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Abstract

:

Electromagnetic-based hyperthermic therapies induce a controlled increase of temperature in a specific tissue target in order to increase the tissue perfusion or metabolism, or even to induce cell necrosis. These therapies require accurate knowledge of dielectric and thermal properties to optimise treatment plans. While dielectric properties have been well investigated, only a few studies have been conducted with the aim of understanding the changes of thermal properties as a function of temperature; i.e., thermal conductivity, volumetric heat capacity and thermal diffusivity. In this study, we experimentally investigate the thermal properties of ex vivo ovine liver in the hyperthermic temperature range, from 25 °C to 97 °C. A significant increase in thermal properties is observed only above 90 °C. An analytical model is developed to model the thermal properties as a function of temperature. Thermal properties are also investigated during the natural cooling of the heated tissue. A reversible phenomenon of the thermal properties is observed; during the cooling, thermal properties followed the same behaviour observed in the heating process. Additionally, tissue density and water content are evaluated at different temperatures. Density does not change with temperature; mass and volume losses change proportionally due to water vaporisation. A 30% water loss was observed above 90 °C.
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1. Introduction


Electromagnetic-based thermal therapies are currently widely adopted in clinical practice to treat cancerous diseases. The interaction between an electromagnetic field and the target biological tissue induces a localised and controlled increase in temperature. The induced increase of temperature depends on the purpose and characteristic of the hyperthermic treatment: hyperthermia raises the temperature in the target area up to 40–45 °C in order to cause an increase of the cellular metabolism, perfusion and oxygenation, while thermal ablation increases the temperature of the target above 55 °C to induce an irreversible damage to the tissue [1,2,3,4]. Dielectric and thermal properties play an important role in the electromagnetic and thermal phenomena occurring in the tissue targeted by an hyperthermic treatment. The accurate knowledge of these properties can help predict the electromagnetic energy deposition and the distribution of the temperature increase in the tissue, in order to optimise treatment plans [4,5,6,7]. While dielectric properties have been widely studied [8,9,10,11,12,13,14,15,16,17,18,19,20], less systematised investigations have been conducted to characterise the thermal properties of biological tissues and their changes with temperature.



Thermal properties, such as thermal conductivity, volumetric heat capacity and thermal diffusivity, influence the temperature increase rate and the heat distribution in biological tissues [4]. Thermal conductivity, k [W m−1 K−1], measures the ability of the tissue to conduct heat, while thermal diffusivity, D [m2 s−1], describes how quickly a material reacts to a variation in temperature. Volumetric heat capacity, Cv [J m−3 K−1], relates to the quantity of heat required to raise one degree of temperature of the tissue, per unit of volume. These thermal properties are interrelated:


  D =  k  C v    



(1)







Over the last 30 years, studies have been conducted to investigate temperature-dependent thermal properties at hyperthermic temperatures (above 40 °C), investigating several tissues, using different measurement methodologies, and leading to different results [21,22,23,24,25,26,27,28]. It is important to acknowledge that most of these studies have investigated thermal properties in ex vivo biological tissues in steady state heat transfer conditions; i.e., neglecting the influence of blood perfusion. An “effective” thermal conductivity and an “effective” thermal diffusivity should be considered, instead, to account for the contribution of perfusion to the steady state heat transfer in vivo [29].



A self-heated thermistor inserted into the tissue was used by Valvano et al. in [21] to determine the thermal conductivity and diffusivity of different ex vivo biological tissues. This method measures the baseline tissue temperature; then, electrical power is applied to the thermistor in order to heat it. Thermal conductivity and diffusivity are derived from the difference in temperature recorded. The authors measured both the thermal conductivity and thermal diffusivity of different ex vivo biological tissues from different species in a temperature range between 3 °C and 45 °C. Differences between tissues, species, and even within tissues from the same donor were reported. A similar measurement method was used to determine the thermal conductivity of freshly excised porcine myocardium, at temperatures between 25 °C and 76 °C, by Bhavaraju et al. [22]. A decrease of thermal conductivity with the temperature increase was reported and justified by the authors, with significant water loss occurring at temperatures above 50 °C. The same measurement technique was used by Choi et al. [27] to measure the thermal conductivity and apparent specific heat capacity of ex vivo human and porcine liver for a range of temperatures between 20 °C and 85 °C. This study reports an increase of thermal conductivity of approximately 12% in the range of investigated temperatures and an increase of specific heat capacity up to approximately 70 °C, decreasing after that. The authors correlated the changes of thermal properties observed with protein denaturation and water loss.



A transient hot-wired technique, which applies a fixed potential difference across the probe and records differences in temperature, was used by Bhattacharya et al. [23] to measure the thermal conductivity of ex vivo bovine liver tissue in a temperature range from 25 °C to 90 °C. In the study, it was observed that thermal conductivity varies linearly with temperature.



A study on the dependency of specific heat capacity on temperature was performed by Haemmerich et al. [24] on ex vivo liver in a temperature range from 20 °C to 85 °C. The sample was uniformly heated between two electrodes. The specific heat capacity was observed to increase for temperatures above 65 °C; this increase was correlated to the tissue water loss due to heating.



Recent studies used a commercial thermal analyser device to investigate thermal properties (thermal conductivity, volumetric heat capacity and thermal diffusivity) of ex vivo liver in a temperature range from 20 °C to 90 °C (Guntur et al. [26]) and from 21 °C to 113 °C (Lopresto et al. [28]). Guntur et al. observed that thermal properties change with temperature following an asymmetric quasi-parabolic convex downward curve with a minimum at body temperature and increasing afterwards. In [26], measurements were also taken after tissue reached 90 °C while the tissue was left to cool. The authors observed that thermal properties remained unchanged, pointing out the irreversibility of the variations in thermal properties observed at 90 °C. In contrast, Lopresto et al. observed that thermal properties do not vary with temperature until 90 °C; above this temperature, thermal properties increase exponentially until the water phase transition process is completed.



The increase of temperature alters the characteristics of the tissue. Tissue appearance changes above 50–60 °C due to coagulation processes, and above 100 °C, the tissue carbonises due to tissue desiccation induced by the vaporisation of the water content [30,31]. Additionally, shrinkage of the tissue was reported to occur at ablative temperatures [28,32]. The water vaporisation process appears to dramatically influence the thermal properties of the tissue; Lopresto et al. [28] observed a huge drop of thermal properties for temperatures above 100 °C.



The proposed study aims to better understand how thermal properties change during and after hyperthermic electromagnetic-based therapies. In this study, we characterise the thermal properties of ex vivo ovine liver as a function of the temperature increase for temperatures used in hyperthermia and/or thermal ablation up to 97 °C. We validate the methodology presented in [28] and compare the results obtained in two different animal models. Then, a set of measurements is conducted during the cooling of the tissue to observe the reversibility of the changes in thermal properties observed above 90 °C. Changes in tissue density and water content with temperature are investigated during the experimental study and correlated with the variation of thermal properties. To the best of our knowledge, this is the first study to also address the influence of the variation in the density and water content of tissue with temperature.




2. Materials and Methods


The experimental set-up used to investigate the thermal properties of ex vivo ovine liver as a function of temperature is illustrated in Figure 1. Thermal properties measurements were conducted with a commercial analyser (TEMPOS, Meter Group, Inc., Pullman, WA, USA, accuracy: 10%). The device was equipped with different sensors which were adapted to measure the thermal properties of different materials, depending on their composition (e.g., solid, liquid or moist) and expected thermal behaviour (e.g., conductor or insulator). The most suitable sensor to measure the thermal properties of biological samples is the SH-3 dual-needle sensor, as the sensor measures thermal conductivity, volumetric heat capacity and thermal diffusivity in non-liquid materials.



A water thermal bath (Fisher Scientific, Isotemp®, Waltham, MA, USA, resolution: 0.1 °C) was used to control the temperature during measurements. A metallic container was used to place the tissue samples inside the thermal bath and to prevent the contamination of the samples with water; the conductive material of the container eased the heating of the sample. The temperature of the tissue was also monitored with a fibre optic temperature sensor (NeoptixTM, Inc. Quebec, QC, Canada, resolution: 0.1 °C) inserted into the sample under test. The lid of the metallic container was drilled with three different sets of dedicated holes for the insertion of the dual-needle sensor and one dedicated hole for the fibre optic temperature sensor, as depicted in Figure 2.



A precision balance (Ohaus®, Greifensee, Switzerland, resolution: 0.1 g) was used to estimate the water losses which occurred in tissue samples due to the temperature increase. Lastly, a ruler was used to evaluate the samples’ dimensions.



2.1. Thermal Property Measurement Method


The thermal property measurements were conducted in ex vivo biological tissues using the SH-3 dual-needle sensor, made by two parallel needles which were 30 mm long, 1.3 mm in diameter and r = 6 mm spaced (see Figure 2).



The measurement mechanism of the SH-3 sensor consists of the application of a determined quantity of heat, q, to one of the two parallel needles (the heating needle) for 30 s, th. The heat is transferred from the heating needle to the tissue under testing. The temperature change is recorded by the other needle (monitoring needle) for 90 s. The initial temperature, T0, recorded at the beginning of the heating period, is then subtracted from the temperature value recorded from the monitoring needle, T, to determine the increase of temperature in time:   Δ T = T −  T 0   . Thermal conductivity, k, and thermal diffusivity, D, are derived by a least square method (Equations (2) and (3)) in order to find the best values that minimise the square differences between measured and modelled temperatures:


  Δ T =   q  4 π k     E i     −  r 2    4 D t    ,  



(2)






  Δ T =   q  π k      E i     −  r 2    4 D ( t −  t h  )    −  E i     −  r 2    4 D t     .  



(3)







Equations (2) and (3) depend on the measurements performed during the heating and cooling periods, respectively.    E i   [ x ]    corresponds to the exponential integral function, which for small arguments, x, approximates the function to the sum of the Euler–Mascheroni constant (γ = 0.5772) to the natural logarithm of the argument (  l n ( x )  ). Then, the volumetric heat capacity is derived from the relation between the thermal properties (see Equation (1)). An estimate error value,   S  y x    [°C], indicating how well the Equations (2) and (3) fit the measured data, is reported by the device for each measurement.




2.2. Experimental Protocol


A total of 22 ex vivo ovine livers were used in this study. Twenty-one livers were purchased from a local butcher, who received them on the same day from the abattoir. After their excision from the animal, the livers were stored in a fridge between 1–2 °C in a sealed vacuum container in order to minimise their dehydration. When purchased from the butcher, the tissues were kept in the sealed container at room temperature. One liver was obtained directly from the animal, freshly excised, and measurements were conducted up to 3 h after excision. A total of n = 24 samples were obtained from the 22 livers.



Samples were cut to fit inside the metallic container, identifying the most homogeneous part of each sample to avoid variation in the tissue density—i.e., in-homogeneity—which might contaminate the results (e.g., large vessels). The samples were cut to satisfy the minimum requirements for the dimensions of the sample as specified by the manufacturer of the TEMPOS device [34]: at least 15 mm of homogeneous tissue should surround the sensor in any parallel direction to ensure an optimal measurement standard. Then, the metallic container was covered with the lid with dedicated holes for the insertion of the TEMPOS dual-needle sensor and the fibre optic temperature sensor, as depicted in Figure 2.



The fibre optic temperature sensor was inserted into the sample, by approximately 30 mm, and the dual-needle sensor was introduced in one of the three dedicated locations through the lid. The metallic container was placed into the thermal water bath to reach the desired temperature and to keep the temperature of the sample constant during the whole experimental procedure; in each set of measurements, a specific temperature was set at the thermal bath. Samples were kept inside the thermal bath to reach the desired temperature under 3 h, depending on the target temperature. Then, thermal measurements were conducted under two experimental conditions:




	
Measurements were conducted to investigate the thermal properties of liver tissue as a function of the increase of temperature (n = 21). For each sample, the thermal bath was set to specific temperatures, and the following were tested: 25 °C, 27 °C, 36 °C, 40 °C, 44 °C, 49 °C, 55 °C, 60 °C, 70 °C, 80 °C, 92 °C and 97 °C. Measurements were performed only when the whole sample reached thermal equilibrium with the thermal bath temperature. In each sample, measurements were taken in three different locations. Thermal property measurements were repeated three times in each location with a time interval of 10 min. When the sensor was moved from one location to another, it was left in place 15 min before taking the next measurement. These time intervals guaranteed thermal equilibrium between the sensor and the tissue.



	
Measurements were conducted to investigate the thermal properties of liver tissue as a function of the decrease of temperature (n = 3). The sample was placed in the thermal bath set at 90 °C (n = 2) or 95 °C (n = 1). After the sample reached the desired temperature, the thermal bath was turned off and single measurements were conducted always in the same location every 30 min, until the sample reached body temperature (37 °C).








Before and after any experimental procedure, the TEMPOS dual-needle sensor was verified according to the manufacturer’s instructions. In all experiments, the measurements were performed using a TEMPOS dual-needle sensor in agreement with the required manufacturer conditions [34].



Measurements were conducted to evaluate the density of the samples and their water content as a function of temperature. For experiments above 45 °C, samples were weighed before (at room temperature) and after the experiment, in order to determine the water loss of the sample due to the increase of temperature. Moreover, a portion of each liver was cut in an approximated cubic-shape. The cubic-shaped sample was weighed on a precision scale to measure the mass. The volume of the sample was estimated by measuring all edges of the cube with a ruler: height, length and width. The volume of the sample was calculated by the average height, length and width. Volume calculations were performed three times, changing the cube orientation with respect to the bench. The density of the sample was calculated by the average of the three measured volumes divided by the mass weighed with a precision scale [33]. This method was used to estimate the tissue density at room temperature and after the heating process.




2.3. Measurement Uncertainty


The associated density uncertainty was determined by the propagation of the uncertainties concerning the volume and mass measurements conducted using the ruler and the precision scale, respectively [35].



The uncertainties of the thermal property measurements were calculated taking into account a guideline for the evaluation and the expression of the uncertainty of measurement results [36]. To achieve this, different sources of error were identified and quantified in order to provide the combined uncertainty, which represents the estimated standard deviation of the results. The first source of error is correlated to the measurement results obtained for each thermal property. The repeatability and reproducibility of those results correspond to the standard deviation of the mean (  S D M  ), giving information about the precision of the mean obtained during measurement campaigns, which is determined by


  S D M =     ∑  n   i = 1     (  x i  −  x ¯  )  2    n ( n − 1 )    ,  



(4)




where   x i   is the ith data point and   x ¯   is the average value obtained from the total n measurements.



The uncertainty was evaluated considering the values obtained for each thermal property using Equation (4) and the accuracy specified by the manufacturer of the device [34]. The instrument uncertainty was divided by   3   assuming its rectangular/uniform distribution. The combined uncertainty was then calculated by the square root of the arithmetic sum of the square of each uncertainty. Afterwards, the expanded uncertainty was calculated by multiplying the combined uncertainty with the coverage factor,   K = 2  . This defines a confident level interval of 95% in which a measurement is likely to occur, and it defines the uncertainty of each thermal property measurement.




2.4. Thermal Property Modelling with Temperature


A model was fitted for each thermal property as a function of temperature, using the data obtained in our experimental measurements together with literature data [28] obtained with an experimental setup similar to the one presented in this study. The analytical function adopted characterises the changes for each thermal property (Y)—i.e., thermal conductivity, volumetric heat capacity and thermal diffusivity—as a function of temperature (T) in a range from 20 °C to 99 °C:


  Y  ( T )  = a + b  e  c T   ,  



(5)




where a, b and c are the regression coefficients that best fit the data. The coefficient of determination (  R 2  ) was also evaluated as a measure of how well the model replicates the data.





3. Results and Discussion


3.1. Thermal Properties: Temperature Increase Measurements


Thermal properties of ex vivo ovine liver samples were measured at different temperatures, from room to ablative temperatures: 25 °C, 27 °C, 36 °C, 40 °C, 44 °C, 49 °C, 55 °C, 60 °C, 70 °C, 80 °C, 92 °C and 97 °C. Three measurements in three different locations in each sample (with a total of nine measurements per sample) were conducted on n = 21 samples. In Table 1, the average of each thermal property measured at a specific temperature is reported independently of the location of the sensor in the sample. Additionally, the related uncertainty of the average results, calculated as explained in Section 2.3, is presented.



No difference was observed between the results obtained from the samples collected from the local butcher and those obtained from the freshly excised samples; this supports the effectiveness of the storage methodology adopted.



As reported in Table 1, the thermal properties of ex vivo ovine liver are approximately constant with increasing temperature. Sizable changes in the thermal properties are observed for temperatures above 92 °C. Increases of about two times for thermal conductivity and of about 1.5 times for volumetric heat capacity and thermal diffusivity are observed between 92 °C and 97 °C. The uncertainty of the measurements is about 10%, in compliance with the accuracy of the device: 11%–12% for thermal conductivity and volumetric heat capacity, and 11%–14% for thermal diffusivity. Additionally, the uncertainty increases for higher temperatures; at 97 °C, 15% uncertainty is observed for thermal conductivity, 18% for volumetric heat capacity and 22% for thermal diffusivity.



The data reported in Table 1 are graphed in Figure 3 as a function of temperature as it increases. The average values obtained for each thermal property, with the associated uncertainty, are shown. Our experimental results are reported in the figure together with literature data reported in [28], where an experimental setup similar to the one implemented in this study was adopted to characterise the thermal properties of ex vivo bovine liver. In [28], the average values for each thermal property as a function of temperature and the uncertainty associated with the measurements were reported. Additionally, the best fit model obtained following the numerical regression function presented in Equation (5) in Section 2.4 is reported in Figure 3 for each thermal property. The model was computed using both the data obtained in our study—Table 1—and the literature data [28]. Since no significant differences were observed among species (ovine and bovine), the data were pooled together to strengthen the model. The regression coefficients of the model, as well as the   R 2   coefficient for each thermal property, are reported in Table 2.



As observed in Figure 3, thermal properties exponentially increase when temperatures above 90 °C are reached. Such findings can be related to the water vaporisation process that occurs close to 100 °C at sea level (1 atm) . In addition, it is observed that the thermal properties obtained in this study are in agreement with the values reported in the literature [28], despite the different rate of heating (e.g., to reach 90 °C, 3 h were needed in this study, while 14 h were required in [28]). The model fits the data with a R-squared coefficient higher than 0.9 for thermal conductivity (  R 2   = 0.93) and volumetric heat capacity (  R 2   = 0.95), while the thermal diffusivity model shows an R-squared coefficient of 0.81. In all cases, the model is able to predict the data obtained in the experimental procedure. It is worth noting that literature data were measured in ex vivo bovine liver, while ex vivo ovine liver was used in this study. Both measured and literature data show similar results for the same tissue type from different species, in contrast to the observations by Valvano et al. [21].



The error obtained by the instrument and presented in Figure 3d tells us how well the measurement algorithm of Equations (2) and (3) fits the measured data. Higher error values are mainly associated with fluctuations in temperature; i.e., temperature not constant during measurement procedure. At higher temperatures (above 90 °C), the water state transition occurs; approaching 100 °C, the vaporisation process impacts our measurements, causing fluctuations in temperature and increasing the error associated to measurements, as observed in Figure 3d. Additionally, the increase of the uncertainty observed above 90 °C is in agreement with the increase of the error obtained by the instrument.




3.2. Thermal Properties: Temperature Natural Decrease Measurements


Measurements were conducted during the cooling of n = 3 samples from a starting temperature of 90 °C (n = 2) and 95 °C (n = 1) to body temperature (37 °C). The aim of these measurements is to understand the reversibility of the changes in thermal properties. The samples were kept for 3 h in a thermal bath to reach 90–95 °C. Afterwards, the thermal bath was turned off to allow the cooling of the samples. The thermal properties of the samples under testing were measured every 30 min until body temperature (37 °C) was reached, which took approximately 10 h. The results are shown in Figure 4. In each graph, the fit analytical model presented in the previous section (Table 2) is also reported.



As shown in Figure 4, values of thermal properties higher than the baseline are observed for temperatures above 90 °C; during the cooling process, the thermal properties values decrease following the trend suggested by the analytical model, without showing any hysteresis phenomena. The results obtained during the tissue cooling are in agreement with the results reported in Table 1 and Figure 3. Thus, it is possible to observe that the changes in thermal properties with high temperatures are reversible when complete vaporisation of the tissue water content does not occur; i.e., when a temperature of 100 °C is not reached. The tissue thermal properties return to their basal values during the cooling. In contrast, Guntur et al. [26] observed that changes which occurred at 90 °C in the same biological tissue were irreversible. In [26], the samples were embedded in phosphate-buffered saline (PBS) before the experiment, and it is unknown how long the samples were kept at a temperature of 90 °C. Thus, the tissue could have become completely desiccated, and a direct comparison between the two set of data is not possible.



Additionally, as observed in Figure 4d, the estimated error given by the instrument is high for temperatures above 85 °C. This increase in the estimated error with temperatures closer to 100 °C was also observed during the measurements at constant temperature (see Figure 3d). At temperatures close to 100 °C, the water vaporisation process causes temperature fluctuations, affecting the ability of the algorithm to fit the measured data.




3.3. Water Loss and Density Evaluation


Fifteen of the n = 21 samples used in the experimental study of Section 3.1 were weighed before and after the experiment to determine the water loss. Mass measurements were conducted in samples that reached temperatures above 45 °C. The results show an increase of water loss with the increase of temperature. Below 60 °C (i.e., at temperatures of 45, 50, 55 and 60 °C) an average water loss of 12 ± 3% is observed; while at 70 °C, an average water loss of 21 ± 2% is recorded. Higher percentages of water loss are measured at temperatures higher than 90 °C, close to the water transition phase (100 °C). At 90 °C, the water loss percentage is approximately 28 ± 1%, while at 95 °C (one sample), 34% of water loss is observed.



Density measurements were conducted on the total of 22 ex vivo ovine livers at room temperature: the average density obtained is 1128 ± 75 kg m−3. The density reported in the literature for liver is 1079 ± 53 kg m−3 [37]. The density measured in this study at room temperature agreed with the literature data. The density obtained after the heating process showed density values in the same range as those obtained at room temperature: e.g., 1028 ± 58 kg m−3 at 60 °C; 1031 ± 85 kg m−3 at 90 °C; and 1104 ± 78 kg m−3 at 95 °C.



A proportional percentage loss in mass and volume was observed, explaining the similarity observed in the density of the samples before and after the increase of temperature: e.g., we observed comparable percentage losses in mass (24%) and in volume (23%) at 90 °C. Since density is the ratio between mass and volume, such similar losses imply no significant differences in density with the increase of temperature; the mass loss is due to the water vaporisation process and it is compensated by the volume loss. Moreover, the loss in volume observed is comparable to the shrinkage values reported in [5]; Rossmann et al. observed that, between 85 °C and 95 °C, the shrinkage of ex vivo liver tissue varied between 17.1% and 24.6%.



Thus, we observe no variation of the tissue density with increasing temperature, while an increase of the water loss with temperature is observed along an increase of the thermal properties. This correlates with the increase in water thermal conductivity that can be observed close to 100 °C; previous studies observed that the thermal properties of water increase with temperature, until the phase transition is complete [27,38]. A similar behaviour can be observed for ex vivo liver (see Table 1 and Figure 3).





4. Conclusions


In this study, a thorough characterisation of thermal properties of ex vivo liver was conducted, in steady state heat transfer conditions, to investigate the thermal property changes as a function of the temperature increase in the range of the hyperthermic therapeutic application. No changes in thermal properties are observed in the range of hyperthermia temperatures (40–45 °C) and for coagulative temperatures (50–60 °C). At higher temperatures (above 90 °C), approaching the water vaporisation process (at 100 °C), an increase of the thermal property values was recorded. These results are in agreement with the most recent results in the literature. Moreover, the changes in thermal properties observed above 90 °C were shown to be reversible: the tissue was allowed to cool down and reach body temperature, and the thermal properties decreased following a trend similar to that observed during heating. Finally, an analytical model is proposed to represent the trend of the thermal properties of ex vivo liver as a function of temperature up to 100 °C.



Additionally, density variations and changes in water content were evaluated as a function of temperature and correlated with the thermal properties changes. No variations in density were observed; with the increase of temperature, the water vaporises, and the tissue proportionally shrinks. However, a decrease in the water content can be inferred due to the observed mass loss. The tissue water content indicates that water has a key role in influencing the thermal properties of the biological tissue. The thermal properties of liver tissue exhibited a behaviour similar to that of water; the thermal properties of water increase with temperature (until the transition phase is reached), similar to our observations of the thermal properties of liver. Moreover, we observed that if the water phase change does not occur—i.e., if complete dehydration of the tissue is not reached—changes in tissue properties are reversible.



Further studies are needed in order to better understand the complex mechanisms associated with the changes of thermal properties with temperature in steady state heat transfer conditions and in the presence of perfusion. We have observed in this study that as long as the water content is dominant, it leads the thermal behaviour; thus, the dehydration linked to the excision may not significantly impact the property values. However, the presence of flow impacts the quantity and rate of heating and in turn the thermal behaviour of the tissue [29]. Biological tissues of interest, other than liver, should be investigated as a function of increasing temperature. The characterisation of thermal properties for other biological tissues would be a step forward in the development of better treatment models for hyperthermic therapies. Additionally, it would be important to replicate the heating study at higher rates of temperature changes, as well as the cooling study, to observe the reversibility of the thermal properties before and after the water transition from liquid to gas (100 °C).







Author Contributions


Conceptualization, N.P.S. and L.F.; Data curation, N.P.S.; Formal analysis, N.P.S. and A.B.; Funding acquisition, R.C.C. and M.O.; Investigation, N.P.S.; Methodology, N.P.S., A.B. and L.F.; Project administration, R.C.C. and M.O.; Resources, M.O. and L.F.; Software, N.P.S.; Supervision, R.C.C., M.O. and L.F.; Validation, N.P.S. and L.F.; Visualization, N.P.S. and L.F.; Writing—original draft, N.P.S.; Writing—review and editing, A.B., R.C.C., M.O. and L.F. All authors have read and agreed to the published version of the manuscript.




Funding


The research leading to these results has received funding from the European Research Council under the European Horizon-2020 Programme (H2020)/ERC grant agreement n.637780. This publication has emanated from research conducted with the financial support of Science Foundation Ireland (SFI) and is co-funded under the European Regional Development Fund under grant number 13/RC/2073. This project has received funding from the European Union Horizon 2020 research and innovation programme under the Marie Skłodowska-Curie grant agreement n.713690. This project has co-funded by the Erasmus+ programme of the European Union n.46899 269558-EPP-1-2015-1-PT-EPPKA3-ECHE – P LISBOA109 and Fundação para a Ciência e a Tecnologia-FCT, FCT/MEC (PIDDAC) under the Strategic Programme UIDB/00645/2020.




Acknowledgments


This work has been developed in the framework of COST Action CA17115 “MyWAVE”.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Cheung, A.Y.; Neyzari, A. Deep local hyperthermia for cancer therapy: External electromagnetic and ultrasound techniques. Cancer Res. 1984, 44, 4736–4744. [Google Scholar]

	



Wust, P.; Hildebrandt, B.; Sreenivase, G.; Rau, B.; Gellermann, J.; Riess, H.; Felix, R.; Schlag, P. Hyperthermia in combined treatment of cancer. Lancet Oncol. 2002, 3, 487–497. [Google Scholar] [CrossRef]

	



Ahmed, M.; Brace, C.L.; Lee, F.T.; Goldberg, S.N. Principles of and advances in percutaneous ablation. Radiology 2011, 258, 351–369. [Google Scholar] [CrossRef] [PubMed]

	



Brace, C.L. Microwave tissue ablation: Biophysics, technology and applications. Crit. Rev. Biomed. Eng. 2010, 38, 65–78. [Google Scholar] [CrossRef] [PubMed]

	



Rossmann, C.; Haemmerich, D. Review of temperature dependence of thermal properties, dielectric properties, and perfusion of biological tissues at hyperthermic and ablation temperatures. Crit. Rev. Biomed. Eng. 2014, 42, 467–492. [Google Scholar] [CrossRef]

	



Lopresto, V.; Pinto, R.; Farina, L.; Cavagnaro, M. Treatment planning in microwave thermal ablation: Clinical gaps and recent research advances. Int. J. Hyperth. 2017, 33, 83–100. [Google Scholar] [CrossRef]

	



Lopresto, V.; Pinto, R.; Farina, L.; Cavagnaro, M. Microwave thermal ablation: Effects of tissue properties variations on predictive models for treatment planning. Med. Eng. Phys. 2017, 46, 63–70. [Google Scholar] [CrossRef]

	



Amin, B.; Shahzad, A.; Farina, L.; Parle, E.; McNamara, L.; O’Halloran, M.; Elahi, M.A. Dielectric characterization of diseased human trabecular bones at microwave frequency. Med. Eng. Phys. 2020, 78, 21–28. [Google Scholar] [CrossRef]

	



Porter, E.; La Gioia, A.; Salahuddin, S.; Decker, S.; Shahzad, A.; Elahi, M.A.; O’Halloran, M.; Beyan, O. Minimum information for dielectric measurements of biological tissues (MINDER): A framework for repeatable and reusable data. Int. J. RF Microw. Comput.-Aided Eng. 2018, 28, 1–27. [Google Scholar] [CrossRef]

	



Salahuddin, S.; La Gioia, A.; Shahzad, A.; Elahi, M.A.; Kumar, A.; Kilroy, D.; Porter, E.; O’Halloran, M. An anatomically accurate dielectric profile of the porcine kidney. Biomed. Phys. Eng. Express 2018, 4, 25–42. [Google Scholar] [CrossRef]

	



Ruvio, G.; Farina, L.; Bottiglieri, A.; Eaton-Evans, J.; Elahi, M.E.; O’Halloran, M.; Pinto, R.; Lopresto, V.; Cavagnaro, M. Comparison of coaxial open-ended probe based dielectric measurements on ex-vivo thermally ablated liver tissue. In Proceedings of the 13th European Conference on Antennas and Propagation (EuCAP), Krakow, Poland, 31 March–5 April 2019. [Google Scholar]

	



Pollacco, D.A.; Farrugia, L.; Caligari Conti, M.; Farina, L.; Schembri Wismayer, P.; Sammut, C.V. Characterization of the dielectric properties of biological tissues using mixture equations and correlations to different states of hydration. Biomed. Phys. Eng. Express 2019, 5, 22–35. [Google Scholar] [CrossRef]

	



Farina, L.; Ruvio, G.; Pinto, R.; Vannucci, L.; Cavagnaro, M.; Lopresto, V. Development of a portable setup suitable for in vivo measurement of the dielectric properties of biological tissues. In Proceedings of the 11th European Conference on Antennas and Propagation (EUCAP), Paris, France, 19–24 March 2017. [Google Scholar]

	



Yilmaz, T.; Alkan, F.A. In vivo dielectric properties of healthy and benign rat mammary tissues from 500 MHz to 18 GHz. Sensors 2020, 20, 2214. [Google Scholar] [CrossRef] [PubMed]

	



Maenhout, G.; Markovic, T.; Ocket, I.; Nauwelaers, B. Effect of open-ended coaxial probe-to-tissue contact pressure on dielectric measurements. Sensors 2020, 20, 2060. [Google Scholar] [CrossRef] [PubMed]

	



La Gioia, A.; Porter, E.; Merunka, I.; Shahzad, A.; Salahuddin, S.; Jones, M.; O’Halloran, M. Open-Ended Coaxial Probe Technique for Dielectric Measurement of Biological Tissues: Challenges and Common Practices. Diagnostics 2018, 8, 40. [Google Scholar] [CrossRef]

	



Gabriel, C.; Gabriel, S.; Corthout, E. The dielectric properties of biological tissues: I. Literature survey. Phys. Med. Biol. 1996, 41, 2231–2249. [Google Scholar] [CrossRef]

	



Pollacco, D.A.; Farina, L.; Wismayer, P.S.; Farrugia, L.; Sammut, C.V. Characterization of the dielectric properties of biological tissues and their correlation to tissue hydration. IEEE Trans. Dielectr. Electr. Insul. 2018, 25, 2191–2197. [Google Scholar] [CrossRef]

	



Farrugia, L.; Wismayer, P.S.; Mangion, L.Z.; Sammut, C.V. Accurate in vivo dielectric properties of liver from 500 MHz to 40 GHz and their correlation to ex vivo measurements. Electromagn. Biol. Med. 2016, 35, 365–373. [Google Scholar] [CrossRef]

	



Shahzad, A.; Khan, S.; Jones, M.; Dwyer, R.M.; O’Halloran, M. Investigation of the effect of dehydration on tissue dielectric properties in ex vivo measurements. Biomed. Phys. Eng. Express 2017, 3, 1–9. [Google Scholar] [CrossRef]

	



Valvano, J.W.; Cochran, J.R.; Diller, K.R. Thermal conductivity and diffusivity of biomaterials measured with self-heated thermistors. Int. J. Thermophys. 1985, 6, 301–311. [Google Scholar] [CrossRef]

	



Bhavaraju, N.C.; Valvano, J.W. Thermophysical properties of swine myocardium. Int. J. Thermophys. 1999, 20, 665–676. [Google Scholar] [CrossRef]

	



Bhattacharya, A.; Mahajan, R.L. Temperature dependence of thermal conductivity of biological tissues. Physiol. Meas. 2003, 24, 769–783. [Google Scholar] [CrossRef] [PubMed]

	



Haemmerich, D.; Santos, I.D.; Schutt, D.J.; Webster, J.G.; Mahvi, D.M. In vitro measurements of temperature-dependent specific heat of liver tissue. Med. Eng. Phys. 2006, 28, 194–197. [Google Scholar] [CrossRef] [PubMed]

	



Watanabe, H.; Yamazaki, N.; Kobayashi, Y.; Miyashita, T.; Hashizume, M.; Fujie, M.G. Temperature dependence of thermal conductivity of liver based on various experiments and a numerical simulation for RF ablation. In Proceedings of the Annual International Conference of the IEEE Engineering in Medicine and Biology Society, Buenos Aires, Argentina, 31 August–4 September 2010; pp. 3222–3228. [Google Scholar]

	



Guntur, S.R.; Lee, K.I.; Paeng, D.G.; Coleman, A.J.; Choi, M.J. Temperature-dependent thermal properties of ex vivo liver undergoing thermal ablation. Ultrasound Med. Biol. 2013, 39, 1771–1784. [Google Scholar] [CrossRef] [PubMed]

	



Choi, J.; Morrissey, M.; Bischof, J.C. Thermal processing of biological tissue at high temperatures: Impact of protein denaturation and water loss on the thermal properties of human and porcine liver in the range 25–80 °C. J. Heat Transf. 2013, 135, 1–7. [Google Scholar] [CrossRef]

	



Lopresto, V.; Argentieri, A.; Pinto, R.; Cavagnaro, M. Temperature dependence of thermal properties of ex vivo liver tissue up to ablative temperatures. Phys. Med. Biol. 2019, 64, 1–13. [Google Scholar] [CrossRef]

	



Valvano, J.W.; Allen, J.T.; Bowman, H.F. The simultaneous measurement of thermal conductivity, thermal diffusivity, and perfusion in small volumes of tissue. J. Biomech. Eng. 1984, 106, 192–197. [Google Scholar] [CrossRef]

	



Ramachandran, T.; Screenivasan, K.; Sivakumar, R. Water vaporization from heated tissue: An in vitro study by differential scanning calorimetry. Lasers Surg. Med. 1996, 19, 413–415. [Google Scholar] [CrossRef]

	



Yang, D.; Converse, M.C.; Mahvi, D.M.; Webster, J.G. Measurement and analysis of tissue temperature during microwave liver ablation. IEEE Trans. Biomed. Eng. 2007, 54, 150–155. [Google Scholar] [CrossRef]

	



Lopresto, V.; Strigari, L.; Farina, L.; Minosse, S.; Pinto, R.; D’Alessio, D.; Cassano, B.; Cavagnaro, M. CT-based investigation of the contraction of Ex Vivo Tissue Undergoing microwave thermal ablation. Phys. Med. Biol. 2018, 63, 055019. [Google Scholar] [CrossRef]

	



Silva, N.P.; Bottiglieri, A.; Conceição, R.; O’Halloran, M.; Farina, L. Thermal Properties of Ex Vivo Biological Tissue at Room and Body Temperature. In Proceedings of the 14th European Conference on Antennas and Propagation (EuCAP), Copenhagen, Denmark, 15–20 March 2020. [Google Scholar]

	



METER Group Inc. Tempos; METER Group Inc.: Pullman, WA, USA, 2018. [Google Scholar]

	



Hughes, I.G.; Hase, T.P.A. Error Propagation; Oxford University Press: Oxford, UK, 2010; pp. 37–52. [Google Scholar]

	



Taylor, B.N.; Kuyatt, C.E. Guidelines for Evaluating and Expressing the Uncertainty Of NIST Measurement Results; National Institute of Standards and Technology: Gaithersburg, MD, USA, 1994; pp. 1–20. [Google Scholar]

	



Mcintosh, R.L.; Anderson, V. A comprehensive tissue properties database provided for the thermal assessment of a human at test. Biophys. Rev. Lett. 2011, 5, 129–151. [Google Scholar] [CrossRef]

	



Nesvadba, P. Engineering Properties of Foods; CRC Press—Taylor & Francis Group: Abingdon-on-Thames, UK, 2014; pp. 637–676. [Google Scholar]








[image: Sensors 20 03004 g001 550] 





Figure 1. Experimental setup: TEMPOS thermal properties analyser, metallic container, thermal bath and fibre optic temperature sensor [33]. 
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Figure 2. Sketch of the container used to hold the samples, with the related dimensions. Left: The dual-needle SH-3 sensor from the TEMPOS thermal properties analyser is sketched. The sensor was placed at least 15 mm from the border of the container, according to the manufacturer’s specification. A fibre optic temperature sensor used to monitor the temperature during the experiment is also shown. Right: The container’s lid is sketched together with the holes dedicated to the insertion of the SH-3 sensor and the fibre optic temperature sensor [33]. 
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Figure 3. Thermal properties of ex vivo ovine liver as a function of the increasing temperature: (a) thermal conductivity, (b) thermal diffusivity and (c) volumetric heat capacity. Average values are reported with the associated uncertainty (error bars). Experimental data (red) as well as literature data (blue) are shown. The best fit model is also presented by a dashed line. The estimated error of how well the least square model fits the data is reported in (d). 
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Figure 4. Thermal properties of ex vivo ovine liver as a function of the decreasing temperature: (a) thermal conductivity, (b) thermal diffusivity and (c) volumetric heat capacity. Raw data measured during the cooling of each sample are reported; their nominal associated uncertainty is 10%, which corresponds to the device accuracy. The best fit model described in Table 2 is also reported by a dashedline. The estimated error of how well the least square model fits the data is reported in (d). 
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Table 1. Thermal properties (i.e., thermal conductivity, k, volumetric heat capacity,   C v  , and thermal diffusivity, D) for each ex vivo ovine liver sample (n) at different increasing temperatures (average values, avg). The associated uncertainty of each thermal property is given by   u e  .
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n

	
T [°C]

	
k [W m−1 K−1]

	
   C v    [MJ m−3 K−1]

	
D [mm2 s−1]




	
avg

	
    u e    

	
avg

	
    u e    

	
avg

	
    u e    

	
avg

	
    u e    






	
1

	
25.35

	
0.10

	
0.50

	
0.06

	
3.39

	
0.40

	
0.15

	
0.02




	
2

	
26.93

	
0.76

	
0.48

	
0.06

	
3.32

	
0.39

	
0.15

	
0.02




	
3

	
35.68

	
0.03

	
0.46

	
0.05

	
3.23

	
0.37

	
0.14

	
0.02




	
4

	
36.27

	
0.12

	
0.49

	
0.06

	
3.25

	
0.41

	
0.15

	
0.02




	
5

	
39.55

	
0.11

	
0.53

	
0.06

	
3.52

	
0.41

	
0.15

	
0.02




	
6

	
40.24

	
0.07

	
0.53

	
0.06

	
3.52

	
0.41

	
0.15

	
0.02




	
7

	
44.11

	
0.33

	
0.49

	
0.06

	
3.42

	
0.41

	
0.14

	
0.02




	
8

	
44.58

	
0.09

	
0.52

	
0.06

	
3.50

	
0.41

	
0.15

	
0.02




	
9

	
48.87

	
0.22

	
0.53

	
0.06

	
3.52

	
0.41

	
0.15

	
0.02




	
10

	
49.49

	
0.18

	
0.53

	
0.06

	
3.55

	
0.41

	
0.15

	
0.02




	
11

	
55.05

	
0.06

	
0.46

	
0.05

	
3.33

	
0.39

	
0.14

	
0.02




	
12

	
55.37

	
0.14

	
0.48

	
0.06

	
3.38

	
0.39

	
0.14

	
0.02




	
13

	
59.59

	
0.21

	
0.53

	
0.06

	
3.42

	
0.43

	
0.16

	
0.02




	
14

	
60.34

	
0.17

	
0.54

	
0.06

	
3.53

	
0.42

	
0.15

	
0.02




	
15

	
70.37

	
0.26

	
0.55

	
0.06

	
3.50

	
0.41

	
0.16

	
0.02




	
16

	
70.52

	
0.46

	
0.54

	
0.06

	
3.53

	
0.42

	
0.15

	
0.02




	
17

	
79.49

	
0.44

	
0.54

	
0.06

	
3.42

	
0.40

	
0.16

	
0.02




	
18

	
80.46

	
0.25

	
0.56

	
0.07

	
3.37

	
0.39

	
0.17

	
0.02




	
19

	
91.97

	
0.52

	
0.61

	
0.07

	
3.41

	
0.41

	
0.18

	
0.02




	
20

	
92.03

	
0.16

	
0.58

	
0.07

	
3.55

	
0.41

	
0.16

	
0.02




	
21

	
96.79

	
0.15

	
1.08

	
0.16

	
5.05

	
0.89

	
0.23

	
0.05
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Table 2. Regression coefficients and R-squared of fit function modelling each thermal property with temperature.
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	Thermal Property
	a
	b
	c
	    R 2    





	Thermal conductivity, k [W m−1 K−1]
	0.502
	1.447   ×   10  − 11    
	0.256
	0.93



	Volumetric heat capacity,   C v   [MJ m−3 K−1]
	3.415
	1.278   ×   10  − 12    
	0.289
	0.95



	Thermal diffusivity, D [mm2 s−1]
	0.150
	1.379   ×   10  − 8    
	0.164
	0.81
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