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Abstract

The application of supraphysiological temperatures (>40°C) to biological tissues causes changes at
the molecular, cellular, and structural level, with corresponding changes in tissue function and in
thermal, mechanical and dielectric tissue properties. This is particularly relevant for image-guided
thermal treatments (e.g. hyperthermia and thermal ablation) delivering heat via focused ultrasound
(FUS), radiofrequency (RF), microwave (MW), or laser energy; temperature induced changes in
tissue properties are of relevance in relation to predicting tissue temperature profile, monitoring
during treatment, and evaluation of treatment results.

This paper presents a literature survey of temperature dependence of electrical (electrical
conductivity, resistivity, permittivity) and thermal tissue properties (thermal conductivity, specific
heat, diffusivity). Data of soft tissues (liver, prostate, muscle, kidney, uterus, collagen,
myocardium and spleen) for temperatures between 5 to 90°C, and dielectric properties in the
frequency range between 460 kHz and 3 GHz are reported. Furthermore, perfusion changes in
tumors including carcinomas, sarcomas, rhabdomyosarcoma, adenocarcinoma and
ependymoblastoma in response to hyperthmic temperatures up to 46°C are presented. Where
appropriate, mathematical models to describe temperature dependence of properties are presented.

The presented data is valuable for mathematical models that predict tissue temperature during
thermal therapies (e.g. hyperthermia or thermal ablation), as well as for applications related to
prediction and monitoring of temperature induced tissue changes.

|. BACKGROUND

The use of supraphysiological temperatures (greater 40°C) during hyperthermia and thermal
ablation therapy is clinically used or investigated to treat a broad range of diseases including
cancer, cardiac arrhythmias, Parkinson's disease, joint laxity, hyperopia, hyperplasia, and
others. During these thermal therapies, heat is applied to intentionally cause either reversible
tissue changes including increase of cellular metabolism, perfusion and oxygenation via
hyperthermia (40-45°C), or to irreversibly destroy or modify tissue during ablation
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treatment (50-110°C) (1-7). Such tissue changes typically depend on both time and
temperature, and can affect perfusion, as well as mechanical, electrical and thermal tissue
properties.

The electrical tissue properties directly impact absorption of electromagnetic energy that
results in heat generation, whereas thermal properties and perfusion affect heat transfer
within the tissue; these properties therefore are crucial to pre-clinical and clinical
applications that employ electromagnetic energy for heating, as well as for thermal therapies
in general. Specific examples include planning and monitoring thermal treatments
facilitating radiofrequency (RF), microwave (MW), focused ultrasound (FUS), and laser
energy where the goal is to obtain defined temperatures in a targeted tissue region. Recently,
FUS combined with magnetic resonance imaging (MRI) has gained interest due to the
ability to non-invasively heat tissue, as well as to provide non-invasive monitoring of tissue
temperature via MR thermometry (8-12)

Another imaging application where accurate consideration of electrical properties is
necessary is electrical impedance tomography (EIT), where images are generated based on
differences in electrical tissue properties. While EIT is emerging in pre-clinical applications
to detect breast cancer by measuring differences in conductivity of normal and neoplastic
tissue (13, 14), recent studies also suggests that EIT is also potentially useful tool for
measuring temperatures based on conductivity changes during hyperthermia treatment (15),
but this requires accurate information on temperature-dependent changes of electrical tissue
conductivity.

Besides clinical and experimental studies, mathematical models have been used to
investigate and improve clinical procedures and devices by simulating tissue heating. These
models are typically based on solving the appropriate heat-transfer equations; when
perfusion is considered, Pennes' Bioheat equation (16) for modeling perfusion is commonly
employed. Since thermal and electrical tissue properties significantly vary with the
temperature, adequate consideration of tissue properties and their temperature dependence is
necessary to achieve accurate results (17-23).

This review presents an extensive review of temperature dependence of electrical and
thermal tissue properties, as well as perfusion. All these data are necessary for determining
absorption of electromagnetic energy (e.g. RF current or microwaves), to predict heat
generated by a particular device or method (electromagnetic or other), as well as for
estimating resulting tissue temperature profile.

Il. Theoretical modeling of thermal therapies

Mathematical modeling of thermal therapies has been used extensively to predict and
optimize clinical treatments and medical devices (19-22, 24-40). Regardless of the method
employed to achieve tissue heating, the heat transfer equation has to be solved to model the
temperature distribution 7 (°C) in biological tissues:
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oT
PCo-=kV'T+Q - Q, ()
where p is the density [kg-m™3], C is the specific heat [J-kg™1-K™1], kis the thermal
conductivity [W-m~1.K=1], and Qp[W-m~3], is the heat loss due to blood perfusion. The
most widely used model of tissue perfusion is Pennes' Bioheat Equation (16), where a
distributed heat sink term is employed to model perfusion:

Qp=pcp (T'—1Tt) (2

Q[W-m~3] is the distributed heat source representing heat energy produced by any heating
modality, such as external heat, RF, MW, laser, and FUS energy. However, for RF and MW
heating the electro-magnetic equations modeling heat generation depend on temperature-
dependent dielectric properties, which will be described in more detail: Heating modalities
such as RF and MW facilitate electromagnetic energy to achieve tissue heating. While both
heating modalities may be used to apply localized hyperthermia, in clinical routine they are
also commonly used during localized ablation treatments with frequencies in the range of
450-500 kHz for RF ablation and in the range 900-3000 MHz for MW ablation. Due to
electromagnetic wavelengths greater 100 m and negligible displacement currents, the heat
generation during RF follows the simple approach of the electrostatic case (Laplace's
equation) (21, 41). The distributed heat source Q (Joule loss, also referred to as external
heating term) is given by

Q=J-E (3

where Jis the current density [A-m~2], and £is the electric field intensity [V-m™1]. The
values of these two vectors are evaluated using Laplace's equation:

V.oVV=0 (4

where Vis the voltage [V] and o is the electrical conductivity [S-m~1]. By using the quasi-
static approach, the values of “direct-current” (DC) voltage calculated from the model
correspond to the root mean squared value of the applied RF voltage.

Microwave energy is converted to heat within tissue due to dielectric losses and this requires
modeling of wave propagation since MW wavelengths in tissue are in the cm range (33).
The simulation of microwave propagation is based on the fundamental electromagnetic
equations, well known as Maxwell's equations. The first Maxwell equation describes how
conduction current as well as displacement current affect the magnetic field:

V X H:J+(;—]t) (5)

where H denotes the magnetic field strength [A-m~1], Jthe current density [A-m~2], Dthe

oD
electric flux density [A-ss-m~2] and 5 the displacement current density [A-m~2]. The
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second Maxwell equation states that changes in the magnetic field B[V-s:-m~2] influence the
electric field strength £[V-m~2]:

0B
VXE:_a_t (6)

The third and fourth equations are describing the facts that the magnetic field B is without
any source and that the electrical charge p [A-s:-m-3] is the source for the electric
displacement:

V-B=0andV - -D=p ()

We can use further relations between the vectors H, D, B, J, and £, which depend on the
tissue properties, i.e. on the permittivity & [A-s:-V-1.m™1], the permeability p [V-s-:A"1.m™1],
and the electrical conductivity o [A-V"1.m™1]. For the modeling of MWA or MW
hyperthermia, these material properties have to be known with respect to the different tissue
types. After solving the Maxwell's equations described above, the calculated energy from the
microwaves serves as heat source Q in the heat transfer equation, which can be modeled as:

g
Q=5IEf @

SAR= Q )
p

Where o is the dielectric conduction in [S:-m™1], and £is the electric field intensity [V-m™1].
When Qs normalized by tissue density, it is referred to as the specific absorption rate (SAR

[W/kg], see Equ. 9).

An important factor to achieve realistic models is the use of mathematical functions to
describe the temperature dependence of thermal and electrical properties of tissue.

A commonly used approach for modeling the temperature dependence of thermal and
electrical properties for temperatures below 100°C is based on linear equations and employs
constant temperature coefficients such as:

o (T) =00 [1+k1AT], (10)
& (T) =eo [1+k1AT], ()
k (T)=ko [14+k1AT], (12)
a(T)=ao [1+k AT], (13)

¢(T)=co [1+k1AT]  (19)
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where o and g are the electrical conductivity and permittivity, and A, ag and ¢ represent
thermal conductivity, diffusivity and specific heat capacity at a reference temperature, A7 is
the temperature coefficient and, A7 [°C] is the temperature differenc to the reference
temperature. Note that for some of these properties, a linear approximation is only adequate
within a limited temperature range.

lll. Temperature Dependence of Electrical Properties

The knowledge of temperature-dependent electrical properties of biological tissues is
important to calculate the deposition of electromagnetic energy in a variety of diagnostic
procedures and treatments. For example to calculate the electromagnetic field and SAR
distribution in tissues subjected to MRI scans, to diagnostically differentiate between normal
and pathologic tissue, and for the delivery of heat during MW and RF treatment (22, 23, 42—
45).

The heat generation in biological tissues due to dissipation of electromagnetic energy is
dependent on dielectric permittivity £ [F-m~1] and conductivity o [S-m~1]. Sometimes the
electrical resistivity [Ohm-m] is reported, which is the inverse of the electrical conductivity.
The relative permittivity, also known as dielectric constant, varies with temperature and
frequency, and is defined as ratio of electrical energy stored by applied voltage within the
medium relative to vacuum. The dielectric properties of materials are completely described
the complex relative permittivity £*, which can be expressed as

r=c — jsu (15)

where €’ is the relative permittivity of the material and €” is the out of phase loss factor and
may be expressed as

" g
&€= (16)

7&‘0&}
where o represents the ionic conductivity, g is the permittivity of vacuum, and w is the
angular frequency [rad-s™1]. Depending on the nature of the tissue, o may include a
contribution from a frequency-independent ionic conductivity o, It is important to note, that
in many soft tissues, o both and & vary with frequency, temperature and water content.

Extensive literature has been around for more than 30 years presenting tabulated dielectric
properties of tissues in the frequency range from 10 kHz to 10 GHz around body
temperatures (20-40°C) and have been reported by Gabriel ef a/., Duck ef(46) al. and other
researchers (42—-44, 47-50); however, the temperature dependence of these frequency-
dependent dielectric properties in the RF and MW frequency range has only been studied
more recently.

Only few data on temperature-dependent dielectric properties are available in the frequency
range of RF ablation (450 - 500 kHz). Ryan et al. measured electrical conductivity of brain,
muscle, liver and fat at 500 kHz between 40 and 90 °C. They found increase of conductivity
with temperature, and irreversible changes above ~60 °C (23). Pop et al. investigated the
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changes of kidney and fat during heating within a temperature range between 48 and 75°C at
460 kHz. Two separate components, a reversible temperature-dependent component and an
irreversible component, were identified (51); this observation was confirmed by a recent
study based on MR impedance tomography (52). Similarly, Zurbuchen et a/. presented
temperature-dependent in-vivo and ex-vivo electric conductivity data at 470 kHz and found
conductivity to be increasing up to 80 °C (53). Macchi ef al. measured dielectric properties
of liver ex-vivo up to 100 °C and found increasing conductivity with temperature; in
addition, they found a dependence on heating rate which could be modeled by an Arrhenius
relationship (46). McRae et al. measured electrical resistivity from 100 Hz to 40 MHz of
skeletal muscle ex-vivo, and mouse tumors ex-vivo and in-vivo, at hyperthermic
temperatures between 37 and 50 °C (54-56).

More data is available for frequencies in the MW range. Fu et a/. studied frequency-
dependent dielectric properties of various tissues including liver, muscle and kidney. Via
open-ended coaxial line method properties within the temperature and frequency ranges
typically used for MRI-guided focused ultrasound surgery (36—60°C, 42-468 MHz) were
measured (57). Stauffer et al. developed equivalent liver-like phantoms based on
measurements of in-vivo and ex-vivo human and animal tissues made with a dielectric
measurement probe for frequencies from 0.3-3 GHz. Additionally, dielectric properties at
915 MHz for bovine liver tissue were presented for 10 to 90°C more in detail (58). Chin et
al. used a coaxial measurement system and studied the changes of dielectric properties in ex-
vivo bovine liver and rat prostate during MW heating at 915 MHz for temperatures from 30
to 80°C (59, 60). Key findings include that property changes due to tissue water content
were found to be reversible with temperature, while changes due to protein denaturation
were found to be permanent. Among others, the temperature dependence of the electrical
parameters of human blood was studied by Mohapatra for temperatures between 22 and
40°C at 100 kHz who found an decrease in resistivity (i.e. increase in conductivity) with
temperature (61). In a more extensive study by Jaspard et a/. dielectric properties of animal
and human blood have been investigated via impedance meter and open-ended coaxial probe
for the temperature range 25-45°C and frequency range from 1 MHz to 1 GHz (62). Results
presented suggest a weak temperature dependence, and a negative temperature coefficient of
the relative permittivity. Lazebnik ef a/. characterized the temperature-dependent dielectric
properties of porcine and bovine liver from 0.5 to 20 GHz for temperatures up to 60°C and
demonstrated that linear temperature coefficients are inadequate over wide frequency- and
temperature ranges (63). They modeled the dielectric properties via temperature-dependent
Cole—Cole and second-order polynomial parameters. To investigate the temperature-
dependence of dielectric properties of liver, Brace ef a/. measured the changes in tissue
properties during microwave ablation at 915 and 2.45 GHz with temperatures up to 100°C.
They found that relative permittivity and conductivity decrease substantially and irreversibly
at high temperatures (64). In agreement, Lopresto et al. looked at tissue changes at 2.45 GHz
and found a considerable decrease of relative permittivity (about 38%) and electrical
conductivity (about 33%) as the temperature increased to over 60°C (65).

A representative summary of these studies on temperature-dependent dielectric properties
(conductivity and permittivity) of biological tissues presently available are plotted in Figure
I and comprehensive data is listed in Table 1. Data of various tissues is presented; however,
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most data is available of liver tissue in the temperature range from room temperature (20°C)
up to approximately 80°C due to increasing research interests in understanding, evaluating
and improving liver cancer treatments via RF and MW ablation. There is evidence in all
presented studies that for frequencies below 1 GHz, electrical conductivity of undamaged
and unheated tissues increases with temperature. At frequencies around 2.4 GHz there is
evidence that the electrical conductivity decreases with temperature as presented by Brace et
al. and Lopresto ef al. (see Figure 1)

Additional data are available from food industry research presenting dielectric data of
processed tissues including beef, chicken, salmon and comminuted meats at temperatures of
5-80°C (66-72). Zhuang investigated the properties of uncooked meats including fowl
muscle for temperatures between 5 and 80°C at 1.8 GHz (73). Data available in literature
hints at a slight decrease of dielectric permittivity with increasing temperature for
frequencies from approximately 500 MHz to 2.4 GHz.

Table 1 presents data and coefficients from literature to calculate temperature-dependent
electrical tissue properties, assuming no irreversible components are present. However, the
application of temperatures greater 50°C likely causes irreversible changes in the electrical
properties as result of dehydration, shutdown of perfusion, and other cellular and molecular
changes. Brace et al. and Lopresto et al. demonstrated the irreversible decrease of
permittivity and electrical conductivity at 2.45 GHz with high temperatures up to ~100°C
(see Figure 3). As already noted, both Pop et al. and Kwon et al. demonstrate similar
irreversible changes at RF frequencies above ~60 °C (51, 52); Macchi showed conductivity
dependence on rate of heating in addition to temperature (46). These time- and temperature-
dependent changes have been modeled by an Arrhenius relationship in several studies (46,
51, 55), which may be preferred in some applications to a simple dependence on
temperature alone.

Due to the great difficulty of measuring temperature dependence of electrical tissue
properties in-vivo, the presented studies almost exclusively are based on ex-vivo
measurement in excised tissues with varying duration between tissue extraction and
measurement. Electrical tissue properties change as soon as tissue is removed, and this
change is particularly pronounced at frequencies below 500 kHz. Data is available on change
of electrical tissue properties of muscle, liver, kidney and spleen after tissue extraction and
suggest property changes dependent on carcass temperature and degree of tissue degradation
(74-76). Haemmerich et al. measured swine liver resistivity in-vivo and after excision over
for 12h to examine the magnitude of resistivity change (77). After 2 h post-mortem,
resistivity decreases considerably, by 53% at 10 Hz and by 32% at 1 MHz; factors
contributing to this decrease may include increase in extracellular fluid due to loss of
membrane integrity post-mortem, that allows continuity between intracellular and
extracellular fluid compartments, and lysosomal agents are released within the cell,
contributing to cell membrane damage.

At microwave frequencies, dielectric properties are primarily determined by water content
and thus less affected by tissue removal than at RF frequencies. O'Rourke et af.
characterized the dielectric properties of in-vivo and ex-vivo normal, malignant and cirrhotic
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human liver tissues from 0.5 to 20 GHz (78). Even though their results were not statistically
significant (with the exception of effective conductivity at 915 MHz, where malignant tissue
properties are 16% higher than normal) they reported that conductivity of in-vivo normal
liver tissue is 16% (915 MHz) to 43% (2.45 GHz) higher than ex-vivo.

IV. Temperature Dependence of Thermal Properties

Heat transport in biological tissues may occur due to conductive, convective or radiative
mechanisms (47). These heat transfer mechanisms can be characterized via thermal
conduction and heat capacity properties. The thermal conductivity of biological materials
describes how well the material conducts heat and may be defined by the amount of heat Q
[W-m~3], transmitted due to a temperature gradient. This transmitted heat can be expressed
considering steady-state conditions by the Poisson equation

Q=kV?T (@17)

where A[W-m~1.K™1] is the thermal conductivity, ¥ is the gradient ator and T [°C] is the
temperature. Where steady-state conditions are not adequate, the quantity of thermal
diffusivity a [m2-s71] is used to describe the spatial variation of the temperature T via heat

equation
or 9
- = 1
5 aV*T (18)
with
_k
a= oC (19)

where, p is density [kg-m™3] and Cis the specific heat capacity (J-kg™-K™1).

It is important for mathematical models of thermal therapies to have accurate values of these
thermal properties in order to generate valid results (19, 79). Note that equation (19) shows
that the three thermal properties are interrelated, i.e. it is sufficient to report two of these
properties for a complete representation of heat transfer characteristics. While most
literature available presents data limited to room temperature, the thermal tissue properties
vary with temperature (80).

Valvano et al. presented an experimental method via self-heated thermistors and measured
thermal conductivity and diffusivity of biomaterials (i.e. tissues) in the temperature range 3
to 45°C (81). Even though they found considerable variations in the thermal properties
between tissue types, the temperature coefficients consistently matched the temperature
coefficients of water. Bhattachara ef a/. used a hot-wire technique and based on the principle
of transient one-dimensional conduction and measured the thermal conductivity of dead cow
liver and sheep collagen as a function of temperature between 25 and 80°C (82). Tissues
were found to exhibit irreversible changes in thermal conductivity beyond a threshold which
was suggested to be 55 and 90°C for sheep collagen and cow liver, respectively. Similarly,
van Gemert measured the thermal conductivity and diffusivity of human aorta and canine
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arteries in the temperature range of 20 to 90°C, which has relevance for laser angioplasty
(83).

Thermal properties of various animal tissues were measured by Liang ef a/. via custom
developed probe which may be used over a temperature range from —40 to 150°C and
reported a noticeable influence of tissue water content on the magnitude of the thermal
conductivity of tissues (84). In agreement, Bhavaraju et a/. reported an experimental
technique and results for the thermal conductivity and diffusivity, and density of swine
myocardial tissue. A significant dependency of the thermal properties on water content and
irreversible tissue changes at temperatures greater 50°C, likely due to denaturing of proteins
in the cell structures, was reported (85). To investigate the temperature-dependent thermal
properties of porcine liver tissue during RF ablation Guntur et a/. presented data from 20 to
90°C. In their study, they found that both heat capacity and thermal conductivity rose with
temperature, and found irreversible property changes even after the sample cooled down
(86). For a similar temperature range (20-80°C) Choi et al. investigated the correlation of
protein denaturation and water loss with the thermal properties of human and porcine liver
(87). Key findings in their study include that denaturation and water vaporization correlate
negatively with thermal conductivity and that apparent specific heatl within the samples by
up to 20% during heating.

Haemmerich et al. measured the temperature-dependent specific heat of liver tissue from 25
to 85°C which was found to be increasing for temperatures greater 65°C and presumably
related to tissue water loss (88, 89). Similar to the dielectric properties, food industry driven
research contributed to the understanding of temperature-dependent properties of
biomaterials. To design food processing operations and increase process efficiency and
product quality, data of various processed meats was presented by Rahman, Mohsenin,
Baghe-Khandan et a/. and Marcotte et al. (90-93).

A representative summary of published research on temperature-dependent thermal
properties (thermal conductivity, thermal diffusivity and specific heat capacity) of biological
tissues presently available are plotted in Figure 4, Figure 5; Table 2 shows a comprehensive
listing of available studies. On the data of various tissues presented, the studies are in
general agreement that thermal conductivity of tissue increases with temperature within the
studies temperature range of 5to ~90 °C.

No data could be found to demonstrate variation of thermal tissue properties in-vivo versus
ex-vivo. However, some data is available from food industry studies reporting no significant
post-mortem changes in the thermal conductivity of white and dark chicken meat by Sweat
et al., who studied the effects of temperature and time post-mortem on the thermal
conductivity with a line heat source thermal conductivity probe for the temperature range
from 20 to —=75°C (94). As several studies suggest that thermal properties are primarily
dependent on relative content of constituents (i.e. relative content of water, protein, fat; see
Rahman et al. (90)), it is reasonable to assume that cellular changes following tissue

lApparent specific heat relates directly to the differential scanning calorimeter (DSC)-measured enthalpies that capture both sensible
and latent heat effects in tissues.
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extraction have limited impact on thermal properties. However, ex-vivo tissues should be
stored in a slightly hypertonic saline buffer to minimize tissue water loss or gain prior to
measurement (85).

V. Temperature Dependence of Blood Perfusion

Blood flow strongly affects temperature distribution due to convective heat transfer between
the tissue and circulating blood during heating. Several studies have reviewed the effects of
hyperthermia on tumors, the microenvironment, and perfusion. Common findings include
that the blood flow and response to hyperthermia varies considerably among different tumor
types, where both higher and lower perfusion relative to normal tissue has been reported
(95-99). Furthermore, even within the same tumor the distribution of vasculature and blood
flow is quite heterogeneous (96). Even though tumors of larger size tend to have reduced
blood flow, in many tumors, particularly in small tumors, blood flow can be greater than that
of surrounding normal tissues at hyperthermia temperature conditions. In general, the ability
to increase blood flow in response to hyperthermic temperatures appears to be limited in
tumors compared to normal tissues. Thus heat cannot be removed as sufficiently as in
normal tissues which may lead to higher temperatures in tumors during heating. This can
lead to tumor vascular damage and alter the intratumoral blood flow causing the intratumoral
environment to become acidic, hypoxic and nutritionally deprived at temperatures in the
upper hyperthermic range (between 41-43°C). Below we summarize first small animal
studies, and then the more limited number of studies in large animals and in humans. Bicher
et al. studied the effects of microwave hyperthermia and reported a dual effect of
hyperthermia on local blood of mouse tumors (99). Tumor temperatures below 41°C
increased blood flow, whereas higher temperatures caused a collapse in blood flow. A
similar response was seen in normal tissue, but with 43°C as threshold temperature. Specific
changes in clearance rate of muscle and KHT tumor in male mice as response to
hyperthermic temperatures (43-46°C) have been reported by Brown et a/. (100). In
agreement with other studies they measured an initial increase in clearance rate (which
correlates with perfusion) for all tissues and a higher heat sensitivity (factor two) of the
tumor resulting in faster shut down of blood flow compared to normal tissue. Dickson et al.
heated animal tumors (Yoshida sarcoma in rats) in a water bath to 42°C and reported a
progressive decrease in blood flow for heating times greater than one hour for the tumor
tissue while blood flow of normal tissue increased to 4-7 times the resting values. The
response of microvasculature to heating between 41 and 45°C was studied by H. Eddy for
squamous cell carcinoma in hamsters. At 45°C the response of tumor vasculature to the
elevated temperature included early reduction in vessel caliber, vascular stasis and was
followed later by infarction and coagulation necrosis (101). Shrivastav et a/. investigated the
effects of microwave hyperthermia on microcirculation of normal and malignant tissues in
rats for temperatures between 39-44°C (102). No significant change of circulation in the
normal or malignant tissues for lower temperatures were observed, whereas significant
changes in the tissue vascular resistance and blood flow occurred at temperatures > 42°C.
After heating for 10 min at 42°C and 3 min at 44°C, the tumor vascular resistance to blood
flow doubled, and the relative blood flow significantly decreased while that to the
surrounding musculature remained unaltered indicating the tumor vasculature seems more
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responsive to heat treatment. An interstitial laser Doppler approach was used by Sturesson et
al. to measure the increase of liver perfusion in rat liver at temperatures of 41 and 44°C
(103). An increase in liver perfusion up to 33% was found at a local tissue temperature of
41°C whereas blood flow decreased continuously during and after heating to 44°C. Van den
Berg-Block et al. measured the tumor (undifferentiated Rhabdomyosarcoma BA | 112)
vasculature failure in rats for temperatures between 42—-43.5°C via stereomicroscope and
reported shorter times (about on third) for 50% vascular stoppage at 43.5°C compared to
heating to 42°C (104).

While small animal studies suggest tumors to be highly sensitive to hyperthermia with
reduction in blood flow or vascular shutdown commencing at 42-43 °C, there is evidence
that tumors in large animals, and more importantly human tumors are considerably less
sensitive (105-111). Vujaskovic et al. observed a significant increase in perfusion (about
19%) of canine soft tissue sarcomas 24 h after local hyperthermia which was particularly
pronounced at temperatures around 44°C (105). Similarly, Milligan et a/. investigated blood
flow in canine mast cell tumors during and after hyperthermia with temperatures up to 44°C.
In contrast to normal tissue, where blood flow increased after 40 minutes of heating by about
5%, the mast cell sarcomas showed little change in estimated blood flow (107). A thermal
pulse decay technique was used by Xu and Holmes to investigate blood perfusion rated of
canine prostate under normal and hyperthermic (41-43°C) conditions induced by RF and
MW heating (112). In agreement with other studies, perfusion increased about 3.5 fold
relative to the baseline perfusion when the tissue was heated from body temperature to
41.3°C and increased another 0.5 fold with further heating to 43.1°C. In normal tissues such
as canine brain tissue Lyons et al. found a 2-3-fold increase in blood flow rate which
occurred gradually throughout the course of heating with temperatures between 42 to 49°C
and heating durations ranging between 15 and 45 min (106).

Waterman et al. studied the response of human tumor blood flow to a fractionated course of
thermoradiotherapy (15 days) in four superficial human tumors (three adenocarcinomas, one
melanoma) during 60 minutes of local hyperthermia (40-44°C) and observed varying
decrease in blood flow (50 to 100%) during the course of thermoradiotherapy in all four
cases (113). In a later study, Waterman et a/. presented the response of blood flow in
superficial human tumors (tumor volumes from 18 to 810cm3) during 60 minutes of local
hyperthermia (40-44°C) administered via MW approach. The mean blood flow rate was
found to be increasing by 10-15% within the first 30 minutes and remained nearly constant
afterwards (114). In this study no reduction in blood flow occurred, though data in one
tumor suggests that a reduction in perfusion may occur at temperatures above 44°C.
Interestingly though, comparison of the tumor size relative to baseline tumor blood flow
revealed that larger tumors tend to be perfused less than smaller ones. Van Vulpen et al.
presented prostate perfusion data in 18 patients with locally advanced prostate carcinoma
treated with a combination of external beam irradiation and regional or interstitial
hyperthermia (39.4-53.1°C) (115). Their data revealed that perfusion increased due to
hyperthermia with higher perfusion values for interstitial hyperthermia (470% increase)
compared with regional hyperthermia (40% increase), which may be explained by higher
temperatures during interstitial hyperthermia. No change in perfusion during hyperthermic
(up to 44°C) sessions was found in a study by Lagendijk ef a/.; they showed that perfusion in

Crit Rev Biomed Eng. Author manuscript; available in PMC 2016 May 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rossmann and Haemmerich Page 12

inoperable breast tumors may both increase and decrease after successful hyperthermia and
the average tumor blood flow is not related to tumour volume (116). Overall, studies in
human patients suggest no reduction in perfusion at temperatures up to at least 44 °C. Thus,
in particular small animal tumor models may not appropriately model blood flow response
of human tumors in response to hyperthermia.

A summary of temperature-dependent perfusion of biological tissues presently available are
plotted in Figure 6 and a more comprehensive list of data is presented in Table 3.

VI. Modelling of Temperature Dependence of Tissue Properties

Computer simulations have increasingly been utilized in recent years as assistive tools for
thermal treatments and are used as aid for planning, evaluating and optimizing therapies, and
to minimize treatment risks preoperatively (20, 23, 28, 29, 32, 33, 37, 117-120). To obtain
realistic models of thermal therapies it is important to use adequate mathematical functions
to model the temperature dependence of tissue properties, or resort to using interpolation
based on tabulated data if necessary.

Trujillo and Berjano reviewed the mathematical functions most commonly used for
modeling the temperature dependence of the thermal and electrical conductivities (kand o)
in RFA computational modeling. Using models with constant values or mathematical
functions to reflect the temperature dependence of these parameters, and rapid change at
temperatures greater 100°C, their findings suggest that the different methods of piecewise
modeling temperature dependence of Aand o reported in the literature do not significantly
affect the computed thermal lesion diameter following ablation therapies (18). Similarly,
Lobo et a/. used computer simulation via the Bioheat equation coupled with temperature-
dependent solutions for RF electric fields to generate tissue temperature profiles for an
internally cooled electrode (121). They demonstrated that thermal conductivity alters the
expected heating pattern for electrical conductivity and temperature distribution. Ji and
Brace measured the dielectric properties of liver tissue during high-temperature microwave
heating and derived a mathematical function of the time-temperature curve for relative
permittivity and effective conductivity and compared to simulations with existing linear and
static models, and experimental temperatures in liver tissue. They found from these studies
that a sigmoidal model of tissue dielectric properties improves prediction of experimental
results. To characterize the combined effects of varying perfusion, electrical, as well as
thermal conductivity on RF heating, Ahmed et a/. simulated RF ablation (30). They
demonstrated that while tissue perfusion has the dominant effect on RF heating; suboptimal
thermal and electrical conductivity markedly limit successful ablation except in the setting
of almost non-existent perfusion for clinically relevant tumor sizes. Beep-Min, et al.
developed a finite-element program to simulate the dynamic evolution of coagulation in
tissue considering temperature and damage dependence of both the optical properties and
blood perfusion rate during laser coagulation (122). A relatively significant overestimation
of the temperature rise occurs if the dynamic parameters are ignored. Blood perfusion is
temperature and time dependent and depends on the degree of microvascular stasis. The
inequality between the normalized blood perfusion and the predicted degree of
microvascular stasis found in this study suggests that a first order rate model may be
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insufficient to model renal blood perfusion response during microwave thermal therapy
(123). Schutt et al. and Prakash et al. compared the effect of different microvascular
perfusion algorithms on ablation zone dimensions and found that the choice of
microvascular perfusion algorithm and base line tissue perfusion have significant effects on
final ablation zone dimensions in computer models of thermal ablation (17, 124). It is
evident that the choice of modeling the temperature dependence of the electrical as well as
thermal and perfusion properties have significant effects on the electrical field and
temperature distribution in computer models, respectively (17, 18, 30, 64, 123). Thus,
accurate models require the consideration of temperature-dependent properties, and among
tissue properties in many cases perfusion and its temperature dependence is often
dominating and of primary importance (30, 79, 111, 124).

VII. Summary

In this paper we reviewed temperature-dependent thermal and electrical properties of
biological tissues primarily in the supraphysiological temperature regime. In general, when
heat is applied, the biophysical properties of biological tissues change. For some properties,
the change directly correlates with temperature (e.g. thermal conductivity); for others, a
strong irreversible component is observable with complex interaction between temperature
and time (e.g. perfusion). The temperature-dependent changes need to be considered to
enhance the accuracy of predicting and monitoring pre-clinical and clinical procedures and
treatments, where for some properties (e.g. thermal conductivity) simple linear
approximations are usually sufficient. The data summarized in this review can be used in
models to calculate electromagnetic field and SAR distribution within tissues subjected to
MR scans, for planning and optimization of electromagnetic heating with radiofrequency
current and microwaves, and in models of other thermal therapies such as laser and focused
ultrasound. For some properties (e.g. electrical conductivity at RF frequencies), the tissue
state (in-vivo, in situ, ex-vivo with time following tissue extraction) has considerable impact
and needs to be considered.
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Electrical conductivity of human and various animal tissues as a function of temperature.
Colors are indicating frequencies [yellow: 450-500 kHz (RF), blue: ~1 GHz (low MW),
green: >2 GHz (high MW)].
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Electrical permittivity of various animal tissues as a function of temperature. Colors are

indicating frequencies (blue: ~1 GHz, green: >2 GHz). Permittivity for frequencies in the RF
heating range (450-500 kHz) is not presented; however the electrical permittivity has limited
relevance at RF frequencies where conduction current is dominating.
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Figure 3.
Relative permittivity and conductivity measurements made at 915 MHz and 2.45 GHz

during thermal ablation. Accumulated ablation times noted on each figure to identify
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temporal variations. Values tended to drop quickly in all cases when temperatures reached
100°C and continued to drop as temperature was maintained and the tissue became more
dehydrated (64, 65).
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Table 3

Effect of hyperthermic (40 — 46°C) temperatures on blood flow

Page 30

Autor

Tumor

Temperature/conditions

Blood flow/observations

Ardenne and Reitnauer,
1980

DS carcinoma (rats)

Total body heat to 39.5°C plus

local heat 43°C/100min

inhibition of tumor
microcirculation

Bicher and Vaupel, 1980

C3H mammary carcinoma, mouse

40-41°C

>41°C
42.0°C,40min

Tumor pO2 increased

vascular stasis

Brown et al. 1992

SCC-VII,RIF-1,C3H mammary
carcinoma, human mammary
carcinomas, mouse

Muscle tissue, mouse

43-46°C/60min

43-46°C/60min

decreased clearance rate, vascular
damage followed a 1°C chance eq.
change in heating time factor 2

similar to initial clearance rate

Dickson and
carcinomaldenvood, 1980

Yoshida sarcoma, rat

42.0°C/1hr

vascular stasis

Dudar and Jain, 1984

VX2 carcinoma, Rabbit

42.5°C,40min

vascular stasis

Eddy, 1980

Squamous cell carcinoma in hamster
cheek pouch

43.0°C/30min
43°C2-15min

43°C > 15min

45°C/30min

vascular stasis

vaso dilation

mild stasis

marked stasis

Emami et al, 1981

BA1112 rats sarcoma

BA-1112 rhabdomyosarcoma, rat

40.5°C/40min
42.5°C/40min

44.5°C/40min
42.5°C/40min

no change

dilation and congestion

hemorrhage and necrosis

vascular stasis

Reinhold and Van den
Berg-Blok,1981

BA-1112 rhabdomyosarcoma, rat

42-42.5°C[2-3h

42.5°C/2.5hr

40.0°C/1hr vascular stasis
Endrich et al., 1979 BA-1112 rhabdomyosarcoma, rat decreased flow and decreased
41.3°C/1h
number of functional capillaries
>43.0°C/1h vascular stasis
Gullino et al., 1978 Walker 256 rat mammary carcinoma
o no consistent or predictable change
40-42°C/th in blood flow or O2 consumption
Rappaport and Song, 1983 13762A carcinoma,rat 43.5°C/1hr vascular stasis
42-42.5°C/l h no change

reduced blood flow and vascular
collapse

vascular stasis
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Page 31

Autor

Tumor

Temperature/conditions

Blood flow/observations

Shrivastav et al. 1983

SMT-2A mammary adenocarcinoma,
rat

39°C/45min

42°C/45min

45°C/60min

unaltered vascular resistance and
blood flow

increased blood flow

Song at al., 1980b

SCK carcinoma, mouse

40.5°C/30min

vascular stasis

Vaupel et al., 1980

DA carcinoma in rat kidneys

39.5°C/> 30min

42°C/> 30min

43°C/1h no change in tumor blood flow
Song et al., 1980 Walker 256 carcinoma, rat
>43.0°C/1hr vascular stasis
Song et al., 1984 RIF-1 tumor, mouse 42.5°C/1hr vascular stasis
SAFA tumor, mouse 42.5°C/1hr
CAMT, mouse 42.5°C/1hr
Stewart and Begg, 1983 vascular stasis
CANT, mouse 42.5°C/1hr
SAF, mouse 42.5°C/1hr
41/30min increased blood flow
Sturesson et al., 1999 Rat liver parenchyma
44°C/30min decreased blood flow
Sutton,1983 Ependymoblastana, Mouse 42.0°C/1hr vascular stasis
42°C/30min vascular stasis

increased blood flow and 02
consumption

decreased blood flow and 02
consumption

Waterman et al., 1991

Superficial human tumors

40-44°C/60min

blood flow independent of
temperature
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