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ABSTRACT The introduction of thermal relaxation makes non-Fourier heat transfer more effective than
Pennes equation to reflect rapid bio-heat transferring during HIFU, however, the contribution of thermal
relaxation in specific tissues needs to be further clarified. In this study, we first measured the thermal
relaxation times of porcine muscle and porcine fat. Combining with experimental measurements, the effects
of thermal relaxation on temperature elevation in the tissues were investigated by using Pennes equation,
thermal wave model of bio-heat transfer (TWMBT) and dual phase-lag (DPL) bio-heat transfer. Results
showed that: a) The thermal relaxation times of porcinemuscle and porcine fat are experimentally determined
as 5.71±0.11 s and 5.02±0.06 s, respectively. b) In the absence of cavitation, DPL bio-heat transfer is
more accurate to predict the temperature elevation at the focus and 2 mm from the focus than Pennes
equation and TWMBT. Particularly, comparing with the reported of bologna (16 s) used in most of the
theoretical analysis, the utilization of the measured thermal relaxation time for a specific tissue in DPL
bio-heat transfer is more effective in predicting the temperature elevation duringHIFU. c) Acoustic cavitation
and nonlinear propagation is easier to happen in fat, under which all bio-heat transfer models are failed to
forecast the temperature elevation induced by HIFU. The results demonstrate that different tissues have
different thermal relaxation, DPL bio-heat transfer with the measured thermal relaxation times of specific
tissues can accurately predict the temperature elevation during HIFU without cavitation.

INDEX TERMS Bio-heat transfer, thermal relaxation, high intensity focused ultrasound.

I. INTRODUCTION
High intensity focused ultrasound(HIFU), as a non-invasive
therapeutic technique, has been proven effective and success-
ful in treating malignant and benign solid tumors, including
liver cancer, breast cancer, uterine fibroids among others [1].
In the applications of HIFU, an ultrasonic beam was focused
at a preselected area causes a local temperature elevation to
over 60 ◦C, leading to irreversible coagulation necrosis in
tissues, while energy density outside the target area is usually
low, the treatment could be considered safe for neighboring
tissues [2]. In order to achieve precision therapy, accurate
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prediction of temperature distribution is necessary before
HIFU.

For a long time, heat transfer in biological tissues is usu-
ally predicted with the well-known Pennes equation pro-
posed in 1948 [3], [4], which describes heat conduction in
terms of the Fourier series expansion. However, when used
to describe temperature distribution in hyperthermia such
as HIFU, microwave, and radiofrequency ablation, validity
of Pennes equation faces challenge [5]. On the one hand,
the theory of Fourier conduction assumes that heat propagate
at infinite speeds in media, while the establishment of any
thermal equilibrium will take a period of time [6]. On the
other hand, the phenomenon of wavelike temperature oscil-
lation is observed during in vivo bio-heat transfer [7], while
Pennes equation is incapable of explaining. To account for
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that, by introducing Cattaneo-Vernotte(CV) hyperbolic heat
transfer into traditional Pennes bio-heat transfer equation,
Liu et al. [8] proposed the Thermal wave model of bio-heat
transfer (TWMBT) to describe unsteady heat transferring.
The authors further conducted a preliminary interpretation
on the mechanisms of the temperature oscillations in living
tissues [8], [9].

TWMBT were then used to study heat transfer in bio-
logical tissues during hyperthermia with heating sources of
laser [10], [11], microwave [12], radiofrequency [13]. When
a multi-layer tissue phantom was irradiated with short pulse
laser, Jaunich et al compared the temperature response pre-
dicted with TWMBT and Pennes equation, found that the
former roughly consistent with the experimental results [10].
Ahmadikia et al. [11] theoretically analyzed the applica-
ble conditions of different bio-heat transfer models during
laser irradiation, concluded that the discrepancy between
the results of TWMBT and Pennes model was negligible
during laser heating with large albedo, while non-Fourier
effect should be considered during laser heating with low
albedo. Ozen et al used microwave as heating source, and
found that the increasing rate of tissue temperature predicted
with TWMBT was lower than that with Pennes equation,
while the two models tended to give consistent results as the
time went by [12]. Through a voltage-calibration method,
Zhang et al investigated the feasibility of TWMBT in the
radiofrequency ablation (RFA) simulation, the results sug-
gested that the prediction of TWMBTwas 0.55 ◦Cmore accu-
rate than Pennes equation, declared that TWMBT could be
used as an alternative in the simulation of long-duration high
intensity RFA [13]. In recent years, TWMBT also has been
employed to study bio-heat transfer during HIFU [14]–[17].
Liu et al. [14] and Gupta and Srivastava [16] used TWMBT
to estimate the temperature elevation induced by HIFU in
biological tissues. The simulated results showed that, since
exist of thermal relaxation, TWMBT leaded to lower temper-
ature estimation than that based on Pennes equation during
the same exposure situation.

On the other hand, in order to study rapid heat trans-
fer between internal elements of heterogeneous materials,
Tzou et al obtained a dual phase-lag (DPL) model through
introducing phase lags τq and τT arising from ‘‘thermal
inertia’’ and ‘‘microstructural interaction’’, respectively [18],
[19]. Then combined the theory of DPL and transfer equa-
tion, the author presented the lagging behavior in biological
systems, such as drug delivery in tumors and heat exchanging
between tissue and blood [20]. In another research, DPL bio-
heat transfer was also applied to investigate thermal dam-
age induced by laser irradiation. It was shown that DPL
model provided significantly different prediction for temper-
ature and thermal damage from Pennes model, DPL equation
reduced to the classical Pennes equationwhen phase lag times
were zero [21]. Liu et al analyzed the thermal response of liv-
ing tissue with blood perfusion and metabolic heat generation
during laser irradiation [22] and magnetic hyperthermia [23],
the results showed that the total effect of τq and τT on the

bio-heat transfer relied on ratio of τq and τT, DPL model
could be reduced to Fourier bio-heat transfer for τq = τT.
At the same time, Xu et al. [24] and Lin et al. [25] presented
some valuable results on the use of DPL bio-heat model
in skin biothermomechanics and human tooth. The above
research reveals that DPL bio-heat transfer can be an effective
tool to investigate inhomogeneous-anisotropic material such
as HIFU-exposing biological tissue. In our previous research,
we explored the possibility of using DPL model in HIFU
hyperthermia to study HIFU-induced temperature elevation
in heterogeneous liver tissues [26]. However, the research
on thermal relaxation and it’s effect on bio-heat transfer for
common human tissues is still absent.

In order to achieve accurate prediction of heat behavior
in biological tissues, some crucial and effective parameters
will be used, e.g., the thermal conductivity, the specific heat
capacity, and the thermal relaxation time, which is defined as
the characteristic time needed for accumulating the thermal
energy required for propagative transfer to the nearest ele-
ment within the nonhomogeneous inner structures [8]. The
introduction of thermal relaxation time make DPL bio-heat
transfer different from classical Pennes equation. However,
the use of thermal relaxation in specific tissues is still unclear.
Generally, the thermal relaxation time is a constant for a given
medium [6], for homogeneous media it usually lies in the
range 10−8-10−14s [27]. For biological tissues, theoretical
estimate of thermal relaxation to be 1-100 s at room tempera-
ture [28]. Mitra et al. [29] reported a thermal relaxation time
of processed meat (bologna) was∼16s, while the result from
Roetzel et al. [30] was ∼1.77 s. For most theoretical analy-
sis, the used thermal relaxation time usually come from the
experimental results of processed meat (bologna), which was
measured by Mitra in 1995 [29]. In fact, most of the human
soft tissues, e.g., liver, kidney, heart, and muscle have similar
thermal properties, however, some tissue such as fat whose
thermal conductivity and specific heat capacity are smaller
than the formers [31]. On account of the physical reality that
thermal relaxation time is based on thermal properties, it is
necessary to take into account the specific thermal relaxation
time for a tissue in theoretical prediction.

In this paper, porcine muscle and porcine fat are chosen for
their proximity with the human’s, whose thermal relaxation
times are determined by experimentally measured. Followed
that, the effects of thermal relaxation on temperature ele-
vation in the tissues were investigated by combining exper-
imental measurement and theoretical simulation of Pennes
equation, TWMBT and DPL bio-heat transfer. The effect
of HIFU-induced cavitation on bio-heat transfer will be dis-
cussed as well.

II. MATERIALS AND METHODS
A. THEORETICAL MODELS AND SIMULATION
Nonlinear propagation of HIFU in biological tissue can
be described with the Khokhlov-Zabolotskaya-Kuznetsov
(KZK) equation [32], [33], which incorporates diffraction,
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attenuation and nonlinearity, whose form in cylindrical coor-
dinate is written as follows

∂2p
∂z∂t ′

=
c0
2
1⊥p+

b

2ρ0c30

∂3p
∂t ′3
+

β

2ρ0c30

∂2p2

∂t ′2
(1)

where p(z, r, t) is the acoustic pressure; t ′ = t − z/c0 is the
time delaywith t , z, and c0 being the time, the axial coordinate
and the sound velocity, respectively; ρ0 is the density of the
medium; b is the absorption parameter of the medium, β is
the nonlinear coefficient. 1⊥ is the two-dimensional Lapla-
cian operator; For an axisymmetric FU beam, the acoustic
pressure field is independent of the polar angle. Therefore,
in cylindrical coordinate system 1⊥ = ∂2/∂r2 + (∂/∂r)/r ,
with r being the radial coordinate.

Numerical solutions of (1) can be achieved with finite dif-
ference in frequency domain (FDFD) method. Using Fourier
series, the acoustic pressure p is expanded as

p (z, r, t) =
+∞∑

n=−∞

Cn (z, r) ejnω0τ (2)

in whichω0 is the fundamental angular frequency of p, j is the
imaginary unit and Cn is the amplitude of the nth harmonic
component.

When HIFU propagate through a tissue, part of its energy
is absorbed and convert into heat. For in vitro tissue, blood
perfusion and metabolism are ignored, the bio-heat transfer
equation is given as [6]

∂T (z, r, t)
∂t

= −
∇ ·

⇀q (z, r, t)
ρ0Ct

+
Q (z, r)
ρ0Ct

(3)

where T (z, r, t) andCt are the tissue temperature and specific
heat capacity,∇ is the Hamilton operator.⇀q (z, r, t) is the heat
flux vector, representing heat flow per unit time, per unit area
in the direction of temperature increase. Q(z, r) is the source
term, represents the acoustic energy absorbed by the tissue of
unit volume, being expressed as

Q (z, r) =
1
ρ0c0

N∑
n=1

4α0nµ |Cn (z, r)|2 (4)

Here N is the highest harmonic order (N = 50 in the study),
α0 = ω

µ
0 b/(2ρ0c

3
0) is the attenuation coefficient of the tissue,

µ is the intensity index. Based on the Fourier theory of heat
analysis, ⇀q (z, r, t) can be given as

⇀q (z, r, t) = −κ∇T (z, r, t) (5)

i.e., the spatial gradient of temperature, in which κ is the
heat conductivity. Substituting (5) into (3) gives the Pennes
equation [3]

∂T (z, r, t)
∂t

=
κ

ρ0Ct
∇

2T (z, r, t)+
Q (z, r)
ρ0Ct

(6)

By recognizing the propagation speed of heat to be finite,
thermal relaxation time τq and τT are then introduced, and

from (5) one can obtain dual phase-lag (DPL) [18] model
written as

⇀q
(
z, r, t + τq

)
= −κ∇T (z, r, t + τT) (7)

In this model, τq is the time lag between heat flux and the
associated heat conduction through a medium, representing
the period arising from thermal inertia; τT is the time lag
responsible for establishing temperature gradient through a
medium with microstructure [19], describing thermal inter-
actions between different sub-structures. Here, the thermal
relaxation time τq = α/υ2, in which α = κ/ρ0Ct is the
thermal diffusivity of the medium. The thermal wave speed
υ = xm/tm, with xm being the distance between the detection
point and the heat source, and tm being the corresponding
time required for heat to propagate. DPL model will be
reduced to TWMBT for τq 6= 0, τT = 0, and Pennes equation
for τq = τT = 0.
Different expansion of heat flow vector ⇀q

(
z, r, t + τq

)
and corresponding temperature T (z, r, t + τT) can lead to
different forms of DPL models, here, ⇀q

(
z, r, t + τq

)
and

T (z, r, t + τT) are expanded with first order Taylor series,
and (7) is expressed as

⇀q (z, r, t)+ τq
∂
⇀q (z, r, t)
∂t

= −κ

[
∇T (z, r, t)+ τt

∂∇T (z, r, t)
∂t

]
(8)

Substituting (8) into (3) give the DPL bio-heat transfer model

τq ρ0 Ct
∂2 T (z, r, t)

∂ t2

= κ ∇
2 T (z, r, t)+ τt κ ∇2 ∂∇T (z, r, t)

∂t

− ρ0 Ct
∂∇T (z, r, t)

∂t
+

(
Q+ τq

∂
⇀q (z, r, t)
∂t

)
(9)

The acoustic pressure field could be obtained by a set
of coupled differential equations derived from (1) and (2),
and calculated numerically using the method of fractional
steps with an operator splitting procedure.22,23 Numerical
solutions of (6) and (9) were obtained by applying a regular
finite-difference method, as per the procedure mentioned in
a previous study.22 The ultrasound field and temperature
elevation were coupled through (4). The model configuration
is consistent with that the experiments, which is illustrated
in Fig.1. A single-element focused piezoelectric transducer
(0.94-MHz central frequency, 16.0-cm focal length, 22.0-cm
aperture diameter) immersed in degassed water was used as
the heating source. With the transducer surface located at the
axial position z = 0, the sample surface was at z = 14 cm,
i.e., the focal area of the transducer was inside the sample.
In the finite difference simulations, steps in the spatial and
temporal domains were chosen as 1r = 0.05 mm, 1z =
0.05 mm, and1t = 0.01 s. The adopted thermal and acoustic
parameters of the samples are listed in TABLE 1 [31], [34].
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TABLE 1. Parameters of water, porcine muscle and porcine fat.

FIGURE 1. Schematic of the experimental setup.

B. EXPERIMENTAL METHODS
Porcine muscle and porcine fat were collected from a
slaughterhouse and remained in 0.9% saline at 26 ◦C, i.e.,
ambient temperature in the experiment. Then the tissue
was cut into cuboid (dimension 80 mm×80 mm×60 mm)
and put in a PMMA sample holder (internal dimension
80 mm×80 mm×60 mm). On the front and back sides of
holder (perpendicular to the sound axis), two circular acous-
tic windows were opened, whose diameters were 40 mm.
Ultrasonic emission and treatment monitoring was achieved
via a CFDA and CE-marked extracorporeal High-intensity
Focused Ultrasound Tumor Therapeutic device, certified for
oncological treatment (Model-JC200 Focused Ultrasound
Tumor Therapeutic System, Chongqing Haifu Medical Tech-
nology Co., Ltd., Chongqing, China), which contains the
waveform generator, RF intensity amplifier, HIFU trans-
ducer, water treatment unit, and ultrasound-based monitor-
ing unit, etc. HIFU with ultrasonic intensity 727.2 W/cm2

was used to expose tissues for 20 s. The intensity (free-
field spatial-peak) was 727.2±11.2W/cm2 (n=6), calibrated
by a radiation force method [35], [36]. All experiments
were performed in a degassed-water bath, gas content were
2.98±0.47 mg/L and 3.05±0.32 mg/L before and after the
experiments, determined by a dissolved oxygen meter (550A,
YSI, Ohio, USA). After exposure, specimens were immedi-
ately sliced into samples sized 20 mm× 40 mm× 5 mm and
stained with 2% concentration triphenyl tetrazolium chloride
(TTC) solution [37].

The detection system of cavitation and temperature shown
as the schematic in Fig. 1. A thermocouple of 0.25-mm
diameter (TJ72-CASS-010G-4, Omega, Stamford, CT, USA)
was connected to a data acquisition module (9214, National
Instruments, Austin, TX, USA) to detect the temperature ele-
vation of HIFU focus and 2 mm from the focus. As described
in our previous work [26], the use of thermocouple with the
diameter considerably less than the wavelength of ultrasound
(about 1.6 mm in this work) will reduce viscous heating
artifact of thermocouple. Passive cavitation detection (PCD)
and B-mode ultrasound were utilized to monitor acoustic
cavitation during HIFU. The PCD system comprised a 5MHz
focused detectors(V309-SU, Olympus NDT Inc, Waltham,
MA, USA)and linked to a working platform integrated with a
high-speed data acquisition card (PXie-5122, National Instru-
ments, Austin, USA) through a waterproof data line. One
diagnostic scanner (Mylab 30cv, Esaote, Genova, Italy) with a
phased array probe PA230E (center frequency 3.5MHz) used
for B-mode ultrasound imaging. Equipment synchronization
were achieved with the Labview Interface (National Instru-
ments, Austin, TX, USA) on a PC platform. Experiment was
repeated 5 times to obtain the statistical results of temperature
elevation. The thermal relaxation time τq of porcine muscle
and porcine fat was determined through heat conductivity κ ,
specific heat Ct, density ρ0, and thermal wave velocity υ of
the medium. To be specific, bottom of the samples were in
contact with heat source (39 ◦C water bath) at r = r0. The
penetration time(tm) required for heat flow from r1 = r0+
2 mm to r2 = r1+ 4 mm, and from r2 to r3 = r2+ 4 mm was
detected, respectively. By taking xm = r2 − r1 = r3 − r2 =
4 mm, tm for xm = 4 mm was determined through single-
tailed Student’s t-test by accepting p < 0.05 as significance,
then υ was calculated as υ = xm/tm. Each experiment was
repeated 3 times, and the heat wave velocity(υ) and thermal
relaxation time(τq) were determined. In all the experiments,
adiabatic foil was used to cover the inner wall of the holder
to prevent heat radiation. More detailed measuring methods
referred to those in our previous work [26].

III. RESULTS
A. THERMAL RELAXATION TIME
Fig. 2 shows typical results of measured temperature
responses at r1, r2, and r3 for porcine muscle and fat.
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FIGURE 2. Temperature responses measured at the axial locations r1, r2,
and r3 for (a) Porcine muscle; (b) Porcine fat. The bottom of the samples
were in contact with heat source (39 ◦C water bath) at r = r0. The
thermocouple is placed at r1 = r0+ 2 mm, r2 = r1+ 4 mm and r3 = r2+
4 mm to obtain the temperature response.

TABLE 2. Penetration time and relaxation time in Porcine muscle and
Porcine fat.

It is shown that heat conduction in muscle is faster than
that in fat. Based on the temperature responses, through
single-tailed Student’s t-test, the thermal penetration time
(tm) for xm =4 mm was determined as 24.42±3.37 s and
34.45±3.82 s respectively. According to above description of
τq, the thermal relaxation time of porcine muscle and porcine
fat were calculated as 5.71±0.11 s and 5.02±0.06 s, respec-
tively. Though the same measuring method was employed,
it is suggested that the thermal relaxation time of porcine
muscle and porcine fat obtained here have big difference from
the results of bologna in existing studies [28], [29], but are
still reasonable [30].

B. HIFU-INDUCED TEMPERATURE ELEVATION
Fig.3 shows the time-dependent temperature elevation at
the focus when porcine muscle was exposed by HIFU with
intensity 727.2 W/cm2 for 20 s. In the beginning of exposure,
temperature at HIFU focus increases rapidly since sound
energy is absorbed by tissue and convert into heat energy.
After that, the temperature increases less rapidly due to
the contribution of thermal conduction while source energy
remains constant. Except for the initial stage of heating,
where the predicted results are slightly low the measured.
It is found that the temperature elevation predicted by DPL
bio-heat transfer (τ = 5.71 s) lies within the range of the
measured during HIFU. After HIFU heating, the temperature
gradually decreases with cooling time increases, the rate of
the experimental temperature reduction is consistent with the
predicted results of DPL bio-heat transfer with the measured
thermal relaxation time. However, the theoretical predictions
of Pennes equation, TWMBT and DPL bio-heat transfer
(τ = 16 s, referred to the thermal relaxation time
of bologna [29]) are failed to estimate the temperature

FIGURE 3. Time-dependent temperature elevation at the HIFU focus
(z = 160 mm) in porcine muscle, with ultrasonic intensity 727.2 W/cm2

exposing for 20 s. The red solid lines and pink areas represent the
measured averaged results and standard error, respectively, over five
repeated experiments.

variation during heating and cooling. The theoretically
predicted temperature of Pennes equation is always
higher than the measured, the gap reach a maximum
of 12.9 ◦C at 5.9 s. Though being capable of reducing
the rate of temperature rise in the initial stage of heat-
ing, the predicted by TWMBT is still higher than the
measured. When the thermal relaxation time of bologna
(τ = 16 s) [29] was used in DPL bio-heat transfer, the
predicted temperature elevation shows a large deviation,
the gap reach a maximum of 13.7 ◦C compared with the
measured.

When porcine muscle was exposed by HIFU with inten-
sity of 727.2 W/cm2 for 20 s, we also investigate the time-
dependent temperature elevation at 2 mm from the focus
in the axial direction as Fig.4. In addition to the tendency
of temperature elevation is consistent with Fig.3, a novel
phenomenon is presented. According to the zoomed-in view,
the maximum temperature elevation predicted by Pennes
equation is 46.14 ◦C at t = 20 s, when exposure terminate.
However, the measured maximum temperature variation is
44.23±2.33 ◦C at t = 20.1 s (>20 s), and the maximum
temperature elevation predicted by DPL bio-heat transfer is
42.52 ◦C at t = 20.1 s. Although the heating has braked, it is
observed that the temperature will continue to increase after
exposure, which can be accurately predicted by DPL bio-heat
transfer while Pennes bio-heat transfer is failed.

Due to the difference between muscle and fat in acoustic
and thermal properties, the same research as porcine muscle
was performed in porcine fat. It is observed in Fig.5 that
the temperature rises at a higher rate as soon as the expo-
sure starts, the measured maximum temperature elevation is
58.33±10.75 ◦C when exposure time is ∼5 s. After that,
though the exposure time continues to increase, temperature
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FIGURE 4. Time-dependent temperature elevation at z = 158 mm (2 mm
from the focal point) in porcine muscle, with ultrasonic intensity
727.2 W/cm2 exposing for 20 s. The red solid lines and pink areas
represent the measured averaged results and standard error, respectively,
over five repeated experiments. Zoomed-in view shows more details
in 19 s to 21 s.

FIGURE 5. Time-dependent temperature elevation at the HIFU focal point
(z = 160 mm) in porcine fat, with ultrasonic intensity 727.2 W/cm2

exposing for 20 s. The red solid lines and pink areas represent the
measured averaged results and standard error, respectively, over
5 repeated experiments.

elevation induced by HIFU remains constant until the end
of exposure (t = 20 s). A large deviation occur between
the simulated temperature response and the measured, the
prediction of all theoretical modes face challenge, the reasons
will be discussed further below.

C. HIFU-INDUCED CAVITATION AND LESION
Exposed by the same HIFU with ultrasonic intensity
727.2 W/cm2 for 20 s, we investigate the effect of cavitation
on bio-heat transfer by experimentally detecting the acoustic
emissions and B-scan echogenicity arising from the focus
in porcine muscle and fat. It reveals the mechanism of dif-
ferences in temperature response for different tissues under

FIGURE 6. Broadband acoustic emission of 3-7 MHz in (a) porcine muscle
and (b) porcine fat exposed by HIFU with ultrasonic intensity
727.2 W/cm2 for 20 s.

FIGURE 7. B-scan echogenicity on the focal plane before(left) and
after(right) HIFU in (a, b) porcine muscle and (c, d) porcine fat exposed by
HIFU with ultrasonic intensity 727.2 W/cm2 for 20 s. The direction of
sound propagation is from bottom to top.

the same exposing condition, and illuminates the reason that
all theoretical models is failed to predict the temperature
elevation in fat during HIFU showing in Fig.5. According
to Fig.6(a) for porcine muscle, the amplitude of broadband
acoustic emissions of 3-7MHz is at the level of background
noise, explain that there is no cavitation occurring dur-
ing HIFU. This is also certified by B-scan echogenicity in
Fig.7(a), no hyperechoic region appears on the focal plane
compared with original B-scan image of tissue. Fig.6(b) and
Fig.7(b) show completely different results in porcine fat, the
amplitude of 3-7MHz acoustic emission is higher than the
background noise immediately after the start of exposure,
then drop to background noise when the exposure time is∼5 s
and keep floating until the end of exposure. From the contrast
result of B-scan echogenicity, a hyperechoic region appears
on the focal plane after HIFU. The acoustic emissions and
B-scan echogenicity explain that HIFU-induced cavitation
occurs in porcine fat during HIFU.

After HIFU, the largest cross-section for maximum lesion
of the tissues was obtained along the focal plane as shown
in Fig.8. Exposed by the same HIFU exposure condition,
the geometry of the lesions in porcine muscle and porcine
fat are rice-shape with average area of 44.04±7.63 mm2
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FIGURE 8. The lesions induced by HIFU with ultrasonic intensity
727.2 W/cm2 for 20 s in (a) porcine fat and (b) porcine muscle. The
differences are statistically significant (p < 0.05).

FIGURE 9. The amplitude of first five harmonics in (a) porcine muscle and
(b) porcine fat exposed by HIFU with ultrasonic intensity 727.2 W/cm2

for 20 s.

and droplet-shape with average area of 95.00±17.02 mm2,
respectively. Besides cavitation, we also investigate the non-
linear propagation in tissues exposed by the same HIFU with
ultrasonic intensity 727.2 W/cm2, the amplitude of first five
harmonics was shown in Fig.9. Combining with the acoustic
cavitation and nonlinear propagation in tissues, it is analyzed
and found that the intensity of acoustic cavitation (Fig.6 and
Fig.7) and amplitude of the harmonics (Fig.9) in porcine fat
are higher than those in porcine muscle. This result reveals
that acoustic cavitation and nonlinear propagation are easier
to happen in fat, which gives rise to the higher rate of tem-
perature rising(Fig.5) and larger lesion(Fig.8(a)) comparing
with muscle(Fig.3 and Fig.8(b)).

IV. DISCUSSION
Heat transfer in biological tissues take places in cells, fluids
and soft tissues, have a great difference with homogeneous
medium. It makes the Fourier bio-heat transfer, i.e., Pennes
equation failed to describe the temperature elevation during
hyperthermia and thermal ablation [8], [11], [14], [23]. In this
study, the above conclusion is confirmed. Besides, we also
find that the theoretical temperature elevation predicted by
Pennes equation is always higher than the range of experi-
mental result during HIFU (Fig.3-5). In order to overcome the
shortcoming, non-Fourier bio-heat transfer models such as
TWMBT [8] andDPL [20] were proposed to describe the heat
transfer in biological tissue by introducing thermal relaxation
time. Especially, DPL bio-heat transfer provides a more accu-
rate theory than TWMBT to analyze heat transfer in tissues.
The reason is that the thermal relaxation arising from both
‘‘thermal inertia’’ and ‘‘microstructural interaction’’ is taken

into account. In this study, similar conclusions are obtained
with the previous work [22], [23], [26], we also present a
more persuasive evidence to determine the validity of DPL
model. When HIFU heating stop at duration time t = 20 s,
the temperature rise at HIFU focus terminate immediately as
Fig.3. However, the temperature at a position 2 mm far from
the focal point on the axis continues to rise until t = 20.1
s in Fig.4, and is longer than the exposure duration 20 s.
The phenomenon was accurately predicted by DPL bio-heat
transfer while Pennes bio-heat transfer was failed to predict.
This results demonstrate that, the establishment of thermal
equilibrium in tissue with finite heat wave velocity need a
certain period of time. Sampling period of 10 ms was used
to acquire the temperature response induced by HIFU. In the
later experimental research, a higher sampling rate will be
used to obtain more information about bio-heat transfer.

In addition, our work also suggest the importance of uti-
lization in effective thermal parameters to achieve accurate
prediction of heat behavior in biological tissues. For most
studies, thermal relaxation time used in bio-heat transfer
analysis usually come from the experimental results of pro-
cessed meat (bologna), which was measured by Mitra in
1995 [29]. Nevertheless, as showed in this study, the ther-
mal relaxation time of porcine muscle and porcine fat are
5.71±0.11 s and 5.02±0.06 s, respectively. Though same
measuring method was employed, the result of processed
meat (bologna) was∼16 s measured by Mitra et al. [29]. The
results declare that different tissues have different thermal
relaxation time. In fact, according to the above description of
thermal relaxation time, τq = κ/ρ0Ctυ2, which relies on the
heat conductivity, the density and the specific heat capacity
of a medium. It’s reasonable that the medium with different
thermal parameters have different thermal relaxation times.
Comparative study in bio-heat transfer was performed by
using the thermal relaxation time frommeasured in this paper
and the result of 16 s, respectively. It is found in Fig.3 and
Fig.4 that, the temperature elevationwith τ = 5.71 s lie within
the range of the measured, however, a large deviation exist
when the thermal relaxation time of bologna (τ = 16 s) [29]
was used. Therefore, the thermal relaxation time of processed
meat (bologna) was applied directly to describe bio-heat
transfer in other tissues, e.g., muscle and fat, the reasonability
should be reconsidered.

Though exciting results were achieved in this work, some
vital researches on bio-heat transfer during HIFU should
be lucubrated. Firstly, since absence of theory to quantize
the thermal relaxation time τT of tissues, so τq = τT was
used in this paper. However, the choice of τT will affect the
theoretical results, which has been confirmed by the previ-
ous works [22], [23], [26]. This simplification may be the
direct reason leading to the deviation between the predicted
temperature elevation of DPL model and the measured ones
in the initial stage of heating. Secondly, all bio-heat transfer
models are yet failed to estimate the temperature elevation in
porcine fat heating by HIFU as showed in Fig.5. Combined
with HIFU-induced cavitation to analysis, we demonstrate
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that cavitation occurs immediately in the initial stage of HIFU
in porcine fat, while no cavitation occurs during porcine
muscle exposed by HIFU. Therefore, we conclude that it is
HIFU-induced cavitation give rise to the deviation between
theoretical prediction and experimental measurement. In fact,
broadband acoustic emission was observed when porcine fat
exposed by HIFU in Fig.6, which represents the occurrence
of inertial cavitation [38]. During inertial cavitation, local
extremely high temperature will be induced due to collapse
of cavitation bubble [39], cavitation will do contribution
to enhancing tissue thermal deposition of ultrasound and
showed as higher temperature elevation [2], which is dif-
ficult to describe in the heat transfer. On the other hand,
Liu et al observed that the collapse of the cavitation bubble
has greater impact on heat transfer while the mechanism
is uncertain [40], the generation of cavitation bubble will
make heat transfer in tissue more complicated and difficult to
predict. In the next study, our work will pay more attention
to the effect of HIFU-induced bubble on bio-heat transfer.
Another vital factor influence bio-heat transfer during HIFU
is blood perfusion, which was ignored in ex vivo tissues, exist
of blood perfusion takes away heat from the target region and
reduces thermal deposition in in vivo tissues. It will be another
vital research to make sure the effect of blood perfusion on
thermal relaxation and temperature elevation during HIFU.

V. CONCLUSION
In order to illuminate the effects of thermal relaxation on
bio-heat transfer and achieve theoretical prediction of tem-
perature elevation in biological tissues during HIFU, wemea-
sured the thermal relaxation times of porcine muscle and
porcine fat. On this basis, combined with measured tem-
perature response, comparative study among the theoretical
simulation of Pennes equation, TWMBT and DPL bio-heat
transfer in porcine muscle and porcine fat were conducted.
Some important conclusions can be determined: (1) The ther-
mal relaxation time of porcine muscle and porcine fat are
experimentally determined as 5.71±0.11 s and 5.02±0.06 s,
respectively, explain that different tissues have different ther-
mal relaxation. (2) In the absence of cavitation, DPL bio-
heat transfer, introducing phase lags τq and τT arising from
‘‘thermal inertia’’ and ‘‘microstructural interaction’’, pro-
vides more accurate prediction of temperature response dur-
ing HIFU than Pennes and TWMBT, only taking into account
the phase lags τq arising from ‘‘thermal inertia’’. (3) For
simulation of DPL bio-heat transfer in a particular tissue,
the result with the measured thermal relaxation time is more
accurate at the focus and 2mm from the focus than that with
thermal relaxation time of bologna (16 s, used in most of
the theoretical analysis). (4) Under the same HIFU, acoustic
cavitation and nonlinear propagation is more likely to happen
in fat, which give rise to the higher rate of temperature rising
and larger lesion than that in muscle. Under cavitation, all
bio-heat transfer models are failed to forecast the temperature
elevation induced by HIFU. The results presented herein may
provide an important reference point for providing accuracy

prediction of temperature elevation during HIFU and other
thermal ablations.
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