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Abstract: In this work, Brillouin light-scattering spectroscopy and optical backscattering
reflectometry (OBR) using Mg–silica-NP-doped distributed sensing fibers were employed for
monitoring local GHz visco-elastic properties and surface temperature, respectively, during laser
driven heating and ablation of chicken tissues. The spatial temperature distribution measured by
OBR at various infrared laser heating powers and times was used to validate spatio-temporal
local temperature variations modeled by the finite element method via solving Pennes’ bioheat
conduction equation. The reduction of viscosity and stiffness in chicken skin during its laser
heating was attributed to water loss, protein denaturation and change in lipid phase behavior.
These findings open avenues for the simultaneous real-time hybrid optical sensing of both
viscoelasticity and local temperature in biological tissues undergoing denaturation and gelation
during thermal ablation in clinical settings.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In contemporary medical interventions, thermal therapy stands out as a highly effective alternative
to surgery. The primary goal of thermal therapy is to deliberately alter the temperature of tissues
in a specific area over a period, prompting a desired biological response [1]. On implementing
different thermal therapies (radiofrequency, microwaves and etc.), the existing surgical method
consistently faces challenges like insufficient imaging techniques, suboptimal power delivery
for creating an effective ablation zone, and difficulty in generating a large enough ablation area
for treating sizable tumors. These limitations hinder the precise creation of coagulation zones,
making it challenging to target a volume that adequately covers the tumor without impacting
the surrounding safe region. Moreover, complications like burns to nearby organs or the bile
duct frequently arise due to excessive heat transmission [2]. These issues are critical for patients
as tumors tend to reappear from inadequately cauterized areas. Therapies employing ablative
lasers present promising advantages including quicker procedures, reduced tissue damage,
minimized bleeding, faster recovery, and decreased scarring. These attributes position them as a
hopeful approach in cancer treatment. Laser-induced thermal therapy (LITT) holds considerable
importance across various oncology practices, serving as an alternative to traditional surgical
procedures, particularly beneficial for patients unsuitable for surgery [1]. Laser ablation works on

#537374 https://doi.org/10.1364/BOE.537374
Journal © 2024 Received 22 Jul 2024; revised 7 Sep 2024; accepted 7 Sep 2024; published 4 Oct 2024

https://orcid.org/0000-0002-9922-683X
https://orcid.org/0000-0002-7512-3916
https://orcid.org/0000-0002-6500-4964
https://doi.org/10.1364/OA_License_v2#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/BOE.537374&amp;domain=pdf&amp;date_stamp=2024-10-04


Research Article Vol. 15, No. 11 / 1 Nov 2024 / Biomedical Optics Express 6199

the principle of converting absorbed laser light into heat in tissue, resulting in coagulative necrosis.
Especially, lasers operating in the infrared (IR) wavelength range possess higher absorption
properties by water compared to lasers of other wavelengths. LITT stands as a percutaneous
method for ablating tumors by utilizing high-power lasers inserted into the tumor interstitially.
This approach administers thermal therapy guided by MRI, inducing tumor ablation through
coagulation necrosis [3,4]. Research findings highlight its effectiveness not just in treating
pediatric brain tumors [5] but also in addressing small, palpable invasive breast carcinomas [6].

The skin, being the body’s largest organ, can be seen as a three-tiered system comprising
the epidermis, dermis, and subcutis. Temperature variations within skin tissue occur unevenly
due to factors such as internal heat production, temporal and spatial heat sources and drains,
as well as heat transfer between the skin’s surface and the surrounding external environment.
Comprehending how lasers ablate skin tissue, could offer valuable insights for assessing burn
injuries [7] and treating cancer through hyperthermia [8]. Yet, many current approaches
concentrate solely on temperature measurements to estimate the extent of tissue affected by
applied heat, often overlooking or underestimating the thermo-mechanical changes occurring
during this process.

Skin bio-thermomechanics, a deeply interdisciplinary field, is formed to explore the inter-
connected thermal, mechanical, and biological reactions within skin tissue [9]. When heated,
the thermal alteration of collagen causes mechanical stress, leading to substantial shrinkage at
a larger scale. Beyond structural modifications, collagen hydration shifts during denaturation,
potentially releasing water initially and absorbing it later. As expected, the thermal denaturation
of collagenous tissue can bring about significant modifications in its viscoelastic characteristics
[10]. Practically all biological materials, including hard tissues, exhibit mechanical viscoelasticity
due to the presence of viscoelastic components in their extracellular matrices, tissue cells, and
structural proteins [11]. Investigations into the temperature-dependent viscoelastic properties
of collagen-based tissues like cartilage and bone have revealed that their viscoelastic behavior
is significantly influenced by the amount of water they contain [12,13]. Differential scanning
calorimetry and dynamic mechanical analyzer techniques were used to study dynamic viscoelastic
properties of pig skin tissue and it was shown that the storage modulus is temperature sensitive,
but the loss factor does not show a significant dependency on either temperature or thermal
denaturation [10].

Thermal deformation and stresses are always coupled with heat transfer, and even a slight
change in heat-induced stress can trigger a sensation of pain in biological tissues, similar to
the effect of temperature [14]. Numerous studies have utilized analytical methods to solve
Pennes’ bioheat transfer equation, given its simplicity under specific conditions [9,15]. Numerical
investigations into the transient thermoviscoelastic behaviors of layered tumors have highlighted
the significant influence of temperature-dependent thermal conductivity on both thermal and
mechanical responses during hyperthermia treatment [16]. An analytical approach employing
Laplace transformation has been introduced to determine thermal damage and temperature changes
in living tissue resulting from laser irradiation [17]. Although informative, the current theoretical
modeling has certain constraints, with a primary limitation being the assumption of constant
properties in skin tissue, owing to the scarcity of relevant experimental studies. Additional
experiments are required to enhance our comprehension of property variations with temperature
and the associated collagen denaturation. This knowledge is essential for the development of
more advanced models in the future. However, measuring the bio-thermomechanical behavior of
skin tissue under physiological conditions is technically challenging.

Brillouin light scattering (BLS) micro-spectroscopy relies on laser light that is scattered
inelastically by thermally excited GHz acoustic waves within a probed dense medium. This
optical technique is non-invasive and non-contact and can probe visco-elastic properties of
studied media with micro-scale spatial resolution. BLS spectroscopy has found applications in
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soft matter and materials science studies [18,19], geosciences [20], biomedical research [21–23]
and biomarker detection [24–26], including probing of tissue biomechanics at a micrometer scale,
paving the way for live cell imaging [27,28].

Regarding localized optical temperature measurement, the OBR method emerges as the most
contemporary approach using fiber-optic sensors (FOS) during thermal ablation with millimeter
spatial resolution. Specifically, Mg–silicate-NP-doped fibers exhibit stronger backscattering
signals compared to standard single-mode fibers. This extension of OBR enables real-time
tracking of temperature distribution across the inner layer of thermal ablation, presenting
a valuable alternative to thermal imaging with simpler execution [29]. Chaotic attractors,
contingent on optical transmittance, offer an experimental means to monitor thermal alterations
in photodamaged biological samples [30]. Local viscoelastic variations and temperature change
of radiofrequency (RF) post-heated and post-ablated chicken muscle and bovine liver tissues
were measured by integrating BLS and OBR techniques [31]. The possibility of combining
real-time BLS analysis with distributed 2D thermometry exploiting distributed sensing can
serve as an investigative tool for the aforementioned thermal ablation procedures, but most
significantly it can be applied as a direct measurement of the tissue properties in superficial and
shallow-seated tumors. Shauffer [32] reviewed possible applicative contexts for thermo-therapies
in shallow-seated tumors, such as breast carcinoma and chest wall-located tumors. Other tumors
localized at the skin level that have been treated with thermo-therapies include superficial bladder
carcinoma [33], and non-melanoma skin cancers [34].

In this work, we report for the first time the hybrid application of BLS micro-spectroscopy
with OBR for in-situ monitoring of local viscoelasticity and temperature within chicken skin
during its laser-induced heating and ablation at different IR incident laser powers and heating
times. The distributions of Mg–silicate-NP-doped sensing fibers along tissue during ablation
allowed for the planar measurement of the local temperature profile and assessment of the
laser-ablated zone. This measured spatial temperature distribution for different IR laser powers
and heating times was utilized to validate temperature distribution obtained via solving Penne’s
bio-heat conduction equation [35] using finite-element mesh (FEM) approach. The viscoelastic
property variation extracted from temperature- and time-dependent spectral Brillouin peak
shifts and linewidths in tissues with thermal lesions was studied in correlation with respective
spatio-temporal temperature variations during laser-induced heating and ablation processes.

2. Materials and methods

Brillouin spectra were recorded using a 6-pass tandem Fabry–Perot Interferometer TFP-2 (Table
Stable Ltd., Mettmenstetten, Switzerland) in the 180o- backscattering setup. The setup’s free
spectral range was adjusted to 25 GHz. A 532 nm wavelength laser beam emitted from Verdi-G2
(Coherent, Santa Clara, CA, USA) was utilized, maintaining a low incident power below P= 10
mW to prevent any damage to the sample. The laser spot diameter with a 5× microscope objective
was 5 µm. Changes in Brillouin spectra were observed at the central point on laser-heated and
ablated chicken skin, corresponding to the temperatures recorded using temperature-sensing
fibers.

The ablation process was executed using a fiber-coupled mid-power laser operating continuously
(980 nm, Roithner Lasertechnik GmbH, Austria). The laser was calibrated and adjusted to
currents of 1 - 2.34 A, equivalent to P= 0.5 - 3.6 W, and each spectral measurement during
the ablation procedure lasted 5 minutes. Delivery of the laser light to the skin phantom was
achieved through a 1 m long fiber applicator with a core diameter of 400 µm. A holder was used
to stabilize the laser applicator at a 45-degree angle relative to the tissue, as illustrated in Fig. 1,
facilitating the laser ablation on the tissue surface. Then, a convex lens was utilized to focus
an IR-laser beam between two central fibers to an approximate diameter of 1 cm. The thermal
ablation adhered to the European protocol of “Tree Rs”29 and was performed on a commercially



Research Article Vol. 15, No. 11 / 1 Nov 2024 / Biomedical Optics Express 6201

obtained chicken skin. Our frozen chicken sample was purchased from a local butcher shop and
defrosted by bringing it to a room temperature of 22–25 °C, after which our experiments were
performed on a sliced chicken skin sample. The ablation was repeated three times at different
areas of the chicken skin sample under the same conditions to determine the average values of
spectral width, position and intensity and extract corresponding error bars defined as standard
deviation.

Fig. 1. (a) Assembled Hybrid BLS spectroscopy - OBR thermometry setup. (1) Tandem
Fabry–Perot interferometer TFP-2, (2) Confocal microscope, (3) Verdi-G2 532 nm laser
source, (4) IR-laser (980 nm) controller, (5) OBR Luna 4600 with a computer used for data
acquisition, (6) Optical fibers, (7) Chicken skin. (b) Closer view of the illustration of optical
fibers.

The temperature values were acquired by Luna OBR 4600 (Luna Inc., Roanoke, VA, USA),
which is capable of detecting backscattered events along the optical fiber during temperature
changes (Fig. S1 of Supplement 1 shows the backscattering intensity along the fibers). The OBR
was connected to fiber lines that were fitted into the chicken skin. The parameters of the OBR
were set as follows: 1. Center Wavelength: 1568.92 nm, 2. Wavelength range: 43.01 nm, 3.

https://doi.org/10.6084/m9.figshare.26966377


Research Article Vol. 15, No. 11 / 1 Nov 2024 / Biomedical Optics Express 6202

Sensing range: 1.215 m, 4. Sensor spacing: 2 mm. FOSs were placed in parallel to a displayed
x-axis of the tissue phantom. The multiplexed position of the FOSs over the ablation area enables
monitoring the temperature change for a larger area covering not only the central area, but also
the peripheral region of the ablated diameter. In order to obtain the temperature profile above the
ablated region, the scattering-level multiplexing (SLMux) configuration was utilized. Beisenova
et al. [29] demonstrated the SLMux, a novel system of distributed optical fiber sensors capable
of accurately determining the temperature distribution during thermotherapy with a resolution
of 2.5 mm. The experiment setup involved SLMux with four parallel lines. These lines were
prepared by splicing an SMF-28 separator to a 20 cm length of Nanoparticle-Doped Fiber (NPDF)
with high scattering properties. The last 6 centimeters of each NPDF were inserted into the
chicken skin with meat at a distance of 0.5 centimeters between them at a room temperature of
20 °C. Consequently, the system achieved a resolution of 5× 2 mm or 0.5× 0.2 cm, providing
120 sensing points. Considering these specifications, the resulting sensing area measured 6 by
1.5 centimeters, equivalent to 900 square millimeters.

The data collection process was conducted continuously over one hour for each experiment,
exploring a range of powers including 0.5, 1.3, 2.0, 2.5, 3.0, and 3.6 W. Approximately 46
measurements were recorded every minute, implying a measurement frequency of roughly 1.3
seconds. This approach resulted in around 3000 measurements for each experiment. Following
data collection, the comprehensive dataset underwent analysis using the capabilities of MATLAB.
Constructing a 2D map by positioning sensors every 2 mm along the X-axis and optical fibers
every 0.5 centimeters along the Y-axis, MATLAB “Curve Fitting Toolbox” were employed for
data output. Employing “Cubic spline” interpolation between each sensing point, “Contour” plots
were generated, revealing temperature variation levels at intervals of 5 degrees. The observation
periods were chosen at time intervals of 1, 2, 5, 10, 15, 20, 30, 40, 50, and 60 minutes. The
obtained results were then depicted into corresponding figures, after which tables (Tables S1,
S2, S3 are available in Supplement 1) were filled using a photo editing program to define the
cytotoxic and ablation area. This involved calculating the pixel to pixel area in the selected
temperature level region, and converting this value to square millimeters.

OBR Measured local temperature values were used to validate our 3D FEM simulated of
temperature excursions in chicken skin performed using the heat conduction module of the
COMSOL Multiphysics 6.1 software. The time-dependent bio-heat conduction equation was
solved numerically using the absorption and reflection coefficient at 980 nm laser wavelength
through chicken skin. The reflectance spectrum was measured using UV-Vis Spectrometer
(Perkin Elmer, Lambda 1050). COMSOL simulation details and the resulting temperature profiles
are presented in Figures S8, S9, and S10 of the Supplement 1.

3. Results and discussion

Figure 2 exhibits measured characteristic Brillouin spectra (fitted by Voight function) of chicken
skin while heating with a 3.6 W IR-laser power over varying laser irradiation durations. Our
BLS measurements, utilizing a backscattering configuration, permitted the assessment of bulk
longitudinal acoustic (LA) wave velocity exclusively. At the beginning, the Brillouin peaks
experienced a notable increase in intensity, corresponding to water release initiated by the heat.
Subsequently, these peaks began diminishing as the tissues underwent complete dehydration
caused by the ablation, consequently influencing the elasto-optic coupling. Figure 3 illustrates
the two-dimensional thermal maps that elucidate alterations in temperature throughout the same
laser heating and ablation procedure, specifically under fixed incident laser power of P= 3.6
W at different time intervals: 1, 2, 5, 10, 15, 20, 30, 40, 50, and 60 minutes (Thermal maps of
other incident laser powers are presented in Figures S2, S3, S4, S5, and S6 of the Supplement 1).
These thermal maps were derived through the analysis of data collected along the lengths of all
four sensing fibers doped with Mg-silicate-NPs.

https://doi.org/10.6084/m9.figshare.26966377
https://doi.org/10.6084/m9.figshare.26966377
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Fig. 2. The time-resolved measured and Voight fitted Brillouin spectra (a), Brillouin
frequency and linewidth (b) and Brillouin Intensity (c) values of chicken skin under IR laser
heating at 3.6 W.

Fig. 3. Typical evolution of spatial surface two-dimensional thermal map measured by OBR
on pristine chicken skin during the laser heating and ablation at P= 3.6 W. To guide the eye,
the BLS probed region is shown with a white spot on these thermal maps.
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In accordance with thermal dosimetry by [36], protein coagulation occurs at T ∼ 60 °C,
causing nearly rapid cell death. This phenomenon elucidates the thermal threshold beyond which
the cellular structures yield to irreversible damage. Conversely, the temperatures T< 42°C are
identified as inconsequential in terms of thermal damage, thus relegating the impact of such
conditions on cellular viability are minimal. Therefore, T= 42-60°C appears to be a critical
temperature range where cellular damage becomes apparent and cellular structures experience
partial damage. One important factor to take into account is the duration of heat exposure. The
authors [36] provide evidence that cellular death can occur after about one minute at T= 52°C.
This highlights the complex interplay between temperature and temporal factors in the context
of thermal dosimetry. This clarification emphasizes how therapy modalities must be calibrated
carefully to attain the best results possible, balancing the risk of both partial and total cellular
damage within the specified temperature range. Considering that the exposure is long, several
minutes, we would obtain a quite high mortality rate for most of the cytotoxic temperatures. In
the thermal damage identification [37], the temperature> 60 °C provides nearly instantaneous
mortality due to the protein coagulation, while the typical condition that clinicians target is the
exposure to 52 °C for one minute, which is guaranteed in this paper by a longer ablation time of
several minutes. Overall, the thermal damage mortality rate recorded in the experiments would
vary only in a narrow temperature range corresponding to the low range of the temperatures (∼
42 - 46 °C, the bottom range of temperature-induced mortality).

Figure 4(a) presents the thermal map of chicken skin exposed to a 3W IR laser, as determined
by OBR measurements and FEM simulations. The maps show a close alignment in the maximum
temperature (75-76°C) and heating area between the experimental and simulated results. The
non-uniform temperature distribution observed in the OBR measurements, in contrast to the
FEM simulation, can be attributed to the inherent heterogeneous structure of the chicken tissue.
Figure 4(b) demonstrates the rise in temperature over a period, as detected by OBR and simulated
using FEM, under different laser power settings. At first, there was a rapid temperature rise over
a 10-minute span, followed by a slower temperature increase.

Fig. 4. (a) Temperature sensing map by OBR and FEM simulation for a 3W laser power at 40 minutes of ablation time. 
(b) The increase in temperature over time, measured using OBR and modeled through FEM, at various laser powers. Fig. 4. (a) Temperature sensing map by OBR and FEM simulation for a 3W laser power

at 40 minutes of ablation time. (b) The increase in temperature over time, measured using
OBR and modeled through FEM, at various laser powers.

The point where the maximum laser-induced temperature was detected, which is at X= 3 cm
and Y= 0.5 - 1.0 cm, i.e. p between the second and third sensing fibers, was the target of the laser
beam. A peak temperature elevation is clearly visible in the laser targeted zone of the thermal
maps and the different colors show how the heat is distributed throughout the tissue.

Figure 5 demonstrates the thermal maps of chicken skin at 30 min laser heating and ablation
corresponding to different incident laser powers. These results show laser-induced enhancement
of heat-affected zone areas for different incident laser powers applied during the same irradiation
duration. The cytotoxic (at T 42°C) and thermally damaged (at T 60°C) areas of chicken skin
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under various experimental conditions were introduced in FigS7 of the Supplement 1. The skin,
subjected to a high-power IR laser, exhibited a greater extent of thermal heating and ablation
compared to the skin treated with a low-power laser.

Fig. 5. Two-dimensional thermal map of pristine chicken skin during the laser heating and
ablation at the same t= 30 min heating duration for different incident laser powers.

Figures 6(a) and (b) display the spectral Brillouin shift (elastic property) and the linewidths
(viscous property), respectively, as a function of laser heating time at different fixed incident laser
powers. At low laser powers (0.5, 1.3W), the Brillouin frequency does not change position for the
entire duration of the experiment. Starting from higher laser powers (2 - 3.6W), there is a sizeable
downshift of the Brillouin peak position during the first 10 minutes of laser irradiation, indicating
increased softening of the skin with almost no further softening at longer heating durations (up to
55 min). It should be noted that reduction in stiffness intensifies with the rising of incident laser
powers. In contrast, the linewidth shows a slight decrease with increasing laser powers, implying
that skin viscosity undergoes slight reduction with the rising laser power (Fig. 7(b)).

Fig. 6. The Brillouin frequencies (a) and linewidths (b) of chicken skin at different IR-laser
powers.

https://doi.org/10.6084/m9.figshare.26966377
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Fig. 7. Temperature-dependent LA velocity VLA (a) and longitudinal viscosity η (b) of
chicken skin determined at different incident IR laser powers.

The connection between the frequency shift of Brillouin peaks and the LA (or compressional)
sound velocity VLA of the corresponding acoustic mode directly derived as follows [38]:

VLA =
λiϑL

2n
, (1)

where ϑL is the longitudinal acoustic phonon frequency deduced from the Brillouin peak frequency
shift; λi is the incident light wavelength and n is the refractive index of the skin, taken from the
literature [39].

The relation between Brillouin linewidth () and dynamic viscosity is derived by the formula
[40]:

ΓB =
16π2n2

ρλ2
i

[︃
η +

k
Cp

(γ − 1)
]︃

(2)

where ρ - density, κ - thermal conductivity, and γ is the ratio of specific heats (Cp) at constant
pressure and volume (γ ∼ 1 for biological tissues). Then the viscosity η is determined by:

η =
ρλ2

i
16π2n2 ΓB (3)

Using data from time-resolved temperatures (Fig. 4(b)), Brillouin shifts (Fig. 6(a)) and
Brillouin linewidths (Fig. 6(b)) all measured at different incident laser powers, present the results
of temperature-dependent variation of LA velocity VLA and longitudinal viscosity η in Fig. 7(a)
and 7(b), respectively. The VLA in chicken skin decreases with rising temperature. In general,
VL of our chicken skin is in the range of the speed of sound values for other soft tissues and
has a similar trend to fatty tissues [41,42]. The chicken skin, which contains 30–40% fat with
high levels of n-3 and n-6 fatty acids and 8–12% protein, is a good source of collagen [43]. It
is well-known that as temperature increases, acoustic waves travel faster in water-based tissues,
whereas the speed of sound decreases in fatty tissues due to the phase transition process of lipids
[44,45]. A decrease in viscosity η is notable at high heating rates (high laser powers), while it
remains unaltered at low heating rates. This change in viscosity with temperature in our chicken
skin is in good agreement with porcine skin and liver samples [10,46]. It is acknowledged that
collagen also influences skin tissue’s viscoelastic traits and stiffness under quasi-static conditions.
This suggests collagen’s pivotal role in determining the overall mechanical characteristics of skin



Research Article Vol. 15, No. 11 / 1 Nov 2024 / Biomedical Optics Express 6207

tissue [10]. Unfortunately, we could not find any information on temperature-dependent refractive
index (at 532 nm wavelength of the incident laser beam) and density for chicken skin undergoing
laser heating. For example, the liver tissue does not undergo substantial change in its density
during temperature elevation from room temperature up to 95°C [47]. A slight increase in the
refractive index of the cornea (from 1.37 to 1.39) was detected [48] after laser treatment, though
the authors did not provide to what maximum temperature laser-induced heating was conducted.
In other words, the above listed change in refractive index does not exceed 10% of that at room
temperature, which suggests there is a minor effect of heating on longitudinal sound velocity and
viscosity values. Therefore, room temperature values [39,49,50] were assumed for determination
of viscosities and LA sound velocities at various temperatures. Dynamic mechanical changes
stem from both water loss and alterations in the material’s intrinsic molecular structure (including
lipid phase transition) due to heating. Hence, the intensity, linewidth and frequency variations
observed in BLS spectra are attributed to the release of water due to the denaturation of collagen
molecules and lipid phase transition during heating.

The experiments were also provided on pig skin as it is closely mimicking the human skin in
terms of structure, thickness and collagen content. However, the presence of blood vessels and
higher blood content in the pig skin lead to increased optical absorption, potentially reducing the
signal quality in BLS measurements. Chicken skin, with its lower blood content, is substantially
more transparent than pig skin resulting in higher Brillouin scattering signal due to enhanced
elasto-optic interaction associated with larger scattering volume within optically probed bulk
longitudinal acoustic waves inside chicken skin.

Figures 8(a) and (b) we show observed the changes of Brillouin frequency and linewidth, LA
velocity VLA and longitudinal viscosity η before, during and after heating of chicken skin at
an incident IR laser power of P= 2W. However, right after IR laser heating was stopped, the
Brillouin linewidth (i.e. viscosity) remained unaltered, while there was significant increase in the
Brillouin shift frequency during this cooling of the tissue back to room temperature, as shown in
the figure below. But the Brillouin shift did not recover fully back to its pre-heating value. This
post-heating, cooling-driven stiffening of the tissue is an interesting phenomenon which needs
to be systematically studied as a function of incident IR laser power and temperature to closely
monitor mechanical variation of tissues and relate them to expected physiological changes such
as protein denaturation and cell damage. This is beyond the scope of current study and is the
subject of future investigation.

Fig. 8. Time-dependent Brillouin frequency and linewidth (a), LA velocity VLA and
longitudinal viscosity η (b) change of chicken skin before, during and after heating at an
incident IR laser power of P= 2W.



Research Article Vol. 15, No. 11 / 1 Nov 2024 / Biomedical Optics Express 6208

4. Conclusion

In summary, we conducted for the first time real-time, in-situ hybrid measurements of local
visco-elastic properties and surface temperature of chicken skin using BLS spectroscopy and
OBR with Mg-silica-NP doped fibers, respectively, during laser-induced heating and ablation.
OBR-measured spatial temperature distributions at various IR laser heating powers were
employed to validate local temperature variations modeled by the finite element meshing (FEM)
method, solving Pennes’ bio-heat transfer equation. Substantial reduction in skin tissue stiffness
and slight decrease in its viscosity is associated with water loss and heat-induced structural
modifications during the laser-driven heating and ablation processes. These findings pave the
way for simultaneous real-time hybrid optical sensing of viscoelasticity and local temperature
in biological tissues experiencing denaturation and gelation during thermal ablation in clinical
settings. The real-time capability of the hybrid visco-elasto-thermometric approach could be
applied to “smart” therapeutic ablation of superficial tissues, such as in the treatment of bladder
carcinomas, non-melanoma skin cancers, or breast carcinoma with their thermo-mechanical
properties informed in real-time during diagnostics and hyperthermic surgeries.
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