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Compact sapphire fiber-optic probe for intraoperative analysis
of microcirculation disorders
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Microcirculation disorders and their consequences (hypoxia, ischemia, and subsequent tissue necrosis) are highly
undesirable complications in clinical practice. Therefore, monitoring tissue conditions and detecting pathologies
during surgical procedures is a crucial task in modern medicine. To address this challenge, this article presents
a compact sapphire fiber probe based on the principle of spatially resolved diffuse reflectance analysis. This
method enables the measurement of the effective attenuation coefficient of tissue and its temporal variations, thus
allowing for intraoperative assessment of tissue state under conditions of impaired microcirculation. Due to the
compact design of the probe, it can be used as an auxiliary tool for a wide range of surgical procedures and
diagnostic applications. The feasibility of the proposed probe for detecting microcirculation disorders was analyzed
experimentally, using two types of samples — a liquid phantom based on a lipid emulsion and hemoglobin and
muscle tissue ex vivo — with the inserted enzyme. The effect of the enzyme on hemoglobin and muscle tissue,
which mimics the effect of circulatory disturbance, qualitatively demonstrated the effectiveness of the sapphire

probe.
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Introduction

Microcirculation is defined as the blood flow through
the smallest vessels in the vasculature system (arterioles,
venules, and capillaries), which supplies oxygen and nutri-
ents to tissues and organs, while simultaneously removing
metabolic products from them [1]. A change in such a
vital process in the body can be caused by various patho-
logical processes and/or surgical manipulations and lead to
complications such as hypoxia, ischemia and subsequent
tissue necrosis [2]. Evaluation of the tissue vascularization
status is important in many types of surgical interventions,
especially in such as plastic, abdominal, and traumatological
operations, neuro- and oncological surgery [3], and in the
diagnosis of diabetes mellitus [4,5]. Timely detection of dis-
orders makes it possible to avoid occurring complications or
eliminate them intraoperatively without additional surgical
procedures. However, in modern medicine, microcirculation
monitoring is still subjective and is analyzed by parameters
such as tissue and blood color, vascular pulsation and tissue
bleeding at the resection sites [6,7], which do not provide
an accurate assessment of the condition.

An alternative approach to address this problem is to
monitor the microcirculation status using optical methods
and instruments. Various optical imaging and spectroscopy
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methods have been developed over the past decades to en-
chance the accuracy of tissue assessment, increase the num-
ber of successful operations, and facilitate the work of sur-
geons. Some of the most common techniques include: using
indocyanine green (ICG) fluorescence spectroscopy [8.,9],
laser Doppler imaging [10,11], laser Doppler flowmetry [10],
laser speckle contrast imaging [12,13], photoplethysmogra-
phy [14,15], optical coherence tomography [16,17], spatially
resolved diffuse reflectance (SRDR) analysis and and diffuse
reflectance spectroscopy (DRS) [18-20]. All of these
methods can be used to detect microcirculation disorders.
Each of these methods has its own advantages and dis-
advantages. At the same time, diffuse reflectance analysis
allows for the estimation of tissue optical parameters using
relatively simple technical components within a compact
instrument. Changes in these properties reflect the process
of microcirculation disorders. Therefore, this technique
formed the basis for the creation of a sapphire probe for
the analysis of such a tissue condition.

The principle of this method is to analyze the intensity
of diffusely reflected radiation from the studied sample.
Radiation, as it propagates through a biological medium,
undergoes multiple scattering and absorption by endogenous
chromophores. The fraction of diffusely reflected light
exiting the tissue can reach 30—40 % of the incident beam
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Figure 1. A sapphire probe for determining the optical properties of tissues in conditions of impaired microcirculation. (@) Sapphire
probe circuit: / — optical fibers, 2 — plastic tube, 3 — sapphire tube, 4 — sapphire plate. (b) Optical scheme: I — probe, 2 — ray
path, 3 — biological tissue. (c), (d) Photos of the sapphire probe. (¢) Type of probe contact part, p1 = 1.3 and p» = 2.6 mm. (f) Photo

of the experimental setup.

energy. Alteration in the intensity of the reflected light from
the illuminated tissue contains information about the level
of the absorption coefficient and the transport scattering co-
efficient, reflecting such microcirculation parameters as the
concentrations of oxy- and deoxyhemoglobin and the tissue
saturation level [21-23]. This method of analysis provides
fast and relatively simple quantitative determination of opti-
cal tissue parameters and their temporal changes, which is
often used in various diagnostic applications [18,20,24-26].
For the task described in the present article, a multi-
channel optical fiber probe with one illuminating and several
detecting channels located at radial distances in the range
of 1-20mm, can be used. The number of fibers may also
vary. So, usually, 6—9 detection regions are used to evaluate
the optical properties of the medium, determined by the
reflective profiles [27).

This paper considers a sapphire fiber probe, which has
only three fiber channels, which is characterized by its
small size and simple design. The probe and its operating
principle are described in detail in Ref. [28]. Its feasibility is
studied in this paper using experimental studies. Two types
of test objects, described below, were used for this purpose.
The demonstration of the possibility of using such a probe
for intraoperative monitoring of tissue conditions opens the
way for its further integration into clinical practice as an
auxiliary tool.

Compact sapphire probe

The primary challenge in constructing a fiber-optic probe
based on diffuse scattering analysis is to secure the fibers in
strictly defined positions within the probe. Furthermore,
the design must ensure that these fibers are protected
from chemical, mechanical, and other damaging impacts
during operation, storage, disinfection, and sterilization.

For this reason, the materials for the contact part and
the external housing that protects the optical fibers must
meet the following requirements: safety for use with
biological tissues, compatibility with various disinfectants
and sterilization methods, long service life, high optical
transparency at the operating wavelength or in a given
spectral range. Literature describes a variety of materials
used for these purposes [27]. One of these materials is
sapphire (Al,O3). Sapphire instruments have found their
application in laser thermal and photodynamic therapy, in
diagnostics based on optical methods [29,30], in surgical
practice for conventional (sapphire scalpels [31]) and optical
(sapphire tips and cones [29,32]) tissue resection, and also
in cryosurgery (sapphire cryoapplicators [33,34]).

Fig. 1 shows the design of the sapphire probe. The
length of the sapphire tube is 90mm, the outer and
inner diameters are 5.4 and 4.8 mm, respectively, and the
thickness of the bottom at the end of the tube is 1.2 mm. To
fabricate such a sapphire tube closed at one end, the edge-
defined film-fed growth (EFG) technique for shaped crystals
was used [35,36], as it allows obtaining crystals complex
in profile without the use of labor-intensive additional
mechanical processing. The diameter of the plastic shell
inserted into the sapphire tube is 4.5mm. It contains 3
thin through channels — one central and 2 lateral, distant
from the central one by a distance of 1.3mm (Fig. 1,4a,d).
Optical fibers are placed in these channels. The multimode
fibers used in the probe have a numerical aperture of 0.22
and a core diameter of 200 ym. The first side fiber which
delivers the radiation to the tissues is connected to an LED
(M530F2, Thorlabs) with a maximum output power of 30
mW and a central wavelength of 1 = 530nm. An LED
driver is used to adjust the output power. The choice of
green light is due to the strong absorption of hemoglobin
in the green region of the spectrum and the fact that the
difference between the absorption spectra of oxygenated
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Figure 2. Illustration of experiments with tissue phantoms and muscle tissue samples. (a) Measurement of the parameters of a phantom
consisting of a lipid emulsion with the addition of hemoglobin before and after the addition of rennet enzyme: I — phantom, 2 —
sapphire probe, 3 — rennet enzyme. (b) Measurement of parameters of a muscle tissue sample: / — sapphire probe, 2 — tissue sample.

and deoxygenated hemoglobins is more distinguishable in
this case [37]. However, this range imposes limitations on
the depth of penetration into the tissue [38], and studies
are possible only in the near-surface layers compared to
superficial instruments.

The other two fibers, distributed from the source at
distances of p; = 1.3 and p; = 2.6 mm, are used to detect
diffusely reflected radiation from the sample; they are
coupled to two compact spectrometers (CCS200, Thorlabs
with a wavelength range of AA = 200 — 1000 nm). Original
software is used to measure the signal at a specific time.
The measurement period of the signals is 3s. After that,
the signal is smoothed and the intensities at a wavelength
of 530 nm are analyzed. The optical part of the probe
was calibrated, as indicated below to correct the signals.
Background radiation that changes during the experiment
can affect the results. For this reason, the method of
background radiation suppression is employed by additional
shielding from ambient light.

Tissue samples and phantoms used in the
study

The feasibility of using a sapphire probe to determine
changes in tissue optical properties during microcirculation
disorders was studied in two experiments using rennet,
an enzyme that alters the optical properties of tissues by
coagulating proteins and destroying lipids [39]. In the
first experiment, 3 liquid tissue phantoms with optical
parameters similar to the biological medium were used,
consisting of a 5% aqueous solution of a lipid emulsion
(Lipoplus 20, B.Brown, Melsungen, Germany) (5 ml) and
a different concentration of dried beef hemoglobin: 0.05,
0.10 and 0.15g, to simulate tissues with different levels of
absorption coefficient. 0.3 ml of rennet enzyme was added
to all three samples for obtaining a gradual change in the
optical properties of the phantoms. This led to a decrease in
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hemoglobin concentration and, consequently, a reduction in
absorption (Fig. 2,a). The measurements were carried out
within 5 min after the addition of the enzyme.

7 samples of chicken muscle tissue ex vivo with size of
20 x 30 x 10 mm were used for the second experiment. A
study area was selected in each case, and 0.3 mL of rennet
was injected into the subsurface layer 10minutes before
the experiment. The diffuse reflected signal was measured
continuously for 10 min (Fig. 2, b).

Rennet enzyme (pepsin) is a protease that catalyzes the
cleavage of peptide bonds between amino acids in proteins.
Pepsin is activated in the stomach from its inactive form —
pepsinogen — under the influence of acid (hydrochloric
acid) present in gastric juice. The enzyme acts by breaking
peptide bonds, which leads to the formation of smaller
peptides [40]. Muscle tissue, like any other, consists mainly
of proteins such as actin, myosin, and other structural
components. These proteins can be digested by the rennet
enzyme. However, it is worth noting that its activity
against muscle tissue proteins may differ from its activity
against milk proteins (for example, casein), for which it was
originally developed [41].

Determination of optical properties

To determine the optical characteristics, the theory of light
diffusion in turbid media is applied [42,43]. According to
this theory, the intensity value at the sample surface at a
specific source-detector distance can be estimated as

Cry
10) = (5)e 1)
where C; and C, are empirical parameters depending on
the optical properties of the tissue, m depends on the
distance p and is assumed to be 1 for the described probe.
The parameter C, is related to the effective attenuation
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Figure 3. The path of the rays in the tissue sample recorded by
the detector channels: / — illuminating fiber, 2 — detecting fibers,
3 — tissue sample.

coefficient C, ~ g, determined by the absorption u, and
reduced scattering coefficients ul:

Hefr = \/ 3pa(ta + us), (2)

where u. = us(1 — @), us is the scattering coefficient, g is
the anisotropy factor.

The sapphire probe has 2 detection channels. Therefore,
[(p1) and I(p;) are measured during the experiment
(Fig. 3). Using the formula (2) we easily obtain

m m
e ~ L e0or] — Infl (02)p3] 3)
P2 —P1

Before measuring | (0) and determining changes in e,
the probe should be calibrated using a sample with known
optical parameters. For this purpose, a 5% solution
of Lipoplus 20 was used, the parameters of which are
ta =0.078mm~!, g=0.71, us =5.07mm~! [44], and
measurements of diffuse reflected signals were carried
out. Then, using the equation (1), the slope of the line
In[l (0)p™], constructed from two signals | (p;) and | (py), is
compared with the slope of the line InC; — C,p, where
C, is determined by from the equation (2). Thus, the
value for the correction of experimental data is determined.
Calibration allows you to take into account measurement
errors that occur mainly due to uneven sensitivity of the
spectrometers, various losses in the fibers and reflections
inside the sapphire probe.

Results

The time dependence of the effective attenuation coef-
ficient of three liquid phantoms with different hemoglobin
concentrations was obtained based on the expression (3)
(Fig. 4,a). It can be observed that the change in ucs varies
throughout the entire period for all samples. The reason for
this phenomenon was the coagulation of hemoglobin and

the breakdown of lipids induced by the enzyme. This result
confirms the sensitivity of the sapphire probe to changes
in the optical properties of samples with different levels of
absorption coefficient.

The results of determining the effective attenuation
coeflicient of muscle tissue weakening are shown in Fig. 4, b.
The decrease in the average effective attenuation coefficient
level was observed over the entire period for all samples.
The following changes take place during the first 10 min
in case of microcirculation disorders: edema, contracture
changes, perivascular infiltration appear, and transverse
striation disappears.  These phenomena occur due to
impaired blood flow and insufficient oxygen supply to
the tissues, followed by activation of anaerobic glycolysis,
which increases the concentration of lactate and develops
lactate acidosis. During these processes, the production
of adenosine triphosphate (ATP) decreases, which causes
disruption of the function of transport of ions Na®, K%,
Ca’* and their intracellular accumulation and membrane
depolarization. An excess concentration of calcium in
cells activates enzymes such as lipase, endonuclease, and
protease, and also uncouples the stages of oxidative
phosphorylation Enzymes activated with the participation
of calcium destroy the membranes of cellular organelles
and plasma membranes, which leads to disruption of the
structures of lysomes and the release of their enzymes into
the cell and subsequent autolysis. The cells lose their ability
to maintain homeostasis, water enters the cell and edema
develops, the cells also lose their membrane structures, and
plasmolysis occurs. The destruction of the membrane also
leads to the accumulation of free fatty acids, which in turn
causes reactive inflammation and tissue infiltration.

The rennet enzyme consists of the protease enzymes
chymosin and pepsin, which are involved in the reaction
of proteolysis and protein folding, which leads to the loss of
the native conformation [39]. The effect of rennet enzyme
on muscle tissue is similar to the changes in muscle tissue
during microcirculation disorders, with the only exception
that the enzyme causes changes in tissue and cellular
structure, destroying the peptide bonds of muscle proteins.
The type of changes in muscle fibers before and after the
action of rennet enzyme are shown in Fig. 5.

Discussion

The purpose of this paper was to study the feasibility
of using the proposed compact sapphire probe based on
the analysis of spatially resolved diffuse reflected light
intensity to determine the tissue optical parameters under
microcirculation disorders. Optical characteristics can act as
markers for the diagnosis of various pathological conditions,
such as cancer, diabetes mellitus, and tissue ischemia. The
effective attenuation coefficient can be one of such markers,
which includes both scattering and absorption coefficients,
and the experiments performed have confirmed the ability of
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Figure 4. Measurement of the effective attenuation coefficient of samples using a sapphire probe. (a) Time change in the effective
attenuation coefficient of the tissue phantom after the addition of rennet enzyme: 1 — for 0.05 g hemoglobin, 2 — for 0.10 g hemoglobin,
3 — for 0.15 g hemoglobin. (b) The average value of the effective attenuation coefficient of muscle tissue samples.

the proposed probe to detect changes ueg over time. Thus,
it can find application in a wide range of diagnostic tasks.

The probe design used in this study is based on
measurements of the intensity of diffusely reflected light
from illuminated samples at a single wavelength of 530
nm, since, in particular, light at this wavelength was most
strongly absorbed by hemoglobin, which is used in the
experiment. However, the current LED may be replaced
with other sources with various operating wavelengths to
meet specific demands, or with a broadband light source
to enable spectroscopic measurements. When using longer
wavelengths, the depth of light penetration into tissue can be
increased, but, on the other hand, it is important to consider
the limitations imposed by the specific source-detector
distance of the probe used, due to which the depth cannot
exceed 1 mm. At the same time, the use of a broadband light
source for measuring a spatially resolved diffuse reflected
signal, for example, in near-infrared spectroscopy methods,
provides a more precise characterization of tissue status
by allowing independent determination of scattering and
absorption coefficients and quantitative analysis of various
chromophore concentrations. Such a methodology could
potentially expand the future application scope of the
described sapphire probe and facilitate the establishment of
a threshold value for the effective attenuation coefficient that
indicates the onset of pathological tissue conditions.

The significant variation and specific features of tissues
across individual samples and subjects will affect the
determined threshold value. This variability is explained by
the complex structure of tissues and the different content
of endogenous chromophores for each individual, which
significantly affects the level of absorption and scattering
coefficients of tissues [45]. To eliminate the influence of
such a high variance in coefficient values on tissue state
assessment, relative changes in the effective attenuation or
absorption coefficient can be used for monitoring tissue
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Figure 5. Schematic representation of the structure of muscle
tissue. (a) Transversostriated skeletal muscle tissue. (b) View of
the endomysium before and after the addition of rennet enzyme
(protein denaturation process).

conditions. This approach requires that the baseline values
of these parameters for healthy tissue are measured within
the region of interest or in its immediate vicinity, whenever
possible. Another way is to estimate the rate of change of
Uerr at a certain point in time. Nevertheless, this requires a
preliminary determination of a clear relationship between
the rate of change of this parameter and a violation of
microcirculation. Establishing correlations between satura-
tion level along with the concentrations of deoxyhemoglobin
and oxyhemoglobin (markers of hypoxia, ischemia, and
associated pathologies) and either absolute/relative intensity
change u.g or even its rate of change, a separate study
with a large number of in vivo samples is required. This
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investigation would ideally encompass diverse tissue types,
pathological conditions, injuries, or other factors that may
modify baseline optical properties. Such correlations can be
determined in subsequent studies.

The proposed sapphire probe features a compact design,
making it highly suitable for clinical applications. It can be
integrated into existing surgical processes as an auxiliary
tool used both for continuous measurement of optical
properties in a specific area of study during surgical pro-
cedures, and for periodic measurement of tissue parameters
to determine its discrete changes. Moreover, the probe can
be reused due to the properties of sapphire, allowing it to
be disinfected and sterilized by various methods.

Conclusion

An experimental study was conducted in this paper for
determining the feasibility of a sapphire compact probe
for evaluating the tissue optical properties during micro-
circulation disorders. Based on the analysis of spatially
resolved diffuse reflected light, it allows for a noninvasive
determination of the tissue effective attenuation coefficient
that changes during pathological processes. The feasibility of
using a compact sapphire probe to detect changes in optical
parameters was experimentally investigated using two types
of objects: a tissue phantom with varying hemoglobin
content and ex vivo muscle tissue, upon the addition of
rennet enzyme. The results confirm the feasibility of
using the developed instrument for intraoperative tissue
monitoring, as they demonstrate the ability to observe
the dynamics of the effective attenuation coefficient during
changes in object parameters.
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