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Abstract

A polyacrylamide gel (PAG) containing bovine serum albumin (BSA) is introduced as a new tissue-mimicking phantom for
the purpose of visualizing three-dimensional coagulation temperature distribution during radiofrequency ablation (RFA).
The coagulation temperature of the phantom can be changed at the same range of biological tissue (50-60°C) by adjusting
the pH from 4.3 to 4.7. The phantom is transparent except in thermal coagulation regions which are ivory white. The
physical properties of the phantom, such as density, electrical conductivity and specific heat capacity, are very favorable,
similar to those of soft tissues. We illustrate the usefulness of the phantom in visualizing RFA lesions. This phantom has
magnetic resonance properties which change drastically upon thermal coagulation, enabling its use for the characterization of
RFA device, quality assurance, treatment planning and treatment verfication. The PAG containing BSA, whose pH was
adjusted from 4.3 to 4.7, is an attractive tissue-mimicking phantom suitable for RFA investigations.
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commonly inserted percutaneously into tissues
where cancerous tumors have been identified with
the guidance of the imaging modalities, such as
ultrasound, CT or MRI. Once the electrodes are
positioned, radiofrequency energy 1is delivered
through the electrode into the targeted tissue, and
to a dispersive ground pad that is applied to the skin
of the patient.

Like other thermal coagulation techniques, how-
ever, accurate knowledge of the RFA device char-
acterization is essential to this technique. Use of a

Introduction

Radiofrequency ablation (RFA) has now been one of
the most promising minimally invasive techniques for
the treatment of most soft organs’ pathologies, such
as the elimination of cardiac arrhythmias [1], or the
destruction of solid tumors in different locations,
including liver [2], kidney [3], bone [4], lung [5],
breast [6], prostate [7] and thyroid [8]. As a
technique, the use of radiofrequency energy in
ablation procedures has been well established. The

intent of RFA devices is to thermally necrose tissue
by raising targeted tissue temperatures to approxi-
mately 50°-100°C for a period of 10-15 minutes in
tumor ablation [9, 10] and 1-2 minutes in cardiac
ablation. For tumor ablation, the electrodes are

tissue-mimicking phantom to visualize the three-
dimensional temperature distribution is useful for
investigating the characteristic heating shape and
range of various RFA devices. Therefore, the
phantom can play a great role in the thermal therapy
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study, such as device development, testing and
calibration of heating devices, verification of treat-
ment plans, quality assurance of therapeutic delivery
systems in clinical practice and personnel training.
Lots of materials have been used for phantoms for
thermal studies, including polyacrylamide gel (PAG)
[11], gelatine [12], agar [13] and carrageenan [14].
The PAG containing protein, such as BSA or egg
white, has been used for thermal study by many
investigators [11, 15-17]. The phantom which is
mainly made from PAG and BSA has several merits
for an ideal thermal gel material: (a) stability at the
high temperatures experienced in thermal coagula-
tion therapy (50°-100°C); (b) a solid form to avoid
heat transfer by convection; (c) high optical trans-
parency at room temperature and three-dimensional
visualization of the heating area as a ivory white
turbidity (protein coagulation); (d) accurate visuali-
zation of the coagulation lesion without thermal
hysteresis; (¢) some physical properties, such as
specific heat capacity, similar to those of human
tissues; (f) sufficient strength and low fragility;
(g) chemical and physical long-term stability;
(h) ease of production. However, the BSA coagulates
at above approximately 70°C, which is higher than
biological tissue (50°—60°C) [18-21]. The coagula-
tion temperature of the BSA adjusted to the same
range of the biological tissue by changing the pH was
previously reported by McDonald et al. [17]. They
introduced the method to lower the coagulation
temperature of the phantom whose pH was adjusted
from 4.3-4.7 by use of citrate buffer. In their
research, the coagulation temperature of the phan-
tom was approximately 50°C, 55°C, and 60°C at pH
4.3, 4.5, and 4.7, respectively. And they also pointed
out that the phantom could be used for multi-
modality of thermal study. To the best of our
knowledge, however, the application of this kind of
phantom to RFA study has not been reported
hitherto in literature. So the aim of the present
study is to introduce the preliminary application of
this phantom to RFA experiment investigations.

Methods and materials
Tissue-mimicking phantom fabrication

This tissue-mimicking phantom gel is based on a
PAG mixed with BSA, a protein used here as a
temperature-sensitive indicator, which has been
described previously [17]. The recipe and fabrication
procedure for phantom in the present study was
almost wholly adapted from theirs except for some
modifications: (1) The citric acid anhydrate is
replaced by citric acid monohydrate (Sigma-
Aldrich, C1909); (2) The total concentration of the
acrylamide and Dbis-acrylamide is 10% and

Table I. The recipe for phantom with a citrate buffer
concentration of 0.2 M and pH of 4.3. (1L).

Ingredients Dosage
Citric acid monohydrous 24.90¢g
Sodium citrate tribasic dehydrate 2397g
Acrylamide 95.00g
N, N-methylene-bis-acrylamide 5.00g
Bovine serum albumin (BSA) 20.00¢g
lyophilized powder
Glycerol 60.00 mL

Deionized water Topupto 1.0L

Initiator-activator pair

L-ascorbic acid 1.0g
1% FeSO, 2.5mL
3% H,0, 3.0mL

Note: The total concentration of the acrylamide and
N, N-methylene-bis-acrylamide can be adjusted by 5-10%; the
concentration of the BSA can be adjusted by 0.5-6%.

cross-linking concentration of the N, N methylene-
bis-acrylamide is 5%; (3) BSA solution (30.8% w/v) is
replaced by lyophilized powder (Tianchen, Shanghai,
China, 223NXB038875); and (4) Intralipid is
replaced by glycerol (99% w/v, Tianchen, Shanghai,
China). The recipe for phantom (1 L) with a citrate
buffer concentration of 0.2 M and pH of 4.3 and was
presented in Table 1.

In the present study, a rectangular parallelopiped
mould (250ml., 7.7cm x 6.5cm x 5cm) was used
for phantom fabrication.

Phantom coagulation temperature measurement

The coagulation temperatures of the phantoms were
measured using a spectrophotometer (LangGuang
711, Shanghai Precision & Scientific Instrument Co.
Ltd, Shanghai, China). The coagulation temperature
was calculated and defined as the relative absorbance
through a gel phantom, when the absorbance
through a cuvette containing the uncoagulated fresh
phantom was taken as 0 and the absorbance at
coagulated phantom was measured. The threshold
for coagulation was the temperature where absor-
bance was 50% or greater than that of the absorbance
measured for a coagulated sample.

Multiple phantom samples (2mL) at each pH
were prepared in cuvettes (Figure 1A) and heated
slowly in a water bath from 45° to 65°C for BSA
coagulation (Figure 1B). The procedures for mea-
surement were taken as follows: (1) The cuvette
containing the fresh phantom was warmed to room
temperature (24°-25°C), wiped with a lab wipe and
placed into the sample holder. (2) The cover was
closed and the light control knob used to set the
meter needle to ‘0’ on the absorbance scale. (3) The
cuvette was removed and heated in the water bath
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Figure 1. The cuvette containing the tissue-mimicking phantom for spectrophotometer. (A) fresh transparent phantom
(absorbance =0) and (B) completely coagulated phantom (absorbance =1).

(approximately 10min). (4) Then the cuvette was
removed from the bath, cooled to room temperature,
wiped and placed into the sample holder and the
cover closed. (5) The absorbance was read and
recorded. Each cuvette was removed from the bath at
an interval of 1°C. In the present study, eight
independent experiments (8 samples) were con-
ducted at each pH (4.2-4.8), giving a total of 56
coagulation temperature measurements.

Phantom physical properties measurement

To determine electrical conductivity of the phantom,
we need to measure three values, including electrical
resistance (R), distance (d) and transverse cross-
section area of the electric current (S). In the present
study, a digital LCR meter (E4980A, Aglient, USA)
was used to measure the electrical resistance of the
phantom. The refrigerated phantom was warmed to
37°C and the procedure was performed at the
frequency of 470 Hz. The electrical conductivity of
the samples, s (2 'm™!), was calculated according
to the following equation:

. d
" RS

where d is the thickness of the test sample in the
direction of electric current (m), R is the electrical
resistance of the sample (O) and S is the cross-
section area of the electric current through the
sample (m?). In the present study the cross-sectional
area of the electric current is determined by the

o

(e))

measurement of the area of phantom where the
electrodes of LCR meter are applied.

A total of twelve electrical conductivity measure-
ments were performed on twelve phantom samples,
four each from three different pH samples (4.3, 4.5,
and 4.7). A total of nine specific heat capacity
measurements were performed on nine samples,
three each from three different pH samples (4.3, 4.5,
and 4.7). And a total of -eighteen density
measurements were performed on eighteen samples,
six each from three different pH samples (4.3, 4.5,
and 4.7).

The density of the phantom was obtained as the
mass divided by the volume of a tested sample. The
specific heat capacity of the phantom was obtained
by conventional calorimetry by using a Dewar vessel
with a heat capacity of 149 J°C .

Radiofrequency ablation of the phantoms

RITA System (RITA Model 1500 RF Generator
with Starburst™ XL electrode, RITA Medical
System, USA) was used during the procedure.
The method of the phantom heating experiment
was illustrated in Figure 2A. The refrigerated
phantoms were warmed to room temperature
(24°-25°C). The procedure was performed by
inserting the electrode trocar into the phantom
with 2 cm in depth and the nine curved prongs were
deployed by pushing the piston down the shaft of
the electrode with the deployment diameter of 2 cm
(the marks distal to the piston informed the
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operator about the deployment diameter)
(Figure 2B). The generator was operated in A
mode (automatic temperature control: average of all
heating to target temperature). Power was set to
50W, with the target heat at 80°C and the
procedure was continued 7 minutes. The
development of the coagulation lesions in phantoms
were recorded by digital camera during the proce-
dure. In addition, the coagulation lesions were
investigated using gray-scale ultrasound
(TECHNOSMPX DUS8 Diagnostic Ultrasound
System with a 10MHz linear array probe,
ESAOTE, Italy) and MRI (1.5T Sigma Magnetic
Resonance Imaging Scanner, GE Medical Systems,
USA) following the ablation.

65.0+
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Results
Phantom coagulation temperature measurement

The coagulation temperature of the tissue-mimicking
phantom for the different pH samples is given in
Figure 3. It illustrates that the coagulation tempera-
ture of the phantom increased with pH at the range
of 4.2 to 4.8. The coagulation temperature was
50.8+0.7°C, 55.3£0.5°C, and 59.0 +£0.5°C at pH
4.3, 4.5 and 4.7, respectively.

Phantom physical properties

The phantom was an optical transparent solid form
gel with light amber. The physical properties of the

41 42 43 44

45 46 47 48 49
pH

Figure 2. The coagulation temperature (Tc) of the tissue-mimicking phantom increases with pH at the range of 4.2 to 4.8.
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(A) Schematic diagram of the tissue-mimicking phantom RFA test system. (B) The picture shows the electrode

(RITA StarBurst '™ XL electrode, nine prongs) is inserted 2 cm into the phantom and deployed by pushing the piston down
the shaft of the electrode with the deployment diameter of 2 cm.
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Table II. The physical properties of the phantoms and human liver (mean + SD).

Type Density (kgm )

Electrical conductivity (Sm™")

Specific heat capacity Jkg~'°C™")

Phantom (pH =4.3) 1.069 £0.003 (n=6)
Phantom (pH = 4.5) 1.069 +0.003 (n=6)
Phantom (pH =4.7) 1.068 +£0.002 (n=16)

Human liver 1.060*

0.117£0.003 (37°C, 470kHz) (n=4)
0.118+0.005 (37°C, 470kHz) (n=4)
0.1184+0.003 (37°C, 470kHz) (n=4)
0.148% (37°C, 500 kHz) 3600%

3676 £195 (n=3)
3797+ 153 (n=3)
3810+ 142 (n=3)

Date source: *Duck [22], *Gabriel et al. [23].

2 min 7min

7--8. 9 RN S8l

. i

Figure 4. The development of coagulation lesions in tissue-mimicking phantoms (pH =4.3) during RFA. The pictures
show coagulation lesions in phantoms are ivory white regions with well-defined boundary during RFA: (A) The coagulation
lesion develops around the tip of the central prong in less than 20 seconds during heating (arrow); (B) More coagulation
lesions develop around the prongs after 40 seconds of heating; (C) The coagulation lesions enlarge and merge after 2
minutes of heating; and (D) The coagulation lesions merge into an ellipsoid after 7 minutes of heating.

different pH phantoms (4.3, 4.5 and 4.7) with 2%
BSA concentrations are presented in Table II.
The densities of the different pH phantoms
(4.3, 45 and 4.7) were 1.069+0.003kgm >,
1.069+0.003kgm >, and 1.068+0.002kgm >,
respectively. The electrical conductivities of the
different pH phantoms (4.3, 4.5 and 4.7) were
0.1174+0.003Sm™', 0.1184£0.005Sm™!, and
0.1184+0.003Sm ™!, respectively (37°C, 470 kHz).
And the specific heat capacities of the different
pH phantoms (4.3, 4.5 and 4.7) were
3,676 £195Jkg 1°C™Y, 3,797 +153Jkg '°C7!,
3,810 £ 142Jkg *°C™', respectively. These para-
meters were almost similar to those of human liver
[22, 23].

Radiofrequency ablation of the phantoms

An ivory white coagulation lesion developed around
the tip of the central prong in less than 20 seconds
during heating (Figure 4A). The coagulation lesion
enlarged gradually and more coagulation lesions
developed and enlarged around the tip of the other
prongs advancing with the time (Figure 4B, C). After
7 minutes of heating, the coagulation lesions merged
into an ellipsoid region (Figure 4D). All of the
coagulation lesions in the phantoms showed well-
defined boundaries from the uncoagulation regions
and demonstrated different temperature distribution

in different pH phantoms. The size of the coagulation
lesions decreased from pH 4.3 to 4.7 in 7 minutes of
ablation and represented the coagulation temperature
approximately 50°, 55° and 60°C for pH 4.3, 4.5 and
4.7, respectively (Figure 5A—C). The coagulation
lesion in the phantoms cannot be demonstrated on
gray-scale ultrasound during and after the heating.
The air-echo can be demonstrated on sonogram in the
coagulation zone when the temperatures approached
and exceeded 100°C during heating (Figure 6).
However, MRI showed the coagulation lesions with
well-defined hypo-intensity signal on T,-weighted
images (Figure 7A, C). In addition, the coagulation
lesions on T,-weighted images demonstrated the
similar size and shape corresponding to the gross
view (Figure 7A-D).

Discussion

RFA, a technique of thermal coagulation therapy, is
less invasive and can sometimes offer an alternative
when surgery is not feasible. The aim of tumor RFA
therapy is to destroy an entire tumor using heat to kill
the malignant cells in a minimally invasive fashion
without damaging adjacent vital structures. This
often includes the treatment of a 0.5-1 cm margin
of apparently normal tissue adjacent to the lesion in
order to eliminate microscopic foci of disease and the
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Figure 5. The coagulation lesions in tissue-mimicking phantoms after 7 minutes of RFA. The ivory white ellipsoid
coagulation lesions demonstrate different temperature distribution in different pH phantoms: (A) represents approximately
60°C coagulation lesion (pH 4.7); (B) represents approximately 55°C coagulation lesion (pH 4.5); and (C) represents

approximately 50°C coagulation lesion (pH 4.3).

Figure 6. Gray-scale ultrasound cannot show the coagulation lesion in tissue mimicking phantom. The air in the electrode
hole can shows on the sonogram (arrowhead). As the temperatures approach and exceed 100°C, gray-scale ultrasound can
demonstrate the air-echo with a hyperechoic pattern in a heated volume (arrow) immediately after heating.

uncertainty which often exists regarding the precise
location of actual tumor margins [24]. In this case,
accurate knowledge of the coagulated volume pro-
duced is important for optimizing treatment planning
and energy delivery.

In order to investigate and develop new techni-
ques, and also to improve those currently
employed, research can call upon phantoms and
clinical and experimental studies. The former are a
powerful tool in this type of investigation, since
they provide vital information on the electrical and
thermal behavior of ablation rapidly and at low
cost, quantifying the effect of various factors on the
temperature distribution [25]. Consequently, they
facilitate the assessment of the feasibility of new
electrode geometries, new protocols for delivering

electrode geometries, and new protocols for
delivering electrical power. Since that the results
of this study might be wuseful not only for
development and characterization of RFA devices,
but also for the experimental validation of
computer models [25].

A phantom material with tissue-mimicking elec-
trical and thermal properties is essential for the
development and characterization of the RFA
devices and for clinically related activities such as
quality assurance, device comparisons and treatment
verification. An ideal tissue-mimicking phantom for
RFA should have a homogeneous texture and the
physical properties, such as mass density, specific
heat capacity, thermal conductivity, and electrical
conductivity, have to meet the biological tissue.
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(A)

©

(B)

Figure 7. 'The coagulation lesion on the T,-weighted image of MRI has a similar shape and size corresponding to the gross
view (pH=4.5): (A) Coagulation lesion is an ellipsoid with hypo-intensity signal on coronal T,-weighted image of MRI;
(B) Gross view of coagulation lesion (front view); (C) Coagulation lesion is a round region with a hypo-intensity signal on the
transverse T,-weighted image of MRI; and (D) Gross view of the coagulation lesion (transverse-section).

In the present study, the mass density, specific heat
capacity, and the electrical conductivity are similar to
those of the human liver. In addition, the phantom
exhibits properties at room temperature which are
comparable to those of the parenchymal type
represented at body temperature. A polyacrylamide
base is its stability at the high temperatures experi-
enced in thermal therapy (at top of 110°C). This also
was evident in the present study. The generator was
operated in average mode (A mode) with the target
temperature of 80°C. The temperature displays
showed the temperatures around the probes of the
electrode which were close to the dispersive ground
pad exceeded 80°C and reached the high tempera-
ture of 100°-110°C during the 7 minutes of heating
time. However the phantom didn’t melt and
collapse. So the PAG phantom is more favorable
for RFA study than other gel materials, such as agar
or gelatin, which have lower melting temperatures.
The dissolved BSA in this phantom underwent
thermal coagulation at the same range of biological
tissue (50°—60°C) by the adjustment of the pH
(4.3-4.7), resulting in a region of irreversible thermal
damage and, therefore, a permanent record of the
volume where the temperature exceeded 50°—60°C.
The phantom is an optical transparent solid form gel
with homogeneous texture. Thus, the dynamic
process of the coagulation lesion development
can be recorded by digital camera or video
recorder during heating (Figure 4), providing a

convenient way to analyze the coagulation lesions
after heating.

Cell death occurs completely and rapidly above the
coagulation temperature threshold, and there are
various regions of distinct structural changes in
tissue, including ablation, vaporization, thermal
coagulation and red zone [26]. A red zone appears
in tissue peripheral to the coagulation boundary in
the thermal lesions after RFA heating. This region is
characterized by damage to the vasculature, includ-
ing hemorrhage, increased blood flow, and/or
hemostasis when temperature exceeded 50°C. And
the extent of thermal necrosis seems to be related to
the outer boundary of the red thermal damage zone
in tissue [26]. The ivory white coagulation lesions in
the phantom demonstrate a well-defined isothermal
line to assess the lesion boundary from the tempera-
ture distribution. For the pH 4.3 phantom, the
coagulation lesion is enclosed by approximately 50°C
isothermal surface, which represents the boundary of
the red zone in the heating volume of biological
tissue. As for the pH 4.7 phantom, the coagulation
lesion is enclosed by approximately 60°C isothermal
surface, which represents the boundary of the
coagulation zone in the heating volume biological
tissue. Therefore, pH 4.3-4.7 phantom can be used
to evaluate the necrosis lesions produced by RFA
devices.

Like RFA of biological tissue, gray-scale ultra-
sound cannot show the coagulation lesion
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in phantoms. This may result from the slender
change of the acoustic properties, such as acoustic
impedance, before and after the protein (BSA)
coagulation. However, the air-echo can be demon-
strated in a hyperechoic pattern on sonogram in
coagulation zone (Figure 6). This is because water
vapor is formed, and steam collects in small pockets
forming vacuoles in the phantom when the tempera-
tures approach and exceed 100°C during heating.
The BSA coagulation resulted in a reduction of T,
which provided sufficient contrast for the BSA
coagulation resulting in a reduction in T,-weighted
MR imaging of the volume of thermal coagulation
with uncoagulated regions [11, 17]. Figure 7 illus-
trates the coagulation lesion as a hypo-intensity
signal on the T,-weighted MR image, which
demonstrates a similar shape and size corresponding
to the gross view. Therefore, MR imaging has the
capability to record the three-dimensional geometry
of the coagulated volume, providing a powerful tool
for developing RFA technology with adjustable
power deposition, quality control and treatment
verification in thermal therapy.

The thermal conductivity was not measured in this
study. However, the phantom is expected to have
similar properties to the egg-white PAG phantom,
which was shown previously to have thermal con-
ductivity of 0.59 +0.06 Wm ™' °C~! [27]. This value
is very similar to that of water, which has the thermal
conductivity of 0.60Wm '°C™' or PAG without
protein (0.59+0.06 Wm '°C™!) [28], since the
water phantom is the most abundant ingredient
(approximately 76.5% by weight). At frequencies
used by RFA devices (400-500kHz), energy is
transferred primarily through electrical conduction
and not the capacitive coupling. Therefore, electrical
conductivity is a vital parameter for RFA and not the
dielectric constant. Thus, the dielectric constant of
the phantom was not measured in the present study.
For higher frequencies of electromagnetic devices,
such as microwave, dielectric constant is a necessary
parameter and should be given.

The recipe in the present study was somewhat
different than that proposed and thoroughly evalu-
ated by McDonald et al. [17], including ingredients
and dosage. However, the coagulation temperatures
of the phantoms were also kept within the range of
the biological tissue thermal damage (50°-60°C) by
adjusting the pH of the phantom (4.3—4.7). This also
demonstrated that the coagulation temperatures of
the phantoms were mainly dependent upon pH value
[17], although the addition of the other ingredients
might have a minor influence upon the temperatures.
Glycerol is one ingredient of the intralipid. In order
to keep an ideal transparency of the phantom for
dynamic visualization of coagulation lesion in RFA,
glycerol was substituted for intralipid which was

introduced by McDonald et al. [17]. Glycerol is also a
good lubricant for removing the phantom from the
mould easily, keeping the phantom perfect for RFA.
In addition, glycerin is hydrophilic so that the
phantom can maintain homogeneity. We chose
0.2M citrate buffer concentration for phantom
fabrication because a buffer concentration of 0.2 M
can hold constant as other ingredients are added [17].
The citrate buffer contributes not only to lower the pH
and hence the coagulation temperature of BSA but
also provides the favorable electrical conductivity for
RFA. And 2% BSA concentration in our study
demonstrated the coagulation lesions in phantoms
both good visualization in gross view and good
contrast on T,-weighted MR image between the
coagulated lesions and uncoagulated regions
(Figure 7), which is identical to the report by
McDonald et al. [17]. For RFA experimental
investigations, the total concentrations of acrylamide
and N, N methylene-bis-acrylamide and cross-linking
concentration of the N, N methylene-bis-acrylamide
in our study are 10% and 5%, respectively, enabling
the phantoms to be hard enough to stand well on the
dispersive ground pad and tolerate insertion of
electrodes without cracking or splitting. Although
the total concentration of acrylamide and N, N
methylene-bis-acrylamide and cross-linking concen-
tration of the N, N methylene-bis-acrylamide in the
present study is higher than those introduced by
McDonald et al. [17] (10% vs. 7% and 5% vs. 2%,
respectively), the premature coagulation did not
occur in our phantom fabrication. Polymerization
begins to occur in minutes following the addition of
the initiator-activator pair and phantoms should
remain refrigerated for a number of hours to preclude
premature coagulation. Both acrylamide and N, N
methylene-bis-acrylamide are moderately neurotoxic
substances. Even after the polymerization, small
amounts of acrylamide monomers remain in phan-
toms. Therefore, the phantom fabrication and experi-
ment must be handled in a fume hood with
appropriate safety attire (e.g. gloves, laboratory
coat). This may be a disadvantage of the phantom in
comparison with the other thermal gel materials.

Conclusions

The tissue-mimicking phantom described in this
study is a useful material for the measurement of
thermal coagulation patterns in RFA investigation.
The coagulation temperature can be adjusted to
simulate that of a specific soft tissue by changing the
pH from 4.3 to 4.7, and the physical properties
(density, electrical conductivity and specific heat) of
the phantom are similar to those of the soft tissue,
such as human liver, enabling it to be useful for
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RFA investigation. The phantom is transparent and
the development and distribution of the coagulation
lesions can be permanently recorded by video for
further study. The phantom also exhibits a large
reduction in T, upon thermal coagulation, enabling
the use of T,-weighted MR images to measure the
three-dimensional geometry of the heated volume.
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