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Diffuse reflectance spectroscopy for determination of optical
properties and chromophore concentrations of mice internal organs in
the range of 350 nm to 1860 nm

Marcelo Saito Nogueira?, Michael Raju*?, Jacqueline Gunther?, Konstantin Grygoryev?, Katarzyna
Komolibus?, , Huihui Lut, and Stefan Andersson-Engels*?
Tyndall National Institute, Lee Maltings, Dyke Parade, Cork, Ireland
2Department of Physics, University College Cork, College Road, Cork, Ireland

ABSTRACT

The development of photomedical modalities for diagnostics and treatment has created a need for knowledge of the
optical properties of the targeted biological tissues. These properties are essential to plan certain procedures, since they
determine the light absorption, propagation and penetration in tissues. One way to measure these properties is based on
diffuse reflectance spectroscopy (DRS). DRS can provide light absorption and scattering coefficients for each
wavelength through a non-invasive, fast and in situ interrogation, and thereby tissue biochemical information. In this
study, reflectance measurements of ex vivo mice organs were investigated in a wavelength range between 350 and 1860
nm. To the best of our knowledge, this range is broader than previous studies reported in the literature and is useful to
study additional chromophores with absorption in the extended wavelength range. Also, it may provide a more accurate
concentration of tissue chromophores when fitting the reflectance spectrum in this extended range. In order to extract
these concentrations, optical properties were calculated in a wide spectral range through a fitting routine based on an
inverse Monte-Carlo look-up table model. Measurements variability was assessed by calculating the Pearson correlation
coefficients between each pair of measured spectra of the same type of organ.

Keywords: Optical properties, diffuse reflectance, optical spectroscopy, reflectance spectroscopy, optical diagnostics.

1. INTRODUCTION

Recent advancements in medical devices are progressing towards cost effective technologies capable of providing
real-time and non-invasive assessment of biological tissues. Some of the technologies under development involve optical
methods to enable functional imaging and customized therapy. Improvement of these methods is subject to the accuracy
of the optical techniques employed. This creates a need for accurate determination of tissue optical properties of the
tissues involved. For the purpose of diagnostics and therapy guidance, these properties can yield information of the tissue
biochemistry. This will allow medical assessment at an earlier stage compared to current medical imaging technologies,
which provide primarily morphological/structural information. Advancements rely on the ability to separate
morphological and pathomorphological features (associated to scattering) from physiological properties of the tissue
biochemistry (related to tissue absorption) in the captured optical signal. By detailing these two contributions, precise
clinical interventions can be performed. These interventions are divided into optical diagnostics and treatment
modalities. Therapeutic applications include precise laser surgery for quicker patient recovery, low level laser therapy for
inflammation reduction and pain relief, laser-induced thermotherapy, and photodynamic therapy for a wide range of
medical disorders [1-22]. On the other hand, applications in diagnostics include disease identification, monitoring
diseases or healing progression, surgical guidance, and improvement of the effectiveness of treatment planning [23-31].
The efficiency of both optical diagnostics and treatments depends on tissue optical properties. These properties define
light propagation inside biological tissues and can be used to apply correction factors to compensate the attenuation of
the collected signal during tissue assessment [32-79] or to determine the light dose delivered during treatment
customization [1-22]. In order to elucidate these properties, numerous research groups have developed techniques based
on steady-state or time-resolved reflectance and transmittance measurements [13, 17, 80-88].

One of the main techniques for determination of optical properties is the diffuse reflectance spectroscopy (DRS)
[89]. DRS is a promising cost effective tool for non-invasive, fast and in situ interrogation of biological tissues. It has



been employed in many clinical applications and is useful for tissue identification or evaluation of its composition [23-
30]. In order to analyse DRS measurements, two approaches can be adopted. The first is tissue classification based on
multivariate analysis [90-101]. Multivariate techniques are frequently employed to find discrimination between various
tissue types, and where the optical per se are necessary. If the optical properties are to be derived, one often relies on the
model based algorithms for data analysis. Then it is possible to extract the tissue optical properties, such as the
absorption and reduced scattering coefficients [23-27, 29, 31, 89], as well as the chromophore concentrations [23-30]. To
obtain the chromophore concentrations one employs the chromophore absorption spectrum, and a model for light
propagation in tissue as inputs to a fitting algorithm. The light propagation model is either analytical (typically solving
the radiative transport equation with the diffusion approximation) [102-115] or probabilistic (typically solving the
radiative transport equation with Monte Carlo simulations) [27, 30, 88, 116-137].

Current analytical models are based on semi-empirical solutions or diffusion approximation, while look-up table
(LUT) models are associated to an experimental reflectance database of measurements in tissue-mimicking phantoms or
to a Monte Carlo (MC) database generated from forward MC simulations [27, 30, 133-137]. Inverse MC LUT models
have the advantage of not depending on methodological differences of experimental measurements. Since these
differences may hinder the comparison across reported studies [89], a standard reflectance database is key to guarantee
the reproducibility of obtained results. Reproducibility is also dependent on the analysed wavelength range and on
variations in ambient conditions during measurements [138-154]. With this in mind, these variations should be
investigated in the widest wavelength range possible, including the scarcely studied near-infrared region above 1100 nm.
In addition, further research is required to understand effects of pressure and temperature in reflectance measurements in
order to apply a correction in the collected spectra.

In this study, we provide a preliminary analysis of the effect of pressure and temperature variations in diffuse
reflectance spectra and total hemoglobin concentrations. Diffuse reflectance spectra were analysed in an extended
wavelength range between 350 nm and 1860 nm. Chromophore concentrations were obtained by using an inverse MC
LUT model to fit the reflectance spectrum. Our LUT covers a wider range of optical properties (scattering coefficient
varying from 5 to 1500 cm* and absorption coefficient from 0.03 to 1000 cm™) and a greater resolution (676 reflectance
values) than previously reported studies, to the best of our knowledge.

2. METHODOLOGY

2.1 Diffuse reflectance spectroscopy (DRS) system

This system has a broadband light source (HL-2000, Ocean Optics, Edinburgh, United Kingdom) that delivers the
light to the sample through a 600-um-core Low-OH-Silica fibre optic probe (BF46LS01 1-to-4 Fan-Out Bundle,
Thorlabs, Munich, Germany) with 630 um source-to-detector (fibre center-to-center) distance. By using the same probe,
the reflected light is collected and sent to two detectors: one visible wavelength spectrometer (QE-Pro, Ocean Optics,
Edinburgh, United Kingdom) and one near-infrared wavelength spectrometer (NIR-Quest, Ocean Optics, Edinburgh,
United Kingdom). The intensity is measured for wavelengths in the range of 350 nm to 1860 nm (figure 1). After
measuring the intensity, the data can be post-processed.
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Figure 1: Schematic image of the DRS system. Reflected light can be collected in a wide range of wavelengths and, thus, allow the
investigation of a larger variety of chromophores in biological tissues such as oxyhaemoglobin, deoxyhaemoglobin, and water. Our
fibre probe has 600-um-core fibres next to each other and a 630 pum source-to-detector (fibre center-to-center) distance is kept
between them so that we collect a intense signal from scattered light.

2.2 Removal and preservation of mice internal organs

C57 mice were anesthetized and had their organs removed. This removal was performed after access to internal
organs through 5 steps: initial incision below the navel going up toward the mouth, downward incision toward the tail,
lateral incision at the shoulder joints, another at the pelvic girdle and removal of the abdominal membrane. Mice internal
organs were taken away and washed with phosphate buffer saline solution to maintain physiological conditions. After
this, they were preserved in a plastic container with phosphate buffer saline solution surrounded by ice until the start of
the measurements.

Measurements were performed in two different temperatures (0 °C and 25 °C) and two pressure states (touching the
surface of the fibre optic probe in the ex vivo tissue or gently pressing it). The gentle pressure simulates variations in
reflectance due to attempts in keeping the probe in a stable position during measurements. In all different conditions,
organs (2 hearts, 3 kidneys, and 3 livers) were covered with a plastic foil while immersed in phosphate buffer saline
solution in order to avoid dehydration.

2.3 Data processing

Both visible and near-infrared spectra have their background subtracted and the captured signal is then divided by
the results from a reflectance standard (FWS-99-01c, Avian Technologies LLC, New London, USA). Then, the visible
and near-infrared spectra are connected in order to analyse chromophores concentration in a continuous broad spectrum.
In order to ensure there were no variations due to system fluctuations, both background and reference signals were
collected before and after our measurements.

2.4 Data analysis

Our spectral analysis consists in two approaches: reproducibility analysis and extraction of tissue optical properties.
The former was based on the variability of the shape of the measured spectra. This was evaluated by calculating the
Pearson correlation coefficient for each pair of measurements. On the other hand, determination of tissue optical



properties was performed by fitting each spectrum using an inverse MC LUT model. The outputs of this model are the
scattering associated coefficients and biomolecules concentrations.

Measurements reproducibility was calculated by evaluating variations in the Pearson correlation coefficient among
measurements in the same organ (internal reproducibility), among measurements in different organs (external
reproducibility), and among measurement averages in the same organ (external average reproducibility). For the
calculation of these coefficients, each pair of measurements was compared separately and the average of the coefficients
was taken. In addition, organ biological variability was calculated by comparing the external and internal reproducibility
using equation 1:

|External correlation average—Internal correlation average|

Organ variability = €h)

Standard deviation of internal correlation

Tissue optical properties including pa and s are used as an input to a forward Monte Carlo model, which is used to
simulate the light transport inside tissue and calculate the photon flux coming out of it in different positions. By
calculating the photon flux in the area of our collection/detection fibre for each combination of absorption coefficient
(W) and scattering coefficient (W) in a wide range of optical properties, we generated a look-up table (LUT) for the
spectral fitting. The contribution of photons launched in the light source area, i.e., the area of our excitation fibre, is
taken into account by performing a convolution for the incident photon beam. The resulting LUT is accessed by the
fitting algorithm to find the best combination of chromophore concentrations and scattering parameters to best match the
measured reflectance spectrum.

The spectral fitting is based on comparing the experimental spectra with the simulated photon reflectance coming
out from biological tissue with specific optical properties [26]. We assumed a fixed anisotropy factor (g = 0.9). The
variable parameters are total pa and s, which must be a combination of biomolecules absorption in the wavelength range
of the measurement and a combination of Mie and Rayleigh scattering, respectively (equation 2 and 3). The known
spectral relations of the absorption spectra and scattering mechanisms relates the measurements at all wavelengths in the
measured spectrum.

By using the generated LUT (reflectance database from forward Monte Carlo model), the spectral relations for Mie
and Rayleigh scattering, and the absorption spectra from chromophores reported in the literature [26, 27], we are able to
fit the experimental spectrum. This happens through optimization of the biomolecules concentrations (oxyhaemoglobin,
deoxyhaemoglobin, water, fat, bile), and scattering amplitude o, Mie scattering power B, and Rayleigh scattering ratio v,
i.e, the contribution of Rayleigh scattering to the total scattering (equations 2 and 3). Considering these three types of
inputs, our first initial guess is made for seven or eight parameters to be optimised, depending on the investigated tissue.
The algorithm then accesses the respective reflectance value from our LUT model.

Calculation of optical properties uses the following equations:

2% total(/l) =2 fchromophore p-a,chromophore (l) (2)
A\ 7F A\ "4
Hs total = & [(1 -7) (%) +vy (l_o) ] (3),

Where fenromopnore @Nd Mg cnromopnore are the volume percent of each chromophore and its absorption coefficient in the
pure state, respectively. Our model considers oxyhaemoglobin (HbO.), deoxyhemoglobin (Hb), water, fat, and bile as
chromophores in liver, while only the first four were taken into account for heart and kidney. In this study, we will refer
10 fhi00a = fup + fuvo, as blood volume percentage (BVP).

After this, an optimization of the biomolecules concentrations and scattering amplitudes (a and y) and power (B)
takes place by using the trust-region-reflective algorithm of the nonlinear least-squares solver implemented in MATLAB
(Mathworks, Nattick, Massachusetts). The process is repeated until the difference between the experimental and



calculated reflectance reaches a threshold limit, i.e., the optimization stops after the error reaches the tolerance limit of
107 (figure 2).
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concentrations and sc::lttering properties
A Calculation of total absorption
A2 and scattering coefficients N 0
A3
: Extraction of reflectance
A * values from Lock-up table
v
Optimization of reflectance:
calculation of IRexper\'menta\ (A} - Is the error is in
Rmodelled (A) | and minimization by —> the tolerance
comparison with previous guess limit?
L Yes
Stop

Figure 2: Flowchart of our spectral fitting algorithm.

Once Ws is determined, the calculation of the reduced scattering coefficient ps’ is given by:

HQ total — Ms total 1-9 (4)

”-; total = a [(1 - '}/) (;_0)_[’) + 14 (%)_4] (5),

where g is the anisotropy factor, assumed to be equal to 0.9, and a' = a(1 — g) is the scattering amplitude for ps’
values.

In addition to scattering parameters and volume percent of each chromophore, we calculated the total haemoglobin
concentration (THC) by using the equation reported by Jacques, S. L. [155], assuming the mass concentration within
blood as 150 g L* and molecular weight of average haemoglobin as 64 458 g mol .

3. RESULTS AND DISCUSSION

3.1 Reproducibility analysis for different temperature and pressure states

The reproducibility of the shape of the spectrum was evaluated for the cortex of each organ. This reproducibility
involve aspects of both tissue morphology and biochemistry. Morphological information include organization of
multicellular structures (such as vessels, fibres, nerves), cells size, number of organelles, composition of tissue layers,
extracellular matrix, membranes, and other factors that may contribute for the heterogeneity of tissue refractive index.



Most of these factors are associated to scattering properties. On the other hand, biochemical features such as water,
blood, lipid, bile, bilirubin, melanin, collagen content are primarily related to absorption properties. All these
characteristics can affect reflectance measurements depending on the tissue type and methodological conditions in which
each study is carried out. Difference in average reflectance spectra of heart, kidney and liver is shown in figure 3. By
observing kidney spectra, lower blood content is clearly seen by the decreased absorption between 525 and 575 nm.

—Heart
—Kidney;
Liver

800 1000 1200 1400 1600 1800
Wavelength (nm)

Figure 3: Average diffuse reflectance spectra for 25 °C in heart, kidney and liver when the surface of the fibre optic probe is touching
the organ.

One way to investigate the temperature effect in tissue diffuse reflectance measurements is monitoring changes in its
optical properties. These properties were mostly studied for temperatures above 20°C. In this case, current literature
covers research about s’ changes due to dehydration of collagen fibres, transition of glycolipids of cell membranes from
a gel to a liquid phase, protein denaturation or degradation of cellular components.

Troy et al. described temperature effects in optical properties of several types of tissues for optical mammography
(infiltrating carcinoma, ductal carcinoma in situ, mucinous carcinoma, normal fatty, and normal fibrous tissues) [149].
They observed a variation in the absorption coefficient (between 0.25 and 0.7 cm™) and reduced scattering coefficient
(between 0 and 30 cm™) of canine prostate tissue upon temperature increase from 23 to 64 °C. They attributed the
increase in the scattering coefficient to the degradation of cellular components, although this increase happened even for
temperatures below the tissue coagulation threshold (around 60 °C) [156]. In addition, they reported no significant
difference was detected in tissue optical properties at 633 nm after repeatedly freezing and thawing samples in room
temperature [149].

Laufer et al. studied the effect of temperatures between 20 to 45 °C in optical properties of human ex vivo skin.
These properties are studied in a spectral range of 600 to 1050 nm. In both dermis and subdermis, no significant change
in the absorption coefficient (1) was observed. On the other hand, the reduced scattering coefficient (ls”) increased as a
function of temperature for the dermal tissue, whereas it decreased for the subdermis. Changes in subdermis are
explained by a transition from a gel phase (stable crystalline phase) of glycolipids in human cell membranes to a liquid-
crystalline phase when increasing the temperature from 25 to 45 °C. Conversely, variations of ps” in dermis were
assumed to originate from changes in hydration of its collagen fibre structure.

Jaywant et al also reported a s’ increase (at wavelengths 633 nm and 810 nm) in bovine muscle and liver tissues at
temperatures between 40 and 80 °C [153]. They correlated this increase in muscle to denaturation of actin (loss of
sarcomere | band up to 45 °C) and myosin (denaturation of sarcomere A band up to 70 °C). In liver, Ys’ changes were
attributed to denaturation of a set of globulin proteins in a variety of temperatures.

Our data shows a more intense diffuse reflectance signal at lower temperatures for heart and kidney tissues (figure
4). Since there was a little difference in the spectra shape, we believe the reasons for this increase are mainly related to
tissue scattering properties. Heart has several layers including pericardial adipose tissue, fibrous pericardium, pericardial
cavity with serous pericardial fluid, epicardium (with mesothelial cells and connective tissue), myocardium (containing
cardiac muscle), and endocardium. Since mice heart is small we might be able to interrogate most of these tissues. Then,



possible reasons for the measurement of a stronger reflectance intensity (figure 4A) may include a transition of lipids in
adipose tissue and glycolipids in cell membranes to a more “crystalline” phase in 0 °C, hydration of collagen fibres in
connective tissue, and changes in actin-myosin complexes due to muscle contraction. Kidney tissue layers include an
adipose tissue layer, renal capsule (layer of connective tissue containing collagen and elastin), renal fascia (mostly
composed by connective tissue), cortex (highly vascularized and granular tissue with nephrons, composed by renal
corpuscles and tubules), medulla (containing a dense nephron network), and renal pelvis. Due to a similar organization of
tissue layers (outer adipose and connective tissues), possible reasons for the increase in the measured diffuse reflectance
(figure 4B) may be similar what we listed for heart tissue, except by alterations in actin-myosin complexes. Liver has
several lobes separated by ligaments (collagen-rich connective tissue). Their surface is covered by a network of collagen
and elastin fibers that make up the Glisson’s capsule. Right below this capsule, liver parenchyma is mainly composed by
hepatocytes, Kupffer cells, stellate cells and endothelial cells. Liver is a highly perfused organ with hepatocytes lining
small vessels (sinusoids) and participating in the metabolism of several components such as lipids, proteins and bile.
This means liver parenchyma absorption is dominated by blood and bile as long as there is no fat accumulation (such as
in steatosis cases). Since a decrease in the liver reflectance was observed at 0 °C and the shape of the spectrum changed,
an increase in the local chromophore concentration and haemoglobin oxygenation may explain this alteration. Since the
intensity in the haemoglobin and water absorption regions remain stable, the intensity decrease in other spectral regions
may be mostly caused by changes in bile concentration and blood oxygenation. In addition, variations in scattering
properties may interfere with the detected reflectance intensity.
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Figure 4: Average diffuse reflectance spectra for 0 °C and 25 °C in A) heart, B) kidney, and C) liver. A more intense diffuse
reflectance was obtained at lower temperatures for heart and kidney tissues.

As described previously for temperature effects in the diffuse reflectance signal, pressure influence can also be
studied by measuring changes in tissue optical properties. Reported analyses support effects of increased local blood
volume when raising the probe pressure against tissue, possible increase of water concentration due to compression of
intracellular fluids, and increase of refractive index heterogeneity. Ti et al. investigated effects of probe contact pressure
in the diffuse reflectance signals (wavelengths between 400 nm and 900 nm) of heart and liver tissues. After elevating
this pressure, they observed major alterations between 400 and 650 nm. These alterations were attributed to a decreased
in local blood volume in the measurement region due to a typical tissue response under focal pressure. They concluded
the hemodynamics of local tissue should be taken into account when collecting diffuse reflectance spectra [143].
Although this statement agreed with the results showed by Chan, et al. [142], this latter research group reported that



tissue compression could lead to an increase in the absorption coefficient. In the visible wavelength range, this was
explained by an increase of local chromophore concentration upon reduction of tissue thickness. For the infrared region,
it was justified by the retainment of intracellular fluids during compression, which increases the volumetric water
concentration. Difference between these studies (Ti et al. [143] and Chan, et al. [142]) may happen because they use a
different settings for tissue geometry (semi-infinite medium and slab configurations) and status (in vivo and ex vivo).
They also described an increase of s’ and suggested structural changes generated by this compression increase the
effective scatterer concentration. This happened because tissue density and refractive index become more heterogeneous
when its thickness is reduced. The ps” increase was also reported by Reif et al., who analysed reflectance spectra fitting
parameters in mice thigh muscle [138].

With this in mind, we believe the diffuse reflectance of heart tissue increases upon compression (figure 5 A) because
the density of refractive index mismatches become higher. In addition, the stability of the near-infrared range above 1380
nm may imply an increase in the local water volume. In regards to kidney tissue, no significant changes are observed
after increasing the fibre contact pressure. This suggests most of the reflectance intensity is not influenced by the outer
adipose tissue layer at 25 °C.

A) 012 T B) 012 T T = —
—Fiber probe touching heart —Fiber probe touching kidney

;‘ 01 [—Fiber probe gently pressing heart| ’; 01 —Fiber probe gently pressing kidney
‘9’0.08 L ‘%0.08 I
®
o o
E 0.06 E 0.06
0.04f $0.04
o =
o (7}
£ 0.02 X 0.02

400 600 800 1000 1200 1400 1600 1800 400 600 800 1000 1200 1400 1600 1800

Wavelength (nm) Wavelength (nm)

Figure 5: Average diffuse reflectance spectra for two measurement conditions in A) heart and B) kidney: when the surface of the fiber
optic probe is touching the interrogated area or when this probe is gently pressing the organ surface at 25 °C.

In regards to the reproducibility of the shape of reflectance measurements, both internal and external reproducibility
are mostly higher at 25 °C (tables 1 and 2). Also, both reproducibility values increase with temperature and applied
pressure for heart tissue. On the other hand, kidney values are lower for greater pressures at 0 °C. When comparing
values of internal and external reproducibility, i.e., extending the comparison of measurements in the same organ to
measurements in all organs, an increase was obtained for heart at 0 °C, whereas a slight decrease is observed in kidney
(except by the condition of 0 °C and applied contact pressure. Overall, liver provided the most homogeneous shape of
the reflectance spectrum.

Table 1: Internal reproducibility of reflectance measurements for each organ type. The shape of heart spectra is more heterogeneous
than kidney and liver.

Probe contact pressure
Organ Touch Gently pressing
Temperature
Heart (n =2) 0°C 0.855198 + 0.00003 0.87+0.10
25°C 0.91+0.05 0.96 +0.01
Kidney (n=3) 0°C 0.97 £ 0.02 0.88 +0.05
25°C 0.92 £0.01 0.94 £ 0.01
Liver (n=3) 0°C 0.94+0.01 -
25°C 0.96 £ 0.02 -




Table 2: External reproducibility of reflectance measurements for each organ type. The shape of heart spectra is more heterogeneous
than kidney and liver.

Probe contact pressure
Organ Touch Gently pressing
Temperature
Heart (n=2) 0°C 0.88 0.89
25°C 0.9 0.96
Kidney (n =3) 0°C 0.96 0.9
25°C 0.91 0.93
Liver (n=3) 0°C 0.93 -
25°C 0.96 -

Since heart had a relatively low but recurrent internal irreproducibility (0 °C and fibre touch the tissue surface) and
an improved external reproducibility when extending the comparison for measurements among organs, it shows the
highest variability in one of its conditions (table 3). When comparing values of organ variability, liver exhibits most
stable measurements, while kidney shows a relatively high variability at 25 °C. For kidney, the measurement condition
of touching the tissue surface leads to a lower influence of organ structure and composition in the diffuse reflectance.
This should be taken into account for future studies involving different temperatures in renal tissue.

Table 3: Variability of reflectance measurements in each organ type and measurement condition. Liver has the lowest biological
variability in 25 °C, whereas kidney presents the most stable reflectance at 0 °C. Even though error in internal and external
reproducibility was rounded off to one significant figure in tables 1 and 2, we considered the full values of average and standard
deviation to calculate variability values.

Probe contact pressure
Organ Touch Gently pressing
Temperature

Heart (n =2) 0°C 908.2 0.2

25°C 0.2 0.2
Kidney (n =3) 0°C 0.3 0.2

25°C 0.5 0.9
Liver (n=13) 0°C 0.3 -

25°C 0.1 -

Compared to the previous external reproducibility values, an improvement of measurements reproducibility was
obtained for average of reflectance spectra in each type of organ (table 4). A great improvement was achieved
particularly for conditions where external reproducibility was equal or below 0.91 (table 2). This suggests the average
reflectance of at least 3 measurements in different regions is stable among organs, especially during their assessment in
cold temperatures. This assessment includes organ viability for transplantation after cold preservation through simple
static cold storage or hypothermic machine perfusion.




Table 4: External reproducibility of average of reflectance measurements in each organ type. An improvement can be observed
compared to values calculated for single measurements.

Probe contact pressure
Organ Touch Gently pressing
Temperature
Heart (n=2) 0°C 0.98 0.99
25°C 0.94 0.98
Kidney (n =3) 0°C 0.98 0.97
25°C 0.96 0.97
Liver (n=3) 0°C 0.98 -
25°C 0.99 -

3.2 Extraction of tissue optical properties and chromophore concentrations

In this section, we present variations of parameters obtained in our spectral fitting in the same measurement
conditions specified in the last section. These parameters are also compared with those reported in previous studies in
order to evaluate the accuracy of our analysis and investigate additional implementations to improve our fitting algorithm
(figure 6). Our error percentage, calculated by the difference between the experimental and fitted spectra divided by the
experimental reflectance for each wavelength, is especially low in the spectral range from 600 nm to 1300 nm. Accuracy
improvements will be achieved by expanding our chromophore database and changing the geometry of our fibre optic
probe. This will allow us to obtain more precise values of both tissue optical properties (figure 7) and chromophore
concentrations.
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Figure 6: Comparison between an example of experimental spectrum and the inverse Monte Carlo spectral fitting. We are improving
the accuracy of the fitting by measuring improved chromophore spectra in an extended wavelength range. Error percentage is
calculated by the difference between the experimental and fitted spectra divided by the experimental reflectance for each wavelength.
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Figure 7: A) Absorption coefficient and B) reduced scattering coefficient for a typical spectrum of heart, kidney and liver obtained in
this study. Features of blood and water absorption can be observed in spectral ranges from 500 to 800 nm and above 1100 nm,
respectively.

We observed very different features in both paand pis” spectra. [ values typically varied from 0.6 to 200 cm, while
Us” was restricted between 2 and 20 cm™ (figure 7). As mentioned for diffuse reflectance spectra, kidney tissue had less
influence of blood absorption in the interrogated volume of our measurements. On the other hand, a high blood content is
observed in heart (table 5), especially when increasing the probe contact pressure in the tissue surface. This also happens
for the scattering amplitude. This amplitude is lower for measurements in 25 °C, whereas the Rayleigh scattering ratio is
lower for 0 °C. Signals captured at 0 °C with the probe touching in the tissue surface tend to have lower BVP and THC.

Some studies report values for optical properties and chromophore concentration in heart and muscle tissues.
Scepanovic et al. studied the diffuse reflectance of excised human carotid endarterectomy specimens with intraplaque
haemorrhage in a spectral region between 300 nm and 700 nm. They report a total Hb concentration of 0 to 16 mg/mL (0
to 248.2 uM) and scattering amplitude between 1 and 4 cm™ [25]. This scattering amplitude agrees with the value
reported by Nachabé et al (2010). They measured muscle diffuse reflectance in a spectral range between 500 nm and
1600 nm using a fibre optic probe with 2.48 mm of source-to-detector distance. Their spectral fitting parameters included
scattering amplitude of 4.6 cm™, Mie scattering power of 0.6, Mie-to-Rayleigh scattering fraction of 87%, and BVP of
2% [27]. Our study shows higher values for all these parameters, particularly BVP and scattering amplitude (table 5).
This may happen because we conducted experiments in ex vivo tissues, which may have differences with measurements
performed in in vivo tissues by their research group. In addition, we measured layers of different tissue types with a
different probe geometry so that the interrogated volume may include a different volume of muscle tissue compared to
their study. However, our values of total haemoglobin concentration (THC) agree with part of the values reported by
Scepanovic et al. In addition, the scattering power and Mie-to-Rayleigh scattering fraction are close to what Nachabé et
al described.

In regards to effects of probe contact pressure in heart tissue, our study agrees with what is reported by Reif et al.,
who analysed reflectance spectra fitting parameters in mice thigh muscle [138]. They used the spectral region from 350
to 700 nm to study effects of compression in the blood volume fraction, oxygen saturation, blood vessel radius, Mie
slope, and reduced scattering coefficient. No trend was observed in the mean blood volume fraction (variation up to
20%), whereas s’ increased with applied pressure. Conversely, a decrease in oxygen saturation, blood vessel radius, and



Mie slope (Mie scattering power) was described. When comparing our measurements for heart tissue at 25 °C, the same
trend in the mean BVP, Mie scattering power, and s’ is observed.

Table 5: Spectral fitting parameters for heart tissue in each measurement condition. A decrease in BVP and THC is observed when
touching the fibre optic probe in the organ surface at 0 °C. At this temperature, the Rayleigh scattering ratio decreases significantly,
whereas the scattering amplitude is lower for 25 °C. Also, we perceived a higher BVP, THC and scattering amplitude when gently
pressing the fibre optic probe in the heart surface.

Touch Gently pressing
Spectral fitting parameters (Heart) 0°C 25°C 0°C 25°C
Blood volume % 10.29 11.96 12.25 12.68
Total Hb concentration (uM) 239 278 285 295
Scattering amplitude o’ (cm™?) 7.9 7.0 8.6 7.7
Mie scattering power 0.41 0.4 0.46 0.37
Rayleigh scattering ratio y (%) 10° 10® 2*10° 10®

Kidney tissue has a decrease in all spectral fitting parameters, except by the Rayleigh scattering ratio, for
measurements taken at in higher temperatures or upon application of probe contact pressure (table 6). Reduction in the
scattering parameters at 25 °C may be related to phase transition of lipids in adipose tissue, whereas the decrease with
applied pressure may be associated with water displacement from collagen fibrils in connective tissue, which creates a
more refractive index-matched environment, as described by Chan et. al. [142]. Lower blood content might be explained
by the local exsanguination upon compression investigated by Ti et al.

Studies presenting values of chromophore concentrations in kidney include two reported assessments of blood
content and oxygenation during induced renal ischemia by Grosenick et al. [23] and Goel et. al [24]. Grosenick et al.
obtained a THC of 580 uM and scattering power of around 2 for renal tissue before aortic occlusion. This was done by
using time-resolved near-infrared spectroscopy in the wavelengths 690 nm, 800 nm and 830 nm. After occlusion, THC
drops to around 450 uM and scatter power remains almost constant. They also report Ys” values of 13 cm™ (690 nm), 10
cm™* (800 nm), 9 cm* (830 nm), and P, of 1.35 cm™ (690 nm), 1.14 cm™* (800 nm), 1.18 cm™* (830 nm) before occlusion
[23]. Another paper using a similar system increases the number of animals for better sample statistics. It informs the
mean of these values as 12.2 cm™ (690 nm), 10.2 cm* (800 nm), 9.7 cm™* (830 nm) for ps’, and 0.71 cm™* (690 nm), 0.64
cm* (800 nm), 0.69 cm™ (830 nm) for P, [29]. Ua values at 800 and 830 nm are very close to what we observed in this
study (figure 7), while s’ coefficients are comparable. Grosenick et al. also provided a mean THC of 334 uM, which is
around 3 times higher than our values (table 6). Even though time-domain near-infrared spectroscopy is considered
precise, a study from Goel et. al. showed a difference in both THC and ps” in renal tissues. They reported a THC of 10 to
40 uM and and wavelength- averaged s’ ranging from 5 to 40 cm™ [24]. These values are closer to what we obtained
(table 6). This discrepancy in the values may originate from methodological differences and the optical technique used to
extract them.

Table 6: Spectral fitting parameters for kidney tissue in each measurement condition. Decrease can be noticed in all parameters,
except by the Rayleigh scattering ratio, were obtained at higher temperatures (25 °C) or upon application of probe contact pressure.

Touch Gently pressing
Spectral fitting parameters (Kidney) 0°C 25°C 0°C 25°C
Blood volume % 4.9 4.56 4.37 4.16
Total Hb concentration (LM) 114 106 102 96
Scattering amplitude o’ (cm™) 9.3 8.0 9.2 7.9
Mie scattering power f8 0.79 0.7 0.75 0.69
Rayleigh scattering ratio y (%) 4*10° 3*10° 6*10° 6*10°




Liver tissue presented a decrease in BVP, THC and Mie scattering power at higher temperature (25 °C), while bile
volume percentage, scattering amplitude and Rayleigh scattering ratio increase. Liver optical properties and
chromophores concentrations have been recently investigated in experiments with a semi-infinite medium geometry
instead of a tissue slab one. Some of these studies include research from Nachabg et al (2011) [26], Evers et al [28], and
Wang et al [31]. By using the same system as for their study in muscle tissue, Nachabé et al (2011) compared
chromophore parameters in normal liver and metastatic tumours using reflectance measurements between 500 nm and
1600 nm. The median and standard deviation for these parameters were bile percentage of (5.5+£2.3)%, blood volume
fraction (or BVP) of (3.2+1.6)%, Mie-to-total scattering fraction of (44+25)%, Mie scattering power/slope of (1.2+0.7),
and ps’ (800 nm) of (17+3) cm™ [26]. A later study (2013) from the same research group includes data of more patients.
It showed values of THC varying from 0 to 250 uM (median 79 uM), Bile percentage from 0 to 30% (median 6%),
Scattering amplitude from 10 to 40 cm™ (median 19 cm™, and Mie to total scattering ratio from 0 to 100% (median 35%)
[28]. These latter two parameters are close to what we obtained (Mie scattering ratio = 100% - Rayleigh scattering ratio
= 66%, table 7) at 25 °C. Our Mie scattering power is also comparable to what they obtained in their first study (table 7).
On the other hand, the median of THC and bile percentage are around 3 and 15 times lower than what we determined,
respectively.

In regards to liver tissue optical properties, a study from Wang et al. used the diffusion equation to investigate
reflectance spectra of human intraperitoneal tissues between 600 nm and 800 nm. They informed values of ps* and pa
(630 nm) are, respectively, 27.53 and 1.46 before photodynamic therapy, 28.76 and 1.42 after it [31], although they were
unable to extract oxygenation and THC from liver tissues. Our ps’ are around 3 times lower, but p, values agree with
their study (figure 7).

Table 7: Spectral fitting parameters for liver tissue in each measurement condition. An increase of BVP and THC is observed when
touching the fibre optic probe in the organ surface at 0 °C. At this temperature, the Rayleigh scattering ratio decreases significantly,
whereas the scattering amplitude is higher for 25 °C.

Temperature

Spectral fitting parameters (Liver) 0°C 25°C
Blood volume % 12.49 11.15

Total Hb concentration (UM) 291 259

Bile volume % 30 94
Scattering amplitude > (cm™) 9.3 11.1
Mie scattering power § 0.94 0.61

Rayleigh scattering ratio y (%) 8 34

Overall, we obtained the lowest value of BVP and THC for kidney tissue, whereas lowest Mie scattering power was
noticed for heart. Liver exhibited the highest scattering amplitude at 25 °C, and a high variation of all parameters but this
amplitude when comparing data from 0 and 25 °C. The same occur for heart when considering the first two parameters.

4. CONCLUSIONS

This paper presents an evaluation of the reproducibility of diffuse reflectance spectra and biological parameters
based on tissue optical properties in different measurement conditions. This evaluation was performed through analysis
of heart, kidney and liver tissues at two different temperatures (0 °C and 25 °C) and contact pressure conditions
(touching the sample or gently pressing it). We showed an increased stability of diffuse reflectance measurements at 25
°C compared to 0 °C. A good reproducibility in the shape of reflectance spectra was achieved for both kidney and liver
in the measurement conditions described in this study. On the other hand, heart tissue reflectance is stable only at 25 °C.
However, a higher reproducibility for this organ was obtained when comparing averaged measurements. We also report
absorption, scattering properties, and biological parameters comparable to other studies. Lowest blood volume
percentage and THC were observed in kidney tissue, whereas lowest Mie scattering power was noticed for heart. In
addition, highest scattering amplitude was found in liver at 25 °C. In this organ, a high variation was obtained for blood
volume percentage, THC and Mie scattering power for different temperatures. The same occur for heart when



considering the first two parameters. Overall, our results illustrate expected fluctuations in extracted optical-properties-
based parameters from diffuse reflectance spectra of highly perfused organs. These organs are more susceptible to drug
effects during their administration, thus leading to possible functional impairments. Therefore, DRS can be used to
monitor organ functionality in real-time and our study reports predicted parameters for the analysis of this functionality.
Moreover, our study gives an insight about assessment of organs viability for transplantation in cases of cold
preservation (using methods such as simple static cold storage or hypothermic machine perfusion). This could be done
with our estimation of chromophore concentrations and scattering properties, which provide biochemical and
morphological information about the investigated tissues. In order to use DRS for diagnostics and surgical guidance, our
spectral fitting and its parameters will be improved by introducing new chromophore data in a broader wavelength range
in order to increase the accuracy of our inverse MC LUT model. We will also use a new fiber optic probe with longer
source-to-detector distance. This will increase the influence of chromophores absorption in our captured signal so that
we may be able to obtain more precise biochemical information.
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