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Abstract— In this work, we devised the first characterization
of the optical and thermal properties of ex vivo cardiac tissue as
a function of different selected temperatures, ranging from room
temperature to hyperthermic and ablative temperatures. The
broadband (i.e., from 650 nm to 1100 nm) estimation of the
optical properties, i.e., absorption coefficient (#.) and reduced
scattering coefficient (u#’s), was performed by means of time-
domain diffuse optics. Besides, the measurement of the thermal
properties was based on the transient hot-wire technique,
employing a dual-needle probe to estimate the tissue thermal
conductivity (k), thermal diffusivity («), and volumetric heat
capacity (Cy). Increasing the tissue temperature led to variations
in the spectral characteristics of u. (e.g., the redshift of the 780
nm peak, the rise of a new peak at 840 nm, and the formation of
a valley at 900 nm). Moreover, an increase in the values of u’s
was assessed as tissue temperature raised (e.g., for 800 nm, at 25
°C u’~ 9.8 cm™', while at 77 °C p’= 29.1 cm™). Concerning the
thermal properties characterization, £ was almost constant in
the selected temperature interval. Conversely, a and C» were
subjected to an increase and a decrease with temperature,
respectively; thus, they registered values of 0.190 mm?/s and 3.03
MJ/(m3-K) at the maximum investigated temperature (79 °C),
accordingly.

Clinical Relevance— The experimentally obtained optical and
thermal properties of cardiac tissue are useful to improve the
accuracy of simulation-based tools for thermal therapy
planning. Furthermore, the measured properties can serve as a
reference for the realization of tissue-mimicking phantoms for
medical training and testing of medical instruments.

I. INTRODUCTION

Accurate information on the physical properties of
biological tissues is fundamental for improving diagnostic and
therapeutic procedures and medical treatments. Hence, many
efforts have been devoted, in the field of bioengineering, to the
evaluation of optical, thermal, mechanical, and dielectric
properties of biological media [1], [2]. In this regard, the
investigation of the optical and thermal behavior of tissues is
pivotal for the realization of tissue-mimicking materials [3],
[4], employed for fine-tuning and the pre-clinical testing of
medical devices, as well as for medical training, and the
implementation of numerical models for therapy preplanning.
These models are indeed useful to foresee the outcome of
interventional procedures and select the best treatment strategy
[5]-[7]. However, their accuracy and prediction capabilities
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are strictly related to given input physical parameters, such as
the optical and thermal properties of tissue [2], [8].

The tissue optical properties, such as absorption (u,) and
scattering (us) coefficients, regulate the light propagation
within the biological material. While u, is a measure of how
far light can travel through the biological material prior to
being absorbed, the direction of light propagation is
determined by u,. Moreover, considering the tissue anisotropy
factor g, the reduced scattering coefficient (1) can be defined:
u's = us (1 - g). Tissue optical properties depend on the
wavelength of the light interacting with the tissue itself, thus
they should be investigated in a broad wavelength range for
the thorough identification of the tissue spectral features [8]—
[10].

The heat distribution in biological tissues is instead
affected by the so-called tissue thermal properties. The thermal
conductivity (k) quantifies the heat conduction capability of
tissues, the volumetric heat capacity (C,) is defined as the
product between the tissue specific heat ¢ and the tissue
density p (C,=pc), whilst the thermal diffusivity a is expressed
as the ratio between k and C, (e = k/C,) and it defines the ability
of the tissue to transfer thermal energy in proportion to its
ability to store heat [2], [11]-[13].

Technological advancements in the biomedical field have
led to the possibility of quantitatively assessing the optical and
thermal response of biological tissues of interest, such as
cardiac tissue. Indeed, the exploration of the optical properties
of the heart may be beneficial for the refinement of therapeutic
applications in laser medicine, e.g., low-level laser
therapy after myocardial infarction [14], and other biophotonic
applications involving this organ. Furthermore, detailed
knowledge of the thermal properties of cardiac tissue can help
increase the effectiveness of thermal treatments and heart
ablation procedures, for the treatment of arrhythmias or atrial
fibrillation [15], [16].

Despite the need for detailed information on the physical
properties of the heart, the studies available in the literature on
the optical and thermal properties of cardiac tissue are still
limited and typically investigated these properties at baseline
conditions without considering their possible variation
according to tissue temperature [2], [17]. In this regard, to
further enlighten the temperature dependence of the optical
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and thermal properties of the heart tissue, our work presents
the first broad wavelength (i.e., from 650 nm to 1100 nm)
characterization of optical properties as well as the estimation
of the thermal properties of cardiac tissue as a function of
different physiological and supraphysiological temperatures.

II. MATERIALS AND METHODS

A. Preparation of tissue samples

The measurements of the optical and thermal properties
were performed on ex vivo heart tissues (atrial tissue and
ventricles) excised from healthy animals and obtained from a
local butchery. Valves and blood clots were accurately
removed prior to positioning the tissue samples in a metallic
container. Hence, the filled container was sealed and moved
inside a water thermal bath (IVYX Scientific Laboratory
Digital Water Bath). The thermal bath was then utilized to
bring the sample to several selected temperatures at which the
optical and thermal propertiecs were measured. The tissue
temperatures as well as the water temperature were assessed
by means of k-type thermocouples (0.1 °C accuracy)
connected to a temperature monitoring module (Yokogawa
FX1000 Paperless Recorder).
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Figure 1. (A) Experimental setup utilized for the estimation of the
optical properties of cardiac tissue. (B) Experimental setup used for
the measurement of the thermal properties of heart tissue.

B. Measurement of the optical properties

To measure u, and u's in relation to temperature, bovine
heart tissue samples were uniformly heated for 4 hours using
the thermal bath which kept the tissue temperature
approximately constant at a set temperature (25 °C, 37 °C, 59
°C, and 77 °C). The optical properties were measured using

time-domain diffuse optics. The setup scheme is presented in
Fig. 1. We selected a single wavelength using a prism from a
supercontinuum laser [8] and sent it into the sample. We
collected the diffused light at 1 cm from the injection point in
reflectance configuration and integrated each curve for 1 s. We
used a silicon photomultiplier (SiPM) to measure the time of
arrival of photons and we used time-correlated single photon
counting to reconstruct the distributed time of flight (DTOF).
The spectra of the optical properties were retrieved by fitting
the measured DTOF to a solution of the diffuse equation. The
spectra were measured every 10 nm from 650 nm to 1100 nm.
The temporal point spread function has 60 ps of full width at
half maximum. The measurements of the optical properties
were repeated three times at each temperature.

C. Measurement of the thermal properties

Once the selected tissue temperature and the thermal
equilibrium within the sample were achieved, k, C,, and «
were estimated by means of the transient hot-wire technique,
using porcine heart tissues. A dual-needle probe (TEMPOS
SH-3) consisting of two needles (30 mm in length, located at
a distance » of 6 mm from each other and with a diameter of
1.3 mm) was employed. The probe allowed to record the
initial temperature of the tissue by the monitoring needle,
deliver a specific amount of heat ¢ to the specimen by means
of the heating needle for a time equal to 30 s (#;), and measure
the resulting localized tissue temperature variation AT
(typically <1 °C compared to the initial temperature) for the
following 90 s. The probe was connected to a thermal
property analyzer (TEMPOS, Meter Group, Inc., Pullman,
WA, USA, 10% accuracy; an instrument in accordance with
ASTM 5334 and IEEE 442).

The thermal properties were then estimated by the
analyzer, which computes the minimization of mean square
error between the measured temperature changes and those
obtained by a mathematical heat transfer model, implemented
in the software of the system. In particular, the £ and « are
estimated by the thermal analyzer through the following
equations [11], [18]:

AT = {L} E, {__ﬁ}
Ark 4at
AT = {iHE,, {_—rz} ~E, {_—”2}} t>t,
7wk 4a(t-t,) 4at

in which E; is the exponential integral [19] and ¢ is the
time. Moreover, through the formula C, = &/ a, it is possible
to attain the value of C, [11]. The measurements were
performed in triplicates at each temperature value.

t<t, (D

III. RESULTS AND DISCUSSION

A. Optical properties of cardiac tissue

In Fig. 2.A, the values of x, as a function of wavelength, 4,
for the selected tissue temperatures are shown. A tiny decrease
in the intensity between the native state (i.e., 25 °C) and 37 °C
and a higher reduction from 37 °C to 59 °C can be observed.
They are likely linked with inaccuracies in the diffusion
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model. At 77 °C, significant changes in the spectral features
appear. Firstly, a redshift of the 780 nm peak due to changes
in the mode of vibration of deoxy-myoglobin [20] can be
noticed (green circle). Then, at 840 nm the rise of a new peak
linked with met-myoglobin formation (gray circle) [20] and
the formation of a valley at 900 nm (light blue circle) are
observable. The decrease of 1, in the region 800-900 nm after
70 °C is also due to tissue water evaporation [21], [22]. In Fig.
3.A, we present the values of p, at 800 nm, at the different
temperatures. Again, we can observe the decline in . up to 59
°C and then an increase likely linked with the formation of
met-myoglobin.

Fig. 2.B shows the spectra of 4';. The spectra features are
mainly linked with the microstructural characterization, in
particular, the protein state. A slight increase in u's can be
observed from the native state to the tissue treated at 37 °C.
From 37 °C to 59 °C, we observe a significant increase in the
values of i’y and a smaller increase from 59 °C to 77 °C. The
increase in i’ is mainly likely linked with myosin denaturation
[23]. In Fig. 3.B, we can see a constant increase in u's at 800
nm with temperature, ascribable to the increasing denaturation
of the proteins at higher temperatures.
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Figure 2. (A) Spectra of the absorption coefficient x, and (B) spectra
of the reduced scattering coefficient u s for cardiac tissue as a function
of wavelength A (from 650 nm to 1100 nm) at different cardiac tissue
temperatures.

B. Thermal properties of cardiac tissue

The thermal properties of ex vivo cardiac tissue, as a
function of the different selected temperatures, are reported in
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Figure 3. (A) Absorption coefficient yx, and (B) reduced scattering
coefficient ' for cardiac tissue as a function of different selected
temperatures at the wavelength A of 800 nm. The error bars represent the
standard deviation of the mean.

Fig. 4. The k remained approximately constant in the
investigated temperature range (Fig. 4.A), showing minimum
and maximum average values equal to 0.560 W/(m-K) and
0.585 W/(m-K), respectively. Differently from the behavior of
k, the tissue o appeared rather constant up to 55 °C, then, at a
temperature close to 79 °C, it experienced a 1.2-fold increase
compared to its nominal value (Fig. 4.B). The maximum
value reached at ~79 °C was equal to 0.190 mm?/s. The C,
was not subjected to substantial changes up to 55 °C.
Afterward, it subsided with increasing temperature, showing
a value of 3.03 MJ/(m*-K) at 79 °C. The low values of the
standard deviation of the mean (Fig. 4) associated with the

three measurement repetitions, performed at each
temperature, denoted good intra-sample measurement
repeatability.

Overall, the average values of thermal properties and their
trend as a function of temperature are in line with the
measurement performed on other biological tissues with the
transient hot-wire technique and the dual-needle probe [17],
[24]. Moreover, the present results are in agreement with
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Figure 4. Thermal properties of cardiac tissue as a function of different selected temperatures: (A) tissue thermal conductivity &, (B) thermal diffusivity o, and
(C) volumetric heat capacity C,. The error bars represent the standard deviation of the mean.
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previous investigations in ex vivo porcine myocardial tissue,
in which the thermal properties were measured with a self-
heated-thermistor probe [25]. The variation in the thermal
properties at higher tissue temperatures may be explicable by
changes in the tissue water content. Indeed, it has been shown
in the literature that at higher temperatures and, in particular,
approaching the onset of water vaporization, thermal
properties can undergo substantial variations compared to
their nominal values at room temperature [2], [17], [24], [26].

IV. CONCLUSION

This work proposes the estimation of the optical and
thermal properties of ex vivo cardiac tissues as a function of
different selected temperatures, from room to ablative
temperatures. Time-domain diffuse optics was used to
estimate s, and u’s as a function of wavelength (from 650 nm
to 1100 nm) at different temperatures. The transient hot-wire
technique was employed to estimate the tissue thermal
properties, i.e., k, a, and C,. The increase of tissue temperature
induced variations in the spectral features of u,. Besides, an
increment in y s with temperature was assessed. Regarding the
thermal properties of cardiac tissue, an increase in a and a
decrease in C, were registered at the maximum investigated
value, i.e., 79 °C. In conclusion, the presented optical and
thermal properties are useful for the implementation of more
accurate computational frameworks for therapy preplanning
and for the realization of phantoms mimicking tissue behavior.
Further studies should focus on the characterization of the
physical properties of human healthy and diseased tissues, as
well as on their investigation in physiological-like conditions
resembling the in vivo scenario.
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