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Monitoring of Tissue Optical Properties
During Thermal Coagulation of Ex Vivo Tissues

Vivek Krishna Nagarajan
University of Akron

Bing Yu

University of Akron, Marquette University

Abstract

Background and Objective

Real-time monitoring of tissue status during thermal ablation of tumors is critical to ensure complete
destruction of tumor mass, while avoiding tissue charring and excessive damage to normal tissues.
Currently, magnetic resonance thermometry (MRT), along with magnetic resonance imaging (MRI), is
the most commonly used technique for monitoring and assessing thermal ablation process in soft
tissues. MRT/MRI is very expensive, bulky, and often subject to motion artifacts. On the other hand,
light propagation within tissue is sensitive to changes in tissue microstructure and physiology which
could be used to directly quantify the extent of tissue damage. Furthermore, optical monitoring can be
a portable, and cost-effective alternative for monitoring a thermal ablation process. The main objective


https://doi.org/10.1002/lsm.22541
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of this study, is to establish a correlation between changes in tissue optical properties and the status of
tissue coagulation/damage during heating of ex vivo tissues.

Materials and Methods

A portable diffuse reflectance spectroscopy system and a side-firing fiber-optic probe were developed
to study the absorption (us(4)) and reduced scattering coefficients (us(4)) of native and
coagulated ex vivo porcine, and chicken breast tissues. In the first experiment, both porcine and
chicken breast tissues were heated at discrete temperature points between 24 and 140°C for 2
minutes. Diffuse reflectance spectra (430—630 nm) of native and coagulated tissues were recorded
prior to, and post heating. In a second experiment, porcine tissue samples were heated at 70°C and
diffuse reflectance spectra were recorded continuously during heating. The u, (1) and pg(A) of the
tissues were extracted from the measured diffuse reflectance spectra using an inverse Monte-Carlo
model of diffuse reflectance. Tissue heating was stopped when the wavelength-averaged scattering
plateaued.

Results

The wavelength-averaged optical properties, < us(4) > and < u, (1) >, for native porcine tissues
(n=66) at room temperature, were 5.4 + 0.3 cm™and 0.780 + 0.008 cm™ (SD), respectively. The <
Us(A) > and < p,(A) > for native chicken breast tissues (n = 66) at room temperature, were

2.69 + 0.08cm™and 0.29 + 0.01 cm™ (SD), respectively. In the first experiment, the < us(1) > of
coagulated porcine and chicken breast tissue rose to 56.4 + 3.6 cm™at 68.7 + 1.7°C (SD), and

52.8 + 1cm™tat57.1 + 1.5°C(SD), respectively. Correspondingly, the < u, (1) > of coagulated
porcine (140.6°C), and chicken breast tissues (130°C) were 0.75 + 0.05cm™™ and 0.263 +

0.004 cm™ (SD). For both tissues, charring was observed at temperatures above 80°C. During
continuous monitoring of porcine tissue (with connective tissues) heating, the < ug(1) > started to
rise rapidly from 13.7 + 1.5 minutes and plateaued at 19 + 2.5 (SD) minutes. The < pg(1) >
plateaued at 11.7 + 3 (SD) minutes for porcine tissue devoid of connective tissue between probe and
tissue surface. No charring was observed during continuous monitoring of thermal ablation process.

Conclusion

The changes in optical absorption and scattering properties can be continuously quantified, which
could be used as a diagnostic biomarker for assessing tissue coagulation/damage during thermal
ablation.

INTRODUCTION

The sensitivity of tumor cells to heat was first observed more than a century ago . The
thermosensitivity of tumor cells as compared to their associated normal cells has enabled the wide use
of hyperthermia in cancer therapy. The narrative for hyperthermia in cancer therapy has been well
documented by Cavaliere et al. 2. Today, thermal ablation of solid tumors is being used ubiquitously for
treating inoperable tumors 3. The main objective of a thermal ablation procedure is to completely
coagulate the malignant tumor cells with minimal, or no thermal damage to the surrounding normal
cells.



To ensure complete tumor ablation, current practices ablate a small margin of surrounding normal
tissues, in addition to the target tumor tissue. However, such practices are not tissue sparing and may
not be feasible when tumors are near critical structures such as major nerves, blood vessels, or
organs 811, Excessive thermal ablation of tissue (normal or tumor) leads to undesirable effects such as
tissue charring which complicates ablative procedures 21>, Therefore, continuous monitoring of a
thermal ablation process is vital for achieving complete and optimal tumor ablation. Monitoring of
thermal ablation procedures usually entails image-guidance for locating the tumor and placement of
probes/electrodes, as well as assessment of the thermal damage to the target tissue. The assessment
of thermal tissue damage is usually done using the Arrhenius damage integral Equation 1 16,
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Where () is the degree of damage, A is the Arrhenius exponential factor, E,, is the activation

energy, R is the gas constant, and T is the temperature in Kelvin, c(0) is the concentration of the
native molecules, and c(t) is the concentration of denatured molecules. Tissue coagulation is assumed
to be a unimolecular reaction which facilitates in the estimation of Q. E, and A are experimentally
determined. Thus, only temperature and duration of heating are required to determine Q. MRI 7 along
with magnetic resonance thermometry (MRT) 2 is the most commonly used technique for providing
image-guidance, and temperature information during ablation procedures. They have been used in
conjunction with radiofrequency ablation 1°21, microwave ablation, high intensity focused

ultrasound 22, or laser interstitial thermal therapy 23 for providing image guidance and temperature
estimation.

Q=1In (%)

Temperature-based estimation of tissue damage is an indirect method for assessing the degree of
damage. During a coagulation process, tissues undergo both microscopic and macroscopic changes in
their structures, and physiological functions. Monitoring such changes would be a more direct
approach to assess the extent of thermal damage. Quantitative diffuse reflectance spectroscopy (DRS)
is a non-destructive method that is sensitive to tissue absorption and scattering, and thus, can be used
to quantify the tissue morphological, and physiological properties in vivo 2426, The light scattering is
sensitive to changes in tissue microstructure, while light absorption is dependent on the distribution of
chromophores within a tissue. Therefore, continuous monitoring of changes in tissue absorption, and
scattering properties would help in assessing the tissue status during an ablation procedure to achieve
the desired treatment endpoints.

In the past decade many groups have reported differences in the tissue absorption, and scattering
coefficients of native and coagulated tissues 234, Several studies reported an increase in fluorescence
in coagulated tissue 3>3°, It has been demonstrated that spectra ratios could also be used as a tool to
assess tissue coagulation 36-38.40-44 | 3|| these studies, the common findings for coagulated tissues
include decreased light penetration, increased light scattering, and/or an increase in tissue
fluorescence. However, techniques used in 27-3% 4> for extracting tissue absorption and scattering
requires tissue sectioning, and/or an integrating sphere which are not applicable in vivo, spectral ratios
are sensitive to instrument drifts, and fluorescence-based methods require complex and expensive



hardware. A robust and low-cost system for determining tissue optical properties (1, (1), and (1))
during an ablation process is yet to be realized in a clinical setting. In this paper, we report the
development of a portable DRS system and a side-firing fiber-optic probe for monitoring the real-time
changes in tissue optical properties in the visible wavelength range during thermal ablation, and
experimental results from ex vivo porcine and chicken breast tissues during heating. The resulting data
substantiates the changes in the tissue absorption, and scattering during heating which paves the way
for an online ablation monitoring system using quantitative DRS.

MATERIALS AND METHODS

DRS Instrument

The DRS system consists of a home-made side-firing fiber-optic probe, a customized visible
spectrometer (Avantes BV, The Netherland) with a white light-emitting-diode (LED) as the light source,
and a laptop loaded with custom software, shown in Figure 1. The fiber-optic probe consists of two
side-firing fibers (200 um), spaced apart by 1.53 mm, and mounted onto a V-groove in a Delrin plate

(4 x 8 x 5mm) “. One of the fibers was connected to the white LED to illuminate the target, and the
other was used as the detection fiber which was connected to the spectrometer. The laptop computer
with a custom LabVIEW program and embedded Matlab scripts were used for instrument control, and
data acquisition and analysis.

White
LED

.. ol

Figure 1. Left: Image of the visible DRS system and fiber-optic probe. Right: Schematic of the DRS system with
the side-firing fiber-optic probe.

Spectrometer

Tissue Phantom Experiment

A tissue phantom experiment was used to evaluate the performance of the fiber-optic probe for
measuring tissue optical properties. The tissue-mimicking phantoms consisted of a mixture of human
Hemoglobin (Hb) powder (H0267, Sigma—Aldrich Co. LLC, St Louis, MO), as the absorber, and 1-um
Polystyrene beads (07310-15, Polysciences, Inc., Warrington, PA), as the tissue scatterer in water.
Twenty-one phantoms covering a hemoglobin concentration of 4.41- 48 uM were created by fixing the
number of scatterers, and titrating the absorbers. Diffuse reflectance spectrum (430- 630 nm) for
each of the 21 phantoms were collected using the fiber-optic probe and the DRS instrument. The
absorption coefficient u, (1) of stock Hemoglobin solution was independently determined with a
spectrophotometer (Lambda 35, PerkinElmer, Inc., Waltham, MA). The wavelength-averaged
absorption coefficient < u, (1) > of the 21 phantoms ranged from 0.3 to 3.28 cm™. The reduced
scattering us(A) of the phantoms was calculated using the Mie theory for known size, density, and
refractive index of scatterers. The wavelength-averaged reduced scattering coefficient, < pg(1) >,
decreased from 38.3 to 18.5 cm™ due to absorber titration, representing the typical scattering
properties of coagulated porcine muscle, and chicken breast tissues.
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Ex Vivo Experiments

Porcine loin muscle and chicken breast muscle were purchased fresh from a local meat shop and
stored at 4°C to minimize water evaporation, and mechanical damages. All tissue samples were used
within 1-2 days of purchase. Before each measurement, tissue samples were allowed to warm up at
room temperature (22°C) for 7 minutes. For both chicken and porcine tissues, 66 samples

(22 x 21 x (12-16) mm), from at least five biological replicates, were cut, and randomized to
account for inter-individual differences. The baseline DRS measurements (430—630 nm) were taken
from each native sample tissue. Two experiments have been performed with the ex vivo porcine and
chicken samples.

Ex vivo experiment 1

The hotplate surface was set to the testing temperature which was confirmed with a J-type surface
thermocouple. The tissue samples were heated on the hotplate for 2 minutes, as shown in Figure 2a.
The temperature of the tissue was monitored at a point 3 mm away from the heated surface using a
needle-based J-type thermocouple to avoid disturbing the light path within the tissue. Placing the
thermocouple close to the mean photon travel depth can alter the propagation of photons within the
target tissue which would induce errors in the extracted us(4), and p, (1). Patterson et al. #’ reported
a relationship for estimating mean photon travel depth within the tissue using source-detector
separation under steady-state condition. The mean photon travel depth for baseline tissue was
estimated to be 1 mm (porcine) and 1.44 mm (chicken). The mean photon depth for coagulated tissue
reduced to 0.580 mm (porcine) and 0.770 mm (chicken). So, a distance of 3 mm, little more than twice
the mean photon travel depth in chicken tissue, was used for placing the thermocouple. The
temperatures measured by both the thermocouples (hotplate and within tissue) were averaged to
denote the tissue temperature (T). After which, samples were removed from the hotplate and allowed
to cool in room temperature (22°C) for 7 minutes prior to measurement. A set of 10 diffuse reflectance
measurements were recorded from the same site for each tissue sample. For each tissue sample, T,
duration (t), tissue images, and diffuse reflectance spectra were recorded for analysis.

m

Tissue - Tissue
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(a) (b)
Figure 2 Experimental setups (a) Tissue is heated for 2 minutes at different temperatures and cooled at room

temperature for 7 minutes before measurement. (b) Real-time changes in tissue optical properties are
measured continuously during heating.

Ex vivo experiment 2

In the second experiment, porcine (with and without connective tissue between probe, and tissue
surface) tissue samples were used to monitor the changes in < us(4) >, and < u, (1) > during
heating. The fiber-optic probe was placed onto the surface of the tissue, which in turn was mounted
onto the hotplate (pre-heated to 70°C), as shown in Figure 2b. The DRS measurements and time were
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continuously recorded during heating until < p;(1) > plateaued. The tissue samples were covered in a
metal enclosure through the experiment to achieve a more uniform heating.

Data Analysis

The diffuse reflectance spectra measured from the 21 phantoms were analyzed using a Monte-Carlo
(MC) inverse model of reflectance to extract the phantom p, (A1), and ugs(4). A detailed description of
the MC model can be found in Ref. %8, In brief, the model iteratively fits the modeled reflectance
spectrum that is calculated with guessed input parameters (i, (1), and ug(1)) to the measured
reflectance spectrum. Upon convergence, the u, (1) and pgs(4) are extracted. Each of the 21 phantoms
was used as a reference to invert all phantoms. The reference phantom that introduced the least
overall error was chosen as the reference to invert the diffuse reflectance spectra obtained in the
tissue experiments. The extracted p, (1) and s (A1) are averaged over the wavelength range (430-

630 nm). The variations reported in all measurements are standard deviations of the mean (SD).

Student's t-test (Significance level @ = 0.05) is used for comparing the differences in wavelength-
averaged optical properties, < uz(4) > and < u, (1) >, of native, and coagulated tissues in both
experiments. The < pg(1) > and < u,(A) > at coagulation temperature for both tissues were also
compared. In the second experiment, T, < us(4) > and < p, (A1) > at the start of plateau were
compared with those obtained in the first experiment. The extracted baseline < pg(4) > and <
Ua(A) > in first, and second experiment were also compared. In addition, Arrhenius parameters

(E, and A) of sarcoplasmic proteins and collagen, myosin, and actin in porcine sirloin muscle, reported
by Kajitani et al. *°, and duration (t) were used to calculate (2 and the degree of denaturation (Fy) for
porcine tissue, Equation 2. The Fy is derived from Equation 1 by a simple rearrangement of terms.
An Fy = 1 signifies complete denaturation, whereas, F; = 0 indicates no thermal denaturation, or
native tissue. Due to unavailability of E, and A for chicken tissue, the F4 could not be calculated.

B _q _ €()—c(0)
Fi=1-—c¢ 9_—6(0)
(2)

RESULTS

Phantom Experiment

The < (1) > and < pg(1) >, from each phantom are compared with the expected values, and the
results are plotted in Figure 3. The overall errors for extracting < pug(4) > and < p,(4) > of the tissue-
mimicking phantoms were 10.2% and 6.7%, respectively. A second phantom experiment, Figure 3, was
conducted to cover the range of < us(A) > for coagulated porcine, and chicken tissue. Here, we
observed an overall error of 16.3% in < uz(A) > (40.7-56.9 cm™), and 27.5% in < u, (1) >
(0.46-2.28 cm™).
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Figure 3 The extracted and expected (a) < us(1) > and (b) < p, (1) > of the tissue-mimicking phantoms.

Ex Vivo Experiment 1

The diffuse reflectance spectra from each sample tissue were recorded from both native, and
coagulated tissue. The measured < us(4) > and < pu, (1) > for the porcine native tissue (n = 66)
were 5.4 + 0.3 cm™, and 0.780 + 0.008 cm™?, respectively. There are very few studies, that have
reported porcine optical properties for the range (430- 630 nm), which limits us from comparing our
extracted porcine muscle optical properties with other studies. Alali et al. ** reported pus(1) = 4 +
0.07 cm™and p,(1) = 0.37 £ 0.04 cm™at 635 nm for porcine muscles which were significantly
different from the < pz(1) > (4.9 £ 0.7cm™, P = 0.002), and < u,(4) > (0.022 +

0.004cm™, P < 0.0001) at 630 nm, measured in this study. The measured < u;(1) > and <

Uy (1) > for chicken breast native tissues (n = 66) are 2.69 + 0.08cm™, and 0.29 + 0.01 cm™,
respectively. The s (1) and u,(4) for chicken muscle at 633 nm can vary between (3.3-8 cm™) and
(0.12- 0.17 cm™), respectively °. Kienle et al. > reported u,(1) = 4.2 + 0.5 cm™and u,(1) =
0.038 + 0.008 cm™ at 633 nm for chicken breast tissues which were significantly different from the
< ui(A)>(3.34 £ 0.3cm™, P < 0.0001), and < p, (1) >(0.011 + 0.003cm™, P < 0.0001) at
630 nm, measured in this study. The < pg(4) > and < pu, (1) > of the porcine tissues measured after
heating at various temperatures are shown in Figure 4a and b. For visual comparison, images of
coagulated porcine tissue samples at selected temperatures are also shown in Figure 4c. The <

us(A) > in Figure 6a starts to rise at the complete denaturation (Fg4 = 1) of myosin, and plateaus at the
complete denaturation of actin. This shows that < pg(1) > is strongly affected by tissue denaturation.
On the other hand, the < pu, (1) >, Figure 6b, showed no clear change with tissue denaturation.
However, the < u, (1) > increases above 100°C. The < p¢(4) > and < p,(4) > of the chicken breast
tissues measured at the end of heating are shown in Figure 5a and b. For visual comparison, images of
coagulated chicken breast tissue samples at selected temperatures are also shown in Figure 5c.
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Figure 4 Porcine muscles: (a) < us(4) >, (b) < ug (1) >. (c) Images of porcine muscle tissue captured after
heating at different temperatures.
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Figure 5 Chicken breast tissues: (a) < us(1) >, (b) < p, (1) >. (c) Images of chicken breast tissue captured after
heating at different temperatures.

The reduced scattering coefficient increased from 5.4 + 0.3cm™t030.4 + 29cm™ (P < 0.0001)
between 49-67°C (porcine), and 2.69 + 0.08cm™to 53.4 + 0.35cm™ (P < 0.0001) between 45
and 63°C (chicken breast). On the contrary, the absorption coefficient increased from 0.780 +
0.008cm™t00.99 + 0.25cm™ (P < 0.0001) for porcine tissues heated to 140.6°C, and from
0.29+0.01cm™t0 0.54 + 0.01 cm™ (P < 0.0001) for chicken tissues heated to 130°C. The <

us (1) > at coagulation temperatures for porcine (56.4 + 3.6 cm™) and chicken (52.8 + 1 cm™) were
significantly different (P = 0.04). Also, tissue coagulation was visually observable from 49°C
(porcine), Figure 4c, and 45°C (chicken), Figure 5¢c on the heated tissue surface.

Ex Vivo Experiment 2

In the second ex vivo experiment, real-time values of < u, (1) > and < pug(4) > of porcine tissues
(with (n = 6) and without (n = 6) connective tissue between probe, and tissue surface) were
recorded continuously during heating using the setup in Figure 2b. For porcine tissue with connective
tissues (Fig. 7a and b), a sharp dip in < ug(1) > was observed at 12.2 minutes, 45 seconds later the <
us(A) > began to rise, and eventually reached a plateau. Overall, the < pg(A) > dipped at 12.4 + 1.5
minutes (n = 6), and began to rise systematically from 13.7 + 1.5 minutes to plateau at 19 + 2.5
minutes with a measured temperature of 63.6 + 0.7°C. The < p¢(1) > at the dip of the samples were
not significantly different from the baseline measurements of porcine muscle measured in the first
experiment (P < 0.3603, n = 6). On the other hand, a sharp increase in < p,(4) > was observed at
the same time as the dip in < ug(A) >, after which, < u,(4) > continued to rise until 13.7 + 1.5
minutes, and dropped sharply. The < u,(4) > at the jump was significantly different from the baseline
optical properties of porcine muscle measured in the first experiment (P < 0.001, n = 6). The
extracted < p,(4) > continued to decrease until 19 + 2.5 minutes at 63.6 + 0.7°C. For porcine
tissue without connective tissues (Fig. 7c and d), a sharp jump in < u;(1) > was observed at 11.7 + 3
minutes. The < u, (1) > increased gradually from baseline by 44 + 30% and dropped sharply at

11.7 £+ 3 minutes.

DISCUSSION

Real-time monitoring of tissue status during thermal ablation is critical for achieving an optimal tumor
therapy. Excessive thermal ablation of tissue (normal or tumor) leads to undesirable effects such as
tissue charring, which complicates the ablative procedures 21>, On the other hand, insufficient heat
will lead to partial ablation, consequently increased risk of local recurrences of tumor 2. In this study, a
fiber-optic DRS system was developed to collect diffuse reflectance spectra in the visible wavelength
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range from ex vivo porcine and chicken breast tissues prior to, post, and during coagulation. The <
Ua(A) > and < pg (1) > of tissue samples were extracted from the measured spectra using an inverse
Monte-Carlo model of reflectance. The system showed a decent accuracy for quantifying < u,(1) >
and < u¢ (1) > of liquid phantoms, representative of native, and coagulated porcine and chicken
breast tissues.

In the first tissue experiment, the < ug(A) > of porcine tissues increased from baseline to 30.4 +

2.9 cm™ between 49 and 63°C, and began to decrease at higher temperatures as shown in Figure 4a.
The decrease in < u¢(1) > in Figure 4a could have been partly due to the tissue carbonization.
Correspondingly, a 28.5% increase from the baseline in < p,(4) > of porcine tissue samples was
observed at 140.6°C (the highest temperature studied), likely due to tissue carbonization. However,
tissue shrinkage during thermal denaturation is also known to increase the absorption coefficient °3.
The carbon deposits which resulted in a brown-black coloration of the coagulated pork tissue sample
can be visually seen in Figure 4c. For the chicken breast tissue samples, < ug(1) > increased from
baseline to 52.8 + 1 cm™ between 51 and 58°C, and plateaued, as shown in Figure 5a. No decrease in
< pg(A) > was observed at higher temperature. Minimal tissue carbonization was observed at
temperatures above 60°C. A 52.9% increase in < p,(A) >, from baseline, was observed at 130°C (the
highest temperature studied). The < u; (1) > of coagulated porcine (56.4 + 3.6 cm™) at 68.7 +
0.7°C and chicken breast tissues (52.8 + 1cm™) at 57.1 + 1.5°C, were significantly different (P =
0.04). Similar results have been reported by Thomsen et al. ** who observed a twofold increase in <
Uqa(A) > and a fivefold increase in < s (A1) > (at 594 and 634 nm) in rat myocardium between 45-65°C
and 60-70°C, respectively. The Thomsen study also observed plateauing of < pg(1) > at 65 (594 nm)
and 70°C (634 nm), respectively.

In the second tissue experiment, real-time changes in < u(1) > and < u,(4) > of porcine muscles
were recorded during heating (Fig. 7). For porcine tissue without connective tissues, Figure 7c and d, a
sharp jump in < pg(4) > was observed at 11.7 + 3 minutes. The < p,(4) > increased gradually by
44 + 30% and dipped sharply at 11.7 £ 3 minutes. The corresponding temperature was 48.9 +
1.2°C. The sharp changes in < ug(4) > and < u,(A4) > in Figure 7c and d may be due to the rapid
transformation of tissue microstructure due to thermocoagulation. Rapid denaturation of some major
muscle constituents such as sarcoplasmic proteins and collagen, myosin, and actin between 65 and
70°C can be observed from Figure 6. Unlike the < ug(4) > of porcine tissue without connective tissue,
Figure 7c, the measured baseline < u¢(1) > of porcine tissues with connective tissue, Figure 7a, was
several times higher than those measured in the first tissue experiment (Fig. 4a). The higher baseline <
Us(A) > in Figure 7a could have been due to the presence of connective tissue covering the surface of
the porcine muscle tissues. Melting of the connective tissue exposes the muscle tissue to the fiber-
optic probe, and improving the probe contact with the underlying tissue, thus, resulting in a sharp
change in the measured optical properties. The light scattering within the tissue is a result of the
refractive index mismatch between scattering centers (cell nuclei, collagen fiber, mitochondria,
subcellular organelles) and surrounding media (extra or intracellular fluid) within the tissue. A lower
mismatch in refractive index will result in decreased light scattering >3. This could have resulted in the
decrease of baseline < u;(4) > (Fig. 7a) from 29 + 3.9 cm™ (baseline) to 4 + 0.1 cm™ (dip).
Interestingly, the < ug(1) > (Fig. 7a) at the dip of the samples in the second experiment was not
significantly different from the baseline of porcine muscle measured in the first experiment (P <



0.3603, n = 6), which could have been due to the improved probe-tissue contact. From the dip, the
< ug(A) > follows a similar trend to Figure 7c, rising to a plateau. The < u, (1) > (Fig. 7b) changed
from 0.4 + 0.1 cm™ at the baseline to 0.6 + 0.1 cm™at the dip. However, the < u, (1) > in (Fig. 7b),
at the jump, was significantly different from the baseline optical properties of porcine muscle
measured in the first experiment (P < 0.001, n = 6).
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Figure 6 Comparison of changes in (a) < us(1) > and (b) < p, (1) > (right) to F4 of myosin, actin, sarcoplasmic
proteins, and collagen of porcine tissue at different temperatures. An F; = 1 denotes complete coagulation.
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Figure 7 Real-time changes in (a and ¢) < us(4) > and (b and d) < u, (A1) > during heating of a porcine muscle
to a set temperature of 70°C using the set-up in Fig. 2b.

The corresponding temperature where < pu¢(1) > plateaued during continuous monitoring of porcine
tissues (with connective tissue) was 63.6 + 0.7°C. The < us(4) > plateauing observed in the first ex
vivo experiment Figures 4 and 5 also occurred around similar temperatures (68.7 + 1.7°Cand 57.1 +
1.5°C, respectively). The discrepancy in the plateauing temperatures may have been due to factors
such as differences in initial tissue temperatures, tissue thickness, ambient temperature, and thermal
tissue parameters such as water content, thermal conductivity et cetera. However, the plateauing
temperature of porcine tissue (without connective tissue) during continuous monitoring was about
14.7° lower. Further, the decrease in < p,(4) > of coagulating pork tissue samples in Figure 7d is not
clear, but likely due to the heat-induced changes to the absorption spectra of the tissue chromophores.
No carbon deposits were observed at the site of measurement during continuous monitoring as the
samples were not subjected temperatures above 80°C. If the plateauing of < ug(1) > did imply
complete tissue coagulation, then, we could conclude that our device can detect the point of complete
coagulation which could help in minimizing the risk of over/under-ablation during thermal ablation
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procedures. However, more studies, particularly with histological diagnosis of the degree of tissue
damage, maybe required to understand the relationship between < us(1) >, and thermal tissue
damage.

The change in tissue microstructure and physiology during heating alters the propagation of light
within the tissue. These alterations are manifested through changes in the tissue u,(4) and ug(4).
Some of the major light scatterers within biological tissues are mitochondria, cell nuclei, cell
membranes etc. Tissue scattering is affected by the refractive index mismatch at membrane
boundaries, which changes during heating due to rupturing of cell membranes, coagulation of
structural proteins, loss of extracellular fluids or formation of new particles, and so on °*>>, The
changes in absorption could be due to denaturation of chromophores and tissue shrinkage. However, it
is unclear to us at this point to comment on the changes in < u,(1) > during heating. More studies
maybe necessary to understand the temperature-dependent absorption of major tissue
chromophores.

One of the major limitations of our study is that some of the extracted tissue optical properties fell
outside of the range of the probe calibration. Making it difficult to ascertain the error associated with
extracting the optical properties beyond the calibration ranges. However, the extracted optical
properties outside of the calibration range did not vary much across different samples, implying that
the data outside of the calibration might have a more systematic than random errors. It is also
necessary to study the relationship between the microscopic changes within the tissue, and the
resulting optical properties in both the native and coagulated tissues. Finally, studying the real-time
changes in optical properties of more tissue types may be useful as well before moving to in

vivo studies.

In conclusion, we have demonstrated that tissue absorption and scattering properties can be
measured in real-time during thermal ablation of ex vivo tissues. This technique could potentially be
used to assess the status of tissues in real-time during thermal ablation of solid tumors. Real-time
feedbacks about changes in the tissue optical properties allow a radiologist to adjust the thermal
dosage during a thermal ablation procedure to achieve an optimal outcome. The DRS system with a
side-firing probe reported in this study may provide a low-cost, and portable alternative of MRT and
MRI in tumor therapy.
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