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Abstract—This work presents the measurement of the 

thermal properties of ex vivo biological tissues (i.e., porcine liver 

and kidney tissues) as a function of temperature, along with the 

thermal characterization of a tissue-mimicking agar-based 

phantom. The evaluation of the thermal properties was 

performed by the dual needle technique, adopting a sensor 

equipped with two needles, capable to deliver thermal energy to 

the biomaterial and monitor the related tissue thermal behavior. 

Measurements of thermal conductivity, thermal diffusivity, and 

volumetric heat capacity were conducted at room temperature 

and at temperatures relevant from a biological point of view, 

namely, body temperature and temperatures of ~60 °C- 65 °C, 

which are typically correlated to instantaneous thermal damage 

in tissue. Thermal properties of biological tissue remained 

rather constant at the investigated temperatures: average values 

of thermal conductivity ranged from 0.515 W/(m·K) to 0.575 

W/(m·K), thermal diffusivity ranged from 0.144 mm2/s to 0.163 

mm2/s, whilst the average volumetric heat capacity was from 

3.48 MJ/(m3·K) to 3.72 MJ/(m3·K).  Furthermore, the thermal 

properties of the realized agar phantom were comparable to the 

ones of biological tissues. The results of this study provide 

valuable information for the characterization of porcine liver 

and kidney tissues, in terms of their thermal properties, to be 

used in predictive mathematical models of thermal therapies 

and validate the usage of agar phantoms as tissue-mimicking 

materials. 

Keywords—thermal properties, biological tissue, tissue-

mimicking phantom, liver, kidney, dual-needle technique 

I. INTRODUCTION 

The measurement of the physical properties of tissues of 
biological origin represents a crucial aspect for several areas 
of biomedical engineering [1]. These areas range from the 
research intended to realize tissue-mimicking phantoms, i.e., 
materials that mimic the characteristics of biological media 
and are worthwhile for the testing and improvement of 
medical systems [2]–[6], to the characterization of tissue 
properties aimed at optimizing diagnostic and therapeutic 
procedures [7], [8]. In this regard, the study of the thermal 

properties of biological tissues assumes a pivotal role as these 
properties regulate the way heat distributes within tissue, thus, 
they are involved in all therapies which entail a variation of 
the tissue temperature to treat a disease [8]. Thermal therapies, 
namely radiofrequency ablation [9], microwave ablation [10], 
laser ablation [11], [12], high focused ultrasound [13], and 
cryoablation [14], have been introduced as minimally invasive 
procedures exploiting a temperature increment or decrement 
(as in case of cryoablation) to induce the desired thermal 
damage in the unhealthy tissue area [15]. Promising results 
have been attained in terms of reduction of the operative 
trauma and hospitalization times compared to traditional 
surgical approaches. However, toward the further 
amelioration of thermal techniques, the prediction of the heat 
distribution and subsequent temperature variation in tissue is 
required to prevent excessive thermal damage to healthy tissue 
while assuring the complete eradication of the diseased tissue. 
Hence, to assess the thermal outcome at given procedural 
settings and precisely plan the thermal therapy, computational 
frameworks have been proposed as they can simulate the 
temperature distribution and related tissue injury [16]–[18], 
provided that accurate information of the tissue 
thermophysical properties is given. Thus, experimental 
investigations are needed to determine tissue thermal 
properties, such as thermal conductivity (k), tissue specific 
heat capacity (c), the volumetric heat capacity (cv) and thermal 
diffusivity (D), to be included in the simulation tools [19], 
[20]. The k denotes the ability of tissues to conduct heat, the 
tissue c concerns the heat necessary to increment the 
temperature of tissue by 1 °C per mass unit, and it is related to 
cv by means of the tissue density ρ (i.e., cv =ρc). Furthermore, 
the thermal diffusivity D describes the capability of tissue to 
conduct heat in relation to its heat storage characteristics since 
it is expressed as the ratio between k and cv: D = k/cv [19], [21], 
[22].  

Different techniques have been utilized to measure the 
tissue thermal properties and characterize the thermal 
behavior of biomaterials. The self-heated thermistor 
technique, which relies on the use of a single thermistor probe, 
has been employed to assess D and k of different biological This project has received funding from the European Research Council 
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media [23], [24]. Moreover, analyses with differential 
scanning calorimetry have been performed to investigate the 
specific heat capacity of tissues as well as the transition 
temperatures of biological components [25], [26]. Lastly, the 
so-called dual-needle technique has been adopted for the 
measurement of k, D, and cv by means of a dual-needle sensor 
located into tissue, allowing for both the heating of tissue and 
temperature monitoring [19], [20], [27]–[29]. Further 
evaluations are necessary to outline the thermal characteristic 
of tissues that are targets of thermal therapies. In this concern, 
this work presents the measurement of thermal properties of 
porcine liver and kidney tissues, as a function of different 
selected temperatures, based on the usage of a dual-needle 
sensor. Furthermore, the same measurement technique has 
been utilized to characterize the thermal properties of an agar-
based phantom, in order to compare its thermal properties to 
the ones of biological tissues. 

II. MATERIALS AND METHODS 

A. Experimental protocol 

Porcine liver and kidney tissues, excised from healthy 
animals, were attained from a local butcher. Tissue samples 
were cut from the entire organs and accurately placed in a 
metallic container, then positioned in a water thermal bath 
(Fig. 1.A). The thermal bath (temperature range from 20 °C 
to 100 °C, temperature fluctuation: 0.5 °C, rated wattage of 
200 W, capable of a fast ramp-up from 20 °C to 37 °C in 10 
min) was used to increase and control the tissue temperature 
up to specific values. The galvanized container was employed 
to prevent the water-tissue direct interaction while allowing 
the necessary heat transfer from the water of the thermal bath 

to the tissue specimen. For each biological tissue type, 
thermal properties were estimated by the so-called dual-
needle technique, adopting a dual-needle sensor and a 
thermal property analyzer (as described in the following 
section II.B), at different temperatures. The selected 
temperatures were: i) room temperature, ii) temperatures 
close to body temperature, and iii) ~60 °C - 65 °C (i.e., 
temperatures relevant in thermal therapies since tissue 
thermal damage is typically instantaneous at 60 °C and above 
it). Besides the dual-needle sensor, which allows for both 
temperature monitoring and estimation of thermal properties, 
two additional sensors were used to measure the tissue 
temperature. A k-type thermocouple (0.1 °C accuracy) was 
embedded in a first needle, whereas an array of 10 Fiber 
Bragg Grating (FBG) thermometers (FiSens GmbH, 
Braunschweig, Germany), inscribed in a single-mode 
polyimide-coated optical fiber (1550 nm wavelength 
operation range) was inserted in a second metallic 18 G 
needle (1.2 x 50 mm). The FBG sensors (1 mm edge-to-edge 
distance, 1 mm sensing length) were illuminated by an optical 
spectrum interrogator (Micron Optics si255, Atlanta, USA, 1 
pm accuracy corresponding to 0.1 °C), and their optical 
response was analyzed to monitor the temperature [30], [31]. 
These two needles were placed in tissue approximately at the 
same radial distance from the center of the specimen at which 
the needles of the dual-needle sensor were located. This is 
useful to provide information on the spatial temperature 
distribution in the sample since the tissue surrounding the 
dual-needle sensor must reach the thermal equilibrium 
condition prior to proceeding with the measurement of 
thermal properties.  

 
 
Fig. 1. (A) Experimental setup involving a water thermal bath to impose the selected temperature to the specimen, temperature sensors to monitor the 
temperature of the sample and water, a metallic container in which the sample is positioned, and the dual-needle sensor. (B) Dual-needle sensor (left) 

and thermal property analyzer (right) utilized for the measurement of thermal conductivity, thermal diffusivity, and volumetric heat capacity of the 

biological tissues and agar-based phantom. 
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An additional k-type thermocouple (0.1 °C accuracy) was 
used to monitor the water temperature. Overall, the 
experimental protocol consisted in: imposing the selected 
tissue temperature with the thermal bath; verifying that the 
water temperature matched the imposed one; assessing the 
effective tissue temperature, and proceeding with the 
measurement of the thermal properties at the selected 
temperature. The measurements were repeated 3 times for 
each tissue and for each temperature value. 

Regarding the thermal characterization of the tissue-
mimicking phantom, the thermal properties of an agar-based 
phantom were measured through the dual-needle technique. 
To synthesize the phantom, agar powder was dissolved in 
distilled water to attain a solution with a concentration of 
2.5% [4]–[6]. A hotplate stirrer was used to mix the solution 
and increase its temperature. Particular attention was devoted 
to preventing evaporation while assuring that the powder was 
entirely dissolved. After removal from the hotplate, the 
sample was left at room temperature in order to solidify [4], 
[5]. The thermal properties of the realized phantom were 
assessed at the same temperatures chosen for the evaluation 
in ex vivo biological tissues. Also in this case, thermal 
property measurements at each temperature value were 
performed in triplicates. 

B. Measurement of thermal properties with dual-needle 

technique  

The measurement of the thermal properties (thermal 
conductivity, thermal diffusivity, and volumetric heat 
capacity) of ex vivo biological tissue and the agar-based 
phantom was performed by means of a dual-needle sensor 
(TEMPOS SH-3, range -50 °C – 150 °C), connected to a 
thermal property analyzer (TEMPOS, Meter Group, Inc., 
Pullman, WA, USA, 10% accuracy) by a flexible cable. The 
specifications of the dual needle sensor are the following: the 
two parallel metallic needles are 30 mm in length, with a 
diameter of 1.3 mm, and 6 mm distance between each other 
(Fig. 1.B). The dual-needle probe was accurately placed in the 
biological tissue or the phantom assuring that the two needles 
were directly in contact with material under study, prior to 
starting the experimental trial.  

The mechanism at the basis of the dual needle technique 
consists in providing thermal energy to the biomaterial under 
examination by applying a certain current to one of the two 
needles of the sensor, which is called heating needle, for a time 
equal to 30 s (th). The second needle, called monitoring needle, 
allows the measurement of the temperature during the heating 
time and for the following 90 s. By subtracting the initial 
material temperature to the reached thermal value, the 
temperature rise ΔT can be calculated. The following 
equations are then employed by the thermal property analyzer 
to attain the values of thermal conductivity (k) and diffusivity 
(D) by means of the least-squares method [19], [20]:  

2

                       
4 4

i h

q r
T E t t

k Dt

 − 
 =   

   

        (1) 

2 2

          
4 ( ) 4

i i h

h

q r r
T E E t t

k D t t Dt

    − −  
 = −       −      

       (2)                             

 

being q the amount of heat provided by the heating needle, 

while Ei is the exponential integral [32], r is the distance 

between the two needles of the sensor, and t is the time. The 

volumetric heat capacity (cv) is then obtained by the formula 

cv = k/ D [19].  

C. Measurement uncertainty 

The measurement uncertainty was estimated in 

conformity with the guidelines of the “Guide to the 

expression of uncertainty in measurement” [33], to provide 

an indication of the quality of the attained experimental 

results. Therefore, in the following, when reporting the 

average values of the measured thermal properties (i.e., k, D, 

and cv) for the ex vivo biological tissues and the tissue-

mimicking phantom, also the measurement uncertainty will 

be specified, according to (3): 

set set setT T T fy y U y k s=  =                          (3) 

being yTset the thermal property measured at the selected 

temperature Tset, 
setTy is the arithmetic mean of results of n 

measurements performed at the temperature Tset, U indicates 

the expanded measurement uncertainty, kf is the coverage 

factor, and s refers to the standard uncertainty. U is attained 

by the product of kf and s. The coverage factor kf is calculated, 

considering a Student’s t-distribution, with a 95% confidence 

level, for n = 3 (degrees of freedom equal to 2), therefore kf is 

equal to 4.30. Moreover, s, which is related to measurement 

repeatability, is defined as the standard deviation of the mean, 

expressed as:  

( )
,

2

1

( 1)

set i set

n

T T

i

y y

s
n n

=

−

=
−


                           (4) 

being yTset,i the thermal property measured in the i-th 
measurement performed at the selected temperature Tset.  

III. RESULTS AND DISCUSSION 

The results attained for each thermal property 
measurement test are reported in Table 1, in association with 
the average temperature reached by the tissues.   

Measurements in ex vivo liver samples were firstly 
performed to validate the adopted measurement technique, 
through a comparison with the results of other studies 
employing the dual-needle technique on hepatic tissue. The 
average values of thermal properties and the associated 
measurement uncertainty referring to the measurement 
repeatability are reported in Fig. 2.  

Concerning the porcine hepatic tissue, a slight increase 
with temperature was observed for k, whose value was 0.571 
± 0.075 W/(m·K) at 65 °C. D presented a higher value at 65 
°C (0.163 ± 0.029 mm2/s) compared to the values at the other 
temperatures, while no specific correlation with increasing 
temperature was observed, at the considered temperatures, 
for cv, whose values ranged from 3.48 ± 0.35 MJ/(m3·K) to 
3.70 ± 0.30 MJ/(m3·K).  

The results attained in this study are in accordance with 
the thermal properties measured in ex vivo ovine [20] and 
bovine [29] liver tissues as shown by the calculation of the 
percentage variation, expressed as in (5): 
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TABLE I.  THERMAL PROPERTIES OF EX VIVO PORCINE LIVER AND KIDNEY TISSUES AND THE AGAR-BASED PHANTOM MEASURED BY THE DUAL-NEEDLE 

TECHNIQUE AT DIFFERENT SELECTED TEMPERATURES. 
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=              (5) 

in which
setTy is the arithmetic mean of the measurements 

performed at the temperature Tset in the present study, while 

referenceTy  is the arithmetic mean of the measurements reported 

in the reference literature study. 

The percentage variations between the thermal properties 
measured at 22 °C in the present study and 25.35 °C in ovine 
liver [20] are 3.0%, 1.3%, and 2.7% for k, D, and cv, 
respectively. Additionally, the percentage variations between 
the thermal properties measured at 21 °C in bovine liver 
tissue [29] and at 22 °C in the present study are 3.0%, 5.7%, 
and 0.3% for k, D, and cv, accordingly. The trend of D is also 
in agreement with the measurements performed in porcine 
liver by Guntur et al.[34] who observed a lower value of D at 
a temperature close to body temperature compared to the 
value at room temperature, and a higher average D at 65 °C, 
compared to room and body temperatures.  

 

 

While different studies focused on the thermal 
characterization of liver tissue of various species as a function 
of temperature [7], [19], [20], [29], [34], a limited number of 
investigations reported the thermal properties of other organs, 
such as kidney, as a function of temperature [27], [28]. In this 
regard, after the validation of the measurement method in 
liver tissue, we measured the thermal properties of porcine 
kidney tissue (Table 1). At an average temperature of 25 °C, 
the values of k, D, and cv were 0.562 ± 0.035 W/(m·K), 0.151 
± 0.002 mm2/s, 3.72 ± 0.16 MJ/(m3·K), respectively. Close to 
body temperature (average temperature of 36 °C), kidney 
tissue was characterized by average values of k, D, and cv 
equal to 0.575 ± 0.031 W/(m·K), 0.154 ± 0.003 mm2/s, and 
3.72 ± 0.16 MJ/(m3·K), correspondingly. At higher 
temperatures (average value of 60 °C), k, D, and cv of the ex 
vivo swine kidney tissue were 0.560 ± 0.023 W/(m·K), 0.158 
± 0.007 mm2/s, and 3.55 ± 0.31 MJ/(m3·K), accordingly. The 
measured thermal properties are comparable with the thermal 
properties attained by Silva et al., who performed 
measurement adopting the dual-needle technique, in tissues 
of a different species, i.e., ovine kidney tissues, at room and 
body temperature [28] and up to ablative temperatures [27]. 
Overall, the observed higher uncertainty of liver tissues may 
be ascribable to the inter-sample variability and anisotropy 
characterizing the tissue specimens [7], [23]. 

T [°C] 

Porcine liver tissue 

Thermal conductivity  

k [W/(m·K)] 

Thermal diffusivity  

D [mm2/s] 

Volumetric heat capacity  

cv [MJ/(m3·K)] 
Test 1 Test 2 Test 3 Test 1 Test 2 Test 3 Test 1 Test 2 Test 3 

22 0.507 0.496 0.541 0.148 0.147 0.149 3.42 3.38 3.64 

36 0.538 0.521 0.552 0.141 0.140 0.151 3.81 3.73 3.57 

65 0.600 0.540 0.574 0.158 0.154 0.176 3.46 3.44 3.59 

T [°C] 

Porcine kidney tissue 

Thermal conductivity  

k [W/(m·K)] 

Thermal diffusivity  

D [mm2/s] 

Volumetric heat capacity  

cv [MJ/(m3·K)] 
Test 1 Test 2 Test 3 Test 1 Test 2 Test 3 Test 1 Test 2 Test 3 

25 0.546 0.568 0.572 0.150 0.152 0.151 3.65 3.73 3.78 

36 0.560 0.579 0.585 0.153 0.155 0.155 3.65 3.73 3.78 

60 0.550 0.566 0.566 0.161 0.157 0.156 3.41 3.61 3.64 

T [°C] 

Agar-based phantom 

Thermal conductivity  

k [W/(m·K)] 

Thermal diffusivity  

D [mm2/s] 

Volumetric heat capacity  

cv [MJ/(m3·K)] 
Test 1 Test 2 Test 3 Test 1 Test 2 Test 3 Test 1 Test 2 Test 3 

25 0.605 0.610 0.614 0.153 0.153 0.154 3.95 3.98 3.99 

36 0.622 0.632 0.618 0.157 0.159 0.156 3.96 4.01 3.96 

61 0.688 0.679 0.679 0.163 0.165 0.161 4.22 4.11 4.22 

 
 
Fig. 2. Thermal conductivity (A), thermal diffusivity (B), and volumetric heat capacity (C) of ex vivo porcine liver and kidney tissues and the agar-based 

phantom measured as a function of the selected temperature values. The average values of the thermal properties and the associated measurement 

uncertainty are reported. 
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After the measurements in ex vivo biological tissue, we 
focused on the investigation of the thermal properties of an 
agar-based phantom, prepared to mimic soft tissue thermal 
properties [4], [5]. Tissue mimicking phantoms present 
several advantageous aspects for the study and optimization 
of medical therapies [4], [5], [30], [35], [36], as they can be 
realized with specific and tunable features according to the 
phenomenon one wants to investigate. Moreover, they can be 
prepared by adopting standard protocols, thus reducing the 
variability among different samples. The thermal properties 
of the agar-based phantom (Fig. 2) were compared to ones 
measured in ex vivo biological tissue, by calculating the 
percentage variation between the thermal properties 
measured for the phantom and for the ex vivo porcine kidney. 
Hence, the percentage variation was determined following 

the expression reported in (5), but in this case 
setTy was the 

thermal property of the phantom at a specific temperature and 

referenceTy was the thermal property measured for ex vivo 

porcine kidney tissue. The percentage variations between the 
phantom and the tissue in terms of thermal diffusivity D, 
which describes the overall capability of the material to 
conduct heat in relation to its heat storage features, were 
1.3%, and 1.9%, at average temperatures of 25 °C and 36 °C, 
respectively. Moreover, the percentage variation between the 
thermal diffusivity D measured at 61 °C in the agar phantom 
and at 60 °C in porcine kidney tissue was 3.2%. Hence, the 
phantom was able to well mimic this tissue thermal property, 
at the investigated temperatures. 

IV. CONCLUSIONS 

In this study, we present the results of the measurement 

of the thermal properties (i.e., k, D, and cv) of ex vivo 

biological tissues, namely, porcine liver and kidney tissues at 

selected tissue temperatures (room temperature, close to body 

temperature and ~60 °C - 65 °C) with a dual-needle sensor. 

Furthermore, the thermal properties of an agar phantom were 

assessed by the same dual-needle technique at around the 

same temperature values. The results attained in ex vivo 

porcine liver validated the usage of the adopted method for 

the measurement of thermal properties in biological media. 

Besides, the measured thermal properties of porcine kidney 

tissue may be useful to better characterize its thermal 

behavior toward the amelioration of thermal treatments and 

their therapy planning. Further studies are required to expand 

the temperature interval in which the measurements are 

performed, as well as computationally and experimentally 

evaluate the influence of the physical properties and other 

important terms, such as blood perfusion, on the therapy 

outcome. Concerning the characterization of the phantom, the 

dual-needle sensors allowed for the measurements of its 

thermal properties and a comparison of the latter with the 

thermal properties of ex vivo biological tissue. The results 

validated the use of agar-based phantoms as tissue-

mimicking materials and the employment of the dual-needle 

technique to assess their thermal properties, which is 

worthwhile for the final aim to attain materials with fine-

tuned thermophysical properties. 
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