency parameters: 70◦C, 60 s).
It shows that µ′

s increases gradually at the begin-
ning of radiofrequency ablation and then becomes
stable after the end of radiofrequency ablation. All
the µ′

s curves of the 60◦C, 65◦C, 70◦C and 75◦C
groups of rats have the same trend. The statistical
average of µ′

s is 16.91 ± 1.71 cm−1 before thermal
ablation and increases to 19.79 ± 1.76 cm−1 after
thermal ablation.

3.2. Results of pathological
examinations

Results of pathological examinations are analyzed
and summarized. For the control group rats, there
is no necrosis and edema. For the hypothermia
group rats, there is edema and a small amount of
inflammatory cell infiltration in the damage zone,
but no cell degeneration and necrosis. Most rats of
50◦C and 55◦C groups show a small area of dam-
age foci and incomplete cell necrosis: usually, nerve
cells degeneration and necrosis follow mixed distri-
bution, or cells are piecemeal necrosis, accompanied
by inflammatory cell infiltration and edema. All the
rats of 60◦C, 65◦C, 70◦C and 75◦C groups show
exact damage foci (see Fig. 3): the center of the
damage foci is the necrosis zone showing complete
nerve cell degeneration and necrosis (see Fig. 4); the
edge of the necrosis zone is the narrow zone of cell
degeneration and nuclear condensation; the adja-
cent to the narrow zone is the surrounding brain
tissue edema zone showing a marked vasodilation
and inflammatory cell infiltration (see Fig. 5); the
outermost is the normal nerve cells.

3.3. Results of Mie theory
simulation

Numerical method with MATLAB6.5 is applied in
this paper.16 Suppose that particle size distribu-
tion follows exponential function and covers the
range from 1nm to 1000 nm.17 Given f(ri) = 1 ×
1010 × exp(−9.5 × 10−4ri), the average equivalent
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(a) (b)

(c) (d)

Fig. 2. Characteristic curves of µ′
s with different radiofrequency parameters. (a) The control group; (b) The hypothermia

group; (c) The 50◦C group; (d) The 70◦C group.

Fig. 3. The central necrosis cells and the surrounding edema
(HE× 40).

scattering particle radius is determined. The com-
parison of µ′

s with three different sets of relative
refractive index is shown in Fig. 6. The figure indi-
cates that as the relative refractive index increases,
the value of µ′

s increases. The values of µ′
s are nor-

malized at 770 nm (inset graph in Fig. 6). It is clear

Fig. 4. The central necrosis cells (HE× 100).

that the shapes of normalized µ′
s with different rel-

ative refractive index are almost identical.
Given m = 1.1, simulation results of mor-

phological change are shown in Table 1. When
biological tissue thermally coagulates, its average
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Fig. 5. The surrounding edema (HE× 100).
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Fig. 6. Results of µ′
s with different relative refractive index.

Table 1. Results of Mie scattering simulation.

µ′
s (cm−1) r (nm) N0 (×1017 m−3) g

Before 16.91 80 1.05 0.8015
ablation

After 19.79 73 1.52 0.7778
ablation

equivalent scattering particle radius decreases from
80 nm to 73 nm, particle density increases from
1.05 × 1017 m−3 to 1.52 × 1017 m−3, and the
anisotropy factor decreases from 0.8015 to 0.7718.

4. Discussions

For the hypothermia group (44◦C) rats, results of
radiofrequency ablation experiments show that µ′

s

changes little, which increases at the beginning of
heating and then decreases to the original level
after the end of heating. Results of the pathological

examination show that there is no thermal coagula-
tion tissue. It indicates that, at this temperature,
there is no denaturation of brain tissue proteins
and no change of biological characteristics. For rats
of 50◦C and 55◦C groups, results of radiofrequency
ablation experiments show that µ′

s increases grad-
ually at the beginning of heating, then declines a
little after the end of heating, and lastly remains
stable above the initial level. Results of the patho-
logical examination show that there is solidification
phenomenon for brain tissue close to the radiofre-
quency probe and both solidification and the sur-
rounding edema are in the 1 mm zone just in front
of the ablation probe. It indicates that both 50◦C
and 55◦C have exceeded the critical temperature for
protein denaturalization and so protein denatura-
tion occurs in the brain tissue. But due to the low
temperature or rather short radiofrequency time,
there is less degree of denaturalization and smaller
radius of lesion foci that cannot cover the effec-
tive detection area of the near-infrared probe.18

Therefore there is a slight decline for µ′
s after

the end of heating. For rats of 60◦C, 65◦C, 70◦C
and 75◦C groups, results of radiofrequency ablation
experiments show that µ′

s changes irreversibly and
remains stable after the end of heating. Results of
the pathological examination show that the damage
foci cover almost all the effective detection area. It
indicates that there is higher radiofrequency tem-
perature and higher degree of protein denaturaliza-
tion. Therefore µ′

s changes more significantly and
remains stable after the end of heating. It can be
concluded that there is a close relationship between
µ′

s and the degree of thermal coagulation of biolog-
ical tissue; the degree of thermally induced tissue
coagulation can be obtained by the value of opti-
cal parameter µ′

s; it is around 50◦C for the critical
temperature of reversible and irreversible changes
of biological tissue.

For the simulation model of Mie theory, the
scattering between particles is assumed as irrele-
vant scattering. Theoretically, it can be regarded as
irrelevant scattering approximately only when the
scattering particles are single and the particle spac-
ing is three times more than its diameter. Actually,
tissue particles are quite compact, therefore it is not
the absolute physical size, but an equivalent con-
cept for the average equivalent scattering particle
radius calculated by Mie theory. For the particle size
distribution, Bartek et al.17 reveals that it appears
in exponential function for most cellular tissues. In
this paper, f(ri) = A × exp(B × ri), where the
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amplitude A does not influence the results, there-
fore it can be any reasonable value. The value of B
can be changed to change the size distribution and
the particle size.

Results, calculated with the same exponential
size distribution and average particle size but with
different relative refractive index of m = 1.1, 1.07,
1.03, show that normalized µ′

s values with differ-
ent relative refractive indices are almost identical.
In this paper normalized values are used to calcu-
late the particle size. Therefore, the assumption in
Eq. (2) that relative refractive index is the same for
pre- and post-thermal coagulation appears reason-
able. The value of relative refractive index does not
influence the accuracy of the average particle size
but the particle density. Results of average parti-
cle size have more reference value than the particle
density.

Simulation results of morphological change
show that, when biological tissue is heated to coag-
ulation, the average equivalent scattering particle
radius decreases from 80 nm to 73 nm and that the
particle density increases from 1.05 × 1017 m−3 to
1.52×1017 m−3 and the anisotropy factor decreases
from 0.8015 to 0.7718. For the average equiva-
lent scattering particle radius, there is the same
trend, but larger absolute value difference com-
pared with the literature (values of Nilsson et al.19

and Swartling et al.20 decreased from 0.30 µm to
0.29 µm and from 0.29 µm to 0.25 µm, respectively).
The trend can be analyzed in terms of histology.
When biological tissue coagulates by heating, the
organelles in cytoplasm disintegrate into pieces and
granulars, the nucleus condenses, and vacuolation
is generated. Therefore the average equivalent scat-
tering particle radius decreases while the particle
density increases. According to theory, the smaller
the particle, the more obvious is the isotropic scat-
tering, so that the anisotropy factor decreases in the
case of thermally induced tissue coagulation. The
significant difference of the absolute values may be
due to the different models adopted. The literature
assumed that all of the particles had the same size
and adopted the single irrelevant scattering model
(µ′

s = N0πr2Qscat(1− g)). This paper assumes that
the particle sizes are different and the particle con-
tent follows an exponential distribution, which is
more in accordance with realistic biological tissue.
The average equivalent scattering particle radius of
normal rat brain tissue calculated by Mie theory
is exactly in the range of biological tissue mito-
chondria radius. Several studies19,21 have identified

mitochondria as the primary scatterers in tissue.
The main factor that affects scattering in biological
tissue is the content of mitochondria.

5. Conclusions

(1) There is a close relationship between µ′
s and

the degree of thermal coagulation of biological
organization. The degree of thermally induced
tissue coagulation can be obtained by the value
of µ′

s. It is around 50◦C for the critical tempera-
ture between reversible and irreversible changes
of µ′

s of biological tissue.
(2) The average equivalent scattering particle

radius calculated by Mie theory can be used
as an evaluation parameter for optical proper-
ties of biological tissue. When biological tissue
coagulates by heating, the reduced scattering
coefficient µ′

s increases, the average equivalent
scattering particles radius decreases, the parti-
cle density increases, and the anisotropy factor
decreases.
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