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Abstract. In this work, we demonstrate the results of measuring the optical
properties of rat liver tissue slices after the liver itself underwent the perfusion
procedure with an isotonic solution. The approach is suggested as a means to
attenuate the influence of blood absorption on recorded characteristics and
demonstrates its effectiveness in changing the composition of recorded spectra in
the visible range. The data obtained seem promising to be used to upgrade the
proposed methodology and apply the results for the diagnosis and modeling of
light-tissue interaction in liver under healthy and pathological conditions.
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1 Introduction

Optical diagnostic methods remain a promising area of
biotechnical research and continue to improve to find new
applications in medicine [1-3], including surgery [4-8]. In
turn, surgery tends to widely introduce less radical surgical
procedures. This trend requires the development of
technologies for an objective assessment of the functional
state of organ tissues right in the course of surgery. A wide
range of continuously evolving spectroscopy and imaging
techniques based on various phenomena of light-tissue
interaction can be used to obtain real-time diagnostic
information [9, 10]. Research aimed at combining new
optical methods with standard surgical equipment is of
special relevance at present [11-14].

Developing and calibrating new optical diagnostic
methods requires knowledge of tissue optical properties
(absorption and scattering coefficients, anisotropy factor,
refractive index, etc.). To date, many data have been
accumulated on the optical characteristics of various
tissues [15,16] (e.g. skin and muscles [17, 18],
liver [19, 20], pancreas [21], bones [22], blood [23],
brain [24]), including pathological ones [25, 26].

A number of clinical studies in hepatology use liver
optical properties to develop approaches for optimizing
the treatment [27, 28] or for differentiating between
healthy and tumor tissues [4, 29]. However, the fact that
the liver is an organ with a high blood supply is not taken
into account [20], and therefore it would be important to
exclude or reduce the excessive influence of one of the
strongest optical absorbers, blood, in some regions of the
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optical spectrum. Hemoglobin and its derivatives are
chromophores that significantly absorb optical radiation
in the visible range, affecting the results of measurements
by various methods, including those based on excitation
and registration of endogenous  fluorescence
spectra [30, 31].

To reduce the influence of the strong absorption
properties of blood hemoglobin on the measured optical
characteristics of the liver, it is possible to use a perfusion
procedure to remove blood from the blood vessels of the
liver using, for example, an isotonic solution
(0.9% NacCl).

Organ perfusion is used in biomedical research for
several purposes: as a model to study the effects of
ischemia and reperfusion in transplantology [32], for
preliminary preparation of the liver parenchyma before
hepatocyte isolation [33-35], and for obtaining
biomatrixes in tissue engineering [36].

Thus, the aim of this work was to measure the optical
characteristics of the rat liver using the approach to
reduce blood volume by perfusing the organ before
preparing the acute slices used for spectrophotometric
measurements.

2 Methods and Materials

The studies were approved by the Ethics Committee of
Orel State University named after 1. S. Turgenev
(protocol No. 188 of 21.02.2020) and were carried out in
accordance with the principles of Good Laboratory
Practice [37].
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Fig. 1 Schematic of the rat liver perfusion procedure used to prepare tissue samples for optical measurements with an
approximate time frame for observations of changes in the liver tissue.

In the study, male Wistar rats (n = 3 per experimental
group and n=3 per control group, age — 3 months,
weight — 220-250 g) were used. The experimental studies
included two stages: liver perfusion in laboratory animals
to obtain liver tissue samples and following
spectrophotometric measurements. To assess the
efficiency of the perfusion procedure, the optical
characteristics obtained were compared with those of the
control group of rats, which were measured in fresh
slices.

The perfusion procedure was performed under
anesthesia. Zoletil 100 (Vibrac, France) and Xyla
(Interchemie, The Netherlands) in standard doses were
used to anesthetize the animal. The rat was fixed on a
special platform in the supine position with a gauze
holder. After the onset of deep anesthesia, a layer-by-
layer dissection of the anterior abdominal wall along the
median line was performed to provide access to the
abdominal cavity. The portal vein of the liver was then
isolated from the connective tissue space using soft
forceps and isolated from the rest of the tissues. Ligatures
were placed under the portal vein, one of them prevented
blood flow. Subsequently, a vascular catheter (22 G) pre-
filled with heparin solution (5000 i.u./ml) was inserted
into the vein via a guide. The catheter was fixated with
the remaining ligatures and connected by flexible tubes
to an infusion system. Hank’s Balanced Salt Solution
(HBSS), pH=7.4, 37 °C, was injected into the vessel. The
inferior vena cava was perforated to ensure fluid outflow.
The flow rate of the solution was 1000 mi/h, the total
volume of the solution was about 1.5-2.0 I. The
important part of the procedure was to keep the rat’s heart
working, which accelerated the withdrawal of blood from
the liver vessels. In some cases, rapid liver perfusion was
performed to eliminate probable stasis in small vessels.

During perfusion (Fig. 1), there was a change in the
color of the liver from red-brown to yellow-gray and the
vascular pattern became visible on the surface of the
organ. The degree of perfusion sufficient for optical
measurements was determined by the color of the liver
and the intensity of HBSS solution staining with blood
washed out. At the end of the procedure, the catheter was
carefully disconnected and the animal was removed from
the experiment by euthanasia. The liver was isolated
from the abdominal cavity and placed in a Petri dish with
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HBSS solution. The liver slices were made by hand and
their thickness (0.9-1.0 mm) was calculated by taking
into account the thickness of the glass slides measured by
a micrometer MK 0-25 (measuring range 0-25 mm,
measuring error 4 pm).

The obtained tissue slices (N = 8 samples in the study
group and N =11 in the control group) were placed
between two standard 1-mm silicate glass slides. A fixed
distance of 0.95 mm between the glasses was maintained.
A Shimadzu UV-2600 dual-beam spectrophotometer
(Shimadzu Corporation, Japan) with an ISR-2600Plus
integrating sphere module was used to measure the
characteristics of tissue samples. The sphere has a
diameter of 60 mm with two detectors (photomultiplier
and InGaAs detector) and allows recording spectra in the
range of 220-1400 nm with a step of 1 nm. The
arrangement of the samples relative to the sphere ports
(S side — sample side and R side — reference side) is
shown in Fig. 2.

Reflectance
standard

Detectors
PMT Reflectance

standard

(@)
R side
S side
Reflectance
standard

(b)

Fig. 2 Schematic of measurements of the optical
characteristics of liver tissue samples using an integrating
sphere with a double-beam system: (a) total
transmittance Ty, (b) total reflectance R:.
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Fig. 3 Average (mean + standard deviation) spectra of total transmittance T; (a) and total reflection R; (b) of rat liver tissue
samples subjected (red line) and not subjected (green line) to the perfusion procedure along with typical wavelengths of

light absorption by the main chromophores.
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Fig. 4 Average (mean + standard deviation) spectra of total transmittance T: (a) and total reflection R (b) of rat liver tissue
samples subjected (red line) and not subjected (green line) to the perfusion procedure: comparison of results in the

450-650 nm range.

The absorption coefficient p. and the reduced
scattering coefficient pus” were calculated by the inverse
adding-doubling method using the algorithm developed
and described by S. Prahl [38]. For calculations, the value
of the anisotropy factor g was assumed to be 0.7
according to data from the literature for liver
tissue [4, 20, 39]. The algorithm used considers the
interaction of radiation with the sample sandwiched
between the slides. Thus, the calculation takes into
account the specular reflectance from the air, glass and
tissue borders.

3 Results and Discussion

The results of the spectral measurements obtained for all
samples were averaged. Fig. 3 shows the mean and
standard deviation of the total transmittance and
reflectance values of the obtained rat liver tissue samples.

The spectra show an increase in total transmittance
and reflectance with increasing wavelength, as well as a
slight decrease in the 500-600 nm range. Regarding the
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visible range, the observed picture is mainly due to the
presence of bilirubin pigment in the tissue (spectral range
with the characteristic wavelength of light absorption is
marked in Fig. 3 by number | (hereinafter the same for
other chromophores)) — one of the main components of
bile produced by hepatocytes [40-42] — as well as two
forms of blood protein hemoglobin — oxygen-bound
oxyhemoglobin (1) and unbound deoxyhemoglobin (111)
[23,40,43]. In the near-infrared (NIR) region, the
spectral profile of liver tissue is largely determined by the
intersection of the lipid (IV) and water (V) absorption
bands [43-45].

Highly oxygenated blood has two distinctive peaks in
the absorption spectrum at 415 nm (Soret band) and at
542 and 578 nm (Q-bands); deoxygenated blood has
these peaks at 425, 554 and 760 nm [46]. In the
500-600 nm range, all recorded spectra had a similar
characteristic decrease in reflectance and transmittance
due to the presence of hemoglobin. The analysis of the
data obtained (Fig. 4) revealed that the liver slices of the
control group had a typical absorption peak only at a
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wavelength of 554 nm. There was also a characteristic
decrease in transmittance and reflectance in the
deoxyhemoglobin absorption band at 760 nm. The
specific characteristic of the liver blood supply is the
increase in venous blood content [47], which causes a
higher intensity of light absorption by deoxyhemoglobin.

After perfusion was performed, the oxyhemoglobin
absorption became dominant in liver slices, though
there was a 15-20 nm blue-shift of this part of the
spectrum. This can be caused by the influence of the
spectral characteristics of bile, which has local
absorption maxima at wavelengths of 409 and 605 nm.
At the same time, the second absorption maximum of
bile becomes well manifested in the spectrum of
perfused liver tissue (Fig. 4).

Therefore, despite the performed perfusion and the
visual control of the liver parenchyma during the
procedure, a portion of the blood remained in the small
vessels, but had a noticeably smaller effect on the
results of the spectral characteristics study.

After perfusion, the total transmittance values
slightly decreased in the NIR range, while the total
reflectance increased. There were no changes in the
shape of the spectra, which may indicate quantitative
rather than qualitative changes that were observed in the
oxy- and deoxyhemoglobin absorption ranges. The
HBSS solution is aqueous, which played a role in these
studies when it was used to displace blood in liver
vessels. As stated above, the NIR range is informative
for assessing changes in the water and lipid content.
According to the presented results, there is a
characteristic decrease at wavelengths around 970 and
1180-1190 nm in the perfused tissues due to water
absorption [44, 48, 49].

Fig. 5 shows graphs of the calculated dependences
of the absorption and scattering coefficients as a
function of wavelength. The absorption coefficient
showed greater reproducibility (less standard deviation)
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compared to the scattering coefficient and the expected
ratios of values in the bands of different main
chromophores [4, 20, 49, 50]. The values remained
almost unchanged in the NIR range, while there was a
twofold decrease at the band of 540-560 nm as a result
of the perfusion procedure.

The results of the calculation of the reduced
scattering coefficient dependence clearly demonstrate
the intended effect of the proposed approach for
wavelengths below 600 nm. Due to the high blood
content and, therefore, the low values of total
transmittance and reflectance within the hemoglobin
absorption bands, the calculated scattering coefficient
has critically low values, which are not observed after
liver perfusion. In general, the dependence of the
reduced scattering coefficient was as expected — it
decreased when the wavelength increased [19, 20, 39].

The following limitations of the experimental study
should be noted. Control of the perfusion level was
provided only by visual inspection. Despite attempts to
standardize the procedure (minimum volume of pumped
liquid, perfusion rate, etc.), its result was determined,
among other things, by individual peculiarities of the
object (anatomy and viability of the rat). The liver slices
were taken by the same lab technician, but manually
according to a specially developed technique, which
affects their thickness and area. Furthermore, the
irregular structure of the biological tissue and the
methodological difficulties of fixing the slices between
the glass slides may have influenced the results of the
study.

Thus, the proposed approach for preliminary
perfusion of liver tissues to reduce the influence of
blood on the optical characteristics of the liver
demonstrated its effectiveness, which allowed it to
significantly reduce the influence of oxy- and
deoxyhemoglobin on spectra recording results.
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Fig. 5 Average dependences (mean =+ standard deviation) of calculated absorption p, (a) and reduced scattering coefficient
us” (b) of rat liver tissue samples subjected (red line) and not subjected (green line) to the perfusion procedure along with
typical wavelengths of light absorption by the main chromophores.
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4 Conclusion

Currently, an important step in the development of
biomedical optics is the transition from theoretical and
preclinical research to the practical implementation of
technologies in clinical practice. Adequate and
effective application of optical methods in diagnostics,
surgery and therapy requires reliable data on the optical
properties of human tissues, including the liver. In this
work, we considered, in particular, acquisition of optical
properties of liver tissue along with the decreasing
influence of optical characteristics of blood. This can be
of importance when modeling spectral characteristics of
the liver in diseases such as steatosis, cirrhosis, cancer,

doi: 10.18287/JBPE23.09.010301

etc. The results presented in the work have shown that the
preliminary perfusion of the liver allows one to reduce
the influence of hemoglobin on the recorded and
calculated optical parameters.

Disclosures

The authors declare no conflict of interest.

Acknowledgements

The authors acknowledge the support of the Russian
Science Foundation under project No. 21-15-00325.

References

10.

11.

12.

13.

14.

15.
16.

J of Biomedical Photonics & Eng 9(1)

J. A. Kim, D. J. Wales, and G.-Z. Yang, “Optical spectroscopy for in vivo medical diagnosis—a review of the state
of the art and future perspectives,” Progress in Biomedical Engineering 2(4), 42001 (2020).

A. B. Shrirao, R. S. Schloss, Z. Fritz, M. V. Shrirao, R. Rosen, and M. L. Yarmush, “Autofluorescence of blood and
its application in biomedical and clinical research,” Biotechnology and Bioengineering 118(12), 4550-4576 (2021).
Z. He, P. Wang, and X. Ye, “Novel endoscopic optical diagnostic technologies in medical trial research: recent
advancements and future prospects,” BioMedical Engineering OnLine 20(1), 5 (2021).

V. Dremin, E. Potapova, E. Zherebtsov, K. Kandurova, V. Shupletsov, A. Alekseyev, A. Mamoshin, and A. Dunaev,
“Optical percutaneous needle biopsy of the liver: A pilot animal and clinical study,” Scientific Reports 10(1), 14200
(2020).

E. A. Zherebtsov, E. V. Potapova, A. V. Mamoshin, V. V. Shupletsov, K. Y. Kandurova, V. V. Dremin, A. Y.
Abramov, and A. V. Dunaev, “Fluorescence lifetime needle optical biopsy discriminates hepatocellular carcinoma,”
Biomedical Optics Express 13(2), 633-646 (2022).

R. Alfano, Y. Pu, “Optical biopsy for cancer detection,” Chapter 11 in Lasers for Medical Applications, H. Jelinkova
(ed.), Woodhead Publishing Limited, Cambridge, 325-367 (2013).

K. Kandurova, V. Dremin, E. Zherebtsov, E. Potapova, A. Alyanov, A. Mamoshin, Y. lvanov, A. Borsukov, and A.
Dunaev, “Fiber-Optic System for Intraoperative Study of Abdominal Organs during Minimally Invasive Surgical
Interventions,” Applied Sciences 9(2), 217 (2019).

E. Potapova, V. Dremin, E. Zherebtsov, A. Mamoshin, and A. Dunaev, “Multimodal Optical Diagnostic in Minimally
Invasive Surgery,” Chapter 11 in Multimodal Optical Diagnostics of Cancer, V. V. Tuchin, J. Popp, and V. Zakharov
(eds.), Springer, Cham, Switzerland, 397424 (2020).

V. V. Tuchin (ed.), Handbook of Optical Biomedical Diagnostics, vol. 1. Light-Tissue Interaction, 2" ed., SPIE
Press, Bellingham, USA (2016). ISBN: 9781628419092.

A. C. Croce, G. Bottiroli, “Autofluorescence spectroscopy and imaging: A tool for biomedical research and
diagnosis,” European Journal of Histochemistry 58(4), 320-337 (2014).

J. W. Spliethoff, L. L. de Boer, M. A. J. Meier, W. Prevoo, J. de Jong, K. Kuhlmann, T. M. Bydlon, H. J. C. M.
Sterenborg, B. H. W. Hendriks, and T. J. M. Ruers, “In vivo characterization of colorectal metastases in human liver
using diffuse reflectance spectroscopy: Toward guidance in oncological procedures,” Journal of Biomedical Optics
21(9), 097004 (2016).

A. Litvinenko, M. Garazdyuk, V. Bachinsky, O. Vanchulyak, A. Ushenko, Yu. Ushenko, A. Dubolazov, P.
Gorodensky, O. Yatsko, B. Lin, and Z. Chen, “Multiparametric polarization histology in the detection of traumatic
changes in the optical anisotropy of biological tissues,” Proceedings of SPIE 11510, 1151020 (2020).

F. Braun, R. Schalk, M. Nachtmann, A. Hien, R. Frank, T. Beuermann, F.-J. Methner, B. Krianzlin, M. Ridle and N.
Gretz, “A customized multispectral needle probe combined with a virtual photometric setup for in vivo detection of
Lewis lung carcinoma in an animal model,” Measurement Science and Technology 30(10), 104001 (2019).

E. V. Potapova, E. S. Seryogina, V. V. Dremin, D. D. Stavtsev, I. O. Kozlov, E. A. Zherebtsov, A. V. Mamoshin,
Yu. V. Ilvanov, and A. V. Dunaev, “Laser speckle contrast imaging of blood microcirculation in pancreatic tissues
during laparoscopic interventions,” Quantum Electronics 50(1), 33-40 (2020).

S. L. Jacques, “Optical properties of biological tissues: a review,” Physics in Medicine & Biology 58(11), R37 (2013).
M. Mesradi, A. Genoux, V. Cuplov, D. Abi-Haidar, S. Jan, I. Buvat, and F. Pain, “Experimental and analytical
comparative study of optical coefficient of fresh and frozen rat tissues,” Journal of Biomedical Optics 18(11), 117010
(2013).

010301-5 9 Dec 2022 © J-BPE


https://dx.doi.org/10.1088/2516-1091/abaaa3
https://dx.doi.org/10.1088/2516-1091/abaaa3
https://doi.org/10.1002/bit.27933
https://doi.org/10.1002/bit.27933
https://doi.org/10.1186/s12938-020-00845-5
https://doi.org/10.1186/s12938-020-00845-5
https://doi.org/10.1038/s41598-020-71089-5
https://doi.org/10.1364/BOE.447687
https://doi.org/10.1533/9780857097545.3.325
https://doi.org/10.3390/app9020217
https://doi.org/10.3390/app9020217
https://doi.org/10.1007/978-3-030-44594-2_11
https://doi.org/10.1007/978-3-030-44594-2_11
https://spie.org/publications/book/2219602?SSO=1
https://doi.org/10.4081/ejh.2014.2461
https://doi.org/10.4081/ejh.2014.2461
https://doi.org/10.1117/1.JBO.21.9.097004
https://doi.org/10.1117/1.JBO.21.9.097004
https://doi.org/10.1117/12.2568408
https://doi.org/10.1117/12.2568408
https://doi.org/10.1088/1361-6501/ab24a1
https://doi.org/10.1088/1361-6501/ab24a1
https://doi.org/10.1070/QEL17207
https://doi.org/10.1070/QEL17207
https://doi.org/10.1088/0031-9155/58/11/R37
https://doi.org/10.1117/1.JBO.18.11.117010
https://doi.org/10.1117/1.JBO.18.11.117010

K. Kandurova et al.: Optical Properties of Perfused Rat Liver Tissues doi: 10.18287/JBPE23.09.010301

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

A. N. Bashkatov, E. A. Genina, and V. V. Tuchin, “Optical properties of skin, subcutaneous, and muscle tissues: a
review,” Journal of Innovative Optical Health Sciences 4(01), 9-38 (2011).

T. Lister, P. A. Wright, and P. H. Chappell, “Optical properties of human skin,” Journal of Biomedical Optics 17(9),
090901 (2012).

J. Ritz, A. Roggan, C. Isbert, G. Miiller, H. J. Buhr, and C.-T. Germer, “Optical properties of native and coagulated
porcine liver tissue between 400 and 2400 nm,” Lasers in Surgery and Medicine: The Official Journal of the American
Society for Laser Medicine and Surgery 29(3), 205-212 (2001).

I. Carneiro, S. Carvalho, R. Henrique, L. Oliveira, and V. V. Tuchin, “Measuring optical properties of human liver
between 400 and 1000 nm,” Quantum Electronics 49(1), 13 (2019).

P. Lanka, L. Bianchi, A. Farina, M. De Landro, A. Pifferi, and P. Saccomandi, “Estimation of porcine pancreas
optical properties in the 600-1100 nm wavelength range for light-based therapies,” Scientific Reports 12(1), 14300
(2022).

H. Soleimanzad, H. Gurden, and F. Pain, “Optical properties of mice skull bone in the 455-to 705-nm range,” Journal
of Biomedical Optics 22(1), 010503 (2017).

N. Bosschaart, G. J. Edelman, M. C. G. Aalders, T. G. van Leeuwen, and D. J. Faber, “A literature review and novel
theoretical approach on the optical properties of whole blood,” Lasers in Medical Science 29(2), 453-479 (2014).
A. S. Shanshool, E. N. Lazareva, O. Hamdy, and V. V. Tuchin, “Optical Properties and Fluence Distribution in Rabbit
Head Tissues at Selected Laser Wavelengths,” Materials 15(16), 5696 (2022).

E. V. Salomatina, B. Jiang, J. Novak, and A. N. Yaroslavsky, “Optical properties of normal and cancerous human
skin in the visible and near-infrared spectral range,” Journal of Biomedical Optic 11(6), 064026 (2006).

A. N. Bashkatov, Br. Jiang, J. Novak, and A. N. Yaroslavsky, “Measurement of tissue optical properties in the context
of tissue optical clearing,” Journal of Biomedical Optics 23(9), 91416 (2018).

M. S. Enevoldsen, O. Skovgaard, and P. E. Andersen, “A combined mathematical-physical model of laser-induced
thermotherapy (LITT),” in European Conference on Biomedical Optics, Optica Publishing Group, 7373_15 (2009).
C. Germer, A. Roggan, J. P. Ritz, C. Isbert, D. Albrecht, G. Miiller, and H. J. Buhr, “Optical properties of native and
coagulated human liver tissue and liver metastases in the near infrared range,” Lasers in Surgery and Medicine: The
Official Journal of the American Society for Laser Medicine and Surgery 23(4), 194-203 (1998).

R. Nachabé, D. J. Evers, B. H. W. Hendriks, G. W. Lucassen, M. van der Voort, J. Wesseling, and T. J. M. Ruers,
“Effect of bile absorption coefficients on the estimation of liver tissue optical properties and related implications in
discriminating healthy and tumorous samples,” Biomedical Optics Express 2(3), 600-614 (2011).

E. A. Zherebtsov, K. Y. Kandurova, E. S. Seryogina, I. O. Kozlov, V. V. Dremin, A. |. Zherebtsova, A. V. Dunaev,
and I. Meglinski, “The influence of local pressure on evaluation parameters of skin blood perfusion and
fluorescence,” Proceedings of SPIE 10336, 1033608 (2017).

V. V. Dremin, E. A. Zherebtsov, |. E. Rafailov, A. Y. Vinokurov, I. N. Novikova, A. |. Zherebtsova, K. S. Litvinova,
and A. V. Dunaev, “The development of attenuation compensation models of fluorescence spectroscopy signals,”
Proceedings of SPIE 9917, 99170Y (2016).

M. Bessems, N. A. ‘t Hart, R. Tolba, B. M. Doorschodt, H. G. D. Leuvenink, R. J. Ploeg, T. Minor, and T. M. van
Gulik, “The isolated perfused rat liver: standardization of a time-honoured model,” Laboratory Animals 40(3), 236—
246 (2006).

J. Aiken, L. Cima, B. Schloo, D. Mooney, L. Johnson, R. Langer, and J. P.Vacanti, “Studies in rat liver perfusion for
optimal harvest of hepatocytes,” Journal of Pediatric Surgery 25(1), 140-145 (1990).

M. Shulman, Y. Nahmias, “Long-term culture and coculture of primary rat and human hepatocytes,” Chapter 17 in
Epithelial Cell Culture Protocols, S. H. Randell, M. L. Fulcher (eds.), Humana Press, Totowa, USA, 287-302 (2012).
R. I. Freshney (ed.), Culture of Animal Cells: A Manual of Basic Technique and Specialized Applications, 71" ed.,
John Wiley & Sons, Hoboken, USA (2015). ISBN: 978-1-118-87364-9.

M. X. Pan,P. Y. Hu, Y.Cheng, L. Q. Cai, X. H. Rao, Y. Wang, and Y. Gao, “An efficient method for decellularization
of the rat liver,” Journal of the Formosan Medical Association 113(10), 680687 (2014).

OECD Principles of Good Laboratory Practice, Council of the Organisation for Economic Co-operation and
Development, Paris, 1998 (accessed 17 October 2022).
[https://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?cote=env/mc/chem(98)17&doclanguage=en].
S. A. Prahl, M. J. C. van Gemert, and A. J. Welch, “Determining the optical properties of turbid media by using the
adding—doubling method,” Applied Optics 32(4), 559-568 (1993).

P. Parsa, S. L. Jacques, and N. S. Nishioka, “Optical properties of rat liver between 350 and 2200 nm,” Applied
Optics 28(12), 2325-2330 (1989).

D. J. Maitland, J. T. Walsh, and J. B. Prystowsky, “Optical properties of human gallbladder tissue and bile,” Applied
Optics 32(4), 586-591 (1993).

F. Baldini, P. Bechi, F. Cianchi, A. Falai, C. Fiorillo, and P. Nassi, “Analysis of the optical properties of bile,” Journal
of Biomedical Optics 5(3), 321-329 (2000).

A. C. Croce, A. Ferrigno, G. Santin, M. Vairetti, and G. Bottiroli, “Bilirubin: an autofluorescence bile biomarker for
liver functionality monitoring,” Journal of Biophotonics 7(10), 810-817 (2014).

J of Biomedical Photonics & Eng 9(1) 010301-6 9 Dec 2022 © J-BPE


https://doi.org/10.1142/S1793545811001319
https://doi.org/10.1142/S1793545811001319
https://doi.org/10.1117/1.JBO.17.9.090901
https://doi.org/10.1002/lsm.1134
https://doi.org/10.1002/lsm.1134
https://doi.org/10.1070/QEL16903
https://doi.org/10.1070/QEL16903
https://doi.org/10.1038/s41598-022-18277-7
https://doi.org/10.1038/s41598-022-18277-7
https://doi.org/10.1117/1.JBO.22.1.010503
https://doi.org/10.1007/s10103-013-1446-7
https://doi.org/10.1007/s10103-013-1446-7
https://doi.org/10.3390/ma15165696
https://doi.org/10.3390/ma15165696
https://doi.org/10.1117/1.2398928
https://doi.org/10.1117/1.2398928
https://doi.org/10.1117/1.2398928
https://doi.org/10.1117/1.2398928
https://doi.org/10.1364/ECBO.2009.7373_15
https://doi.org/10.1364/ECBO.2009.7373_15
https://doi.org/10.1002/(SICI)1096-9101(1998)23:4%3c194::AID-LSM2%3e3.0.CO;2-6
https://doi.org/10.1002/(SICI)1096-9101(1998)23:4%3c194::AID-LSM2%3e3.0.CO;2-6
https://doi.org/10.1364/BOE.2.000600
https://doi.org/10.1364/BOE.2.000600
https://doi.org/10.1117/12.2267957
https://doi.org/10.1117/12.2267957
https://doi.org/10.1117/12.2229451
https://doi.org/10.1258/002367706777611460
https://doi.org/10.1016/S0022-3468(05)80180-0
https://doi.org/10.1016/S0022-3468(05)80180-0
https://doi.org/10.1007/978-1-62703-125-7_17
https://www.wiley.com/en-us/Culture+of+Animal+Cells:+A+Manual+of+Basic+Technique+and+Specialized+Applications,+7th+Edition-p-9781118873649
https://doi.org/10.1016/j.jfma.2013.05.003
https://doi.org/10.1016/j.jfma.2013.05.003
https://doi.org/10.1364/AO.32.000559
https://doi.org/10.1364/AO.32.000559
https://doi.org/10.1364/AO.28.002325
https://doi.org/10.1364/AO.32.000586
https://doi.org/10.1117/1.430003
https://doi.org/10.1002/jbio.201300039
https://doi.org/10.1002/jbio.201300039

K. Kandurova et al.: Optical Properties of Perfused Rat Liver Tissues doi: 10.18287/JBPE23.09.010301

43.

44,

45,

46.

47,

48.

49.

50.

S. A. Filatova, 1. A. Shcherbakov, and V. B. Tsvetkov, “Optical properties of animal tissues in the wavelength range
from 350 to 2600 nm,” Journal of Biomedical Optics 22(3), 35009 (2017).

C.-L. Tsai, J.-C. Chen, and W.-J. Wang, “Near-infrared absorption property of biological soft tissue constituents,”
Journal of Medical and Biological Engineering 21(1), 7-14 (2001).

R. R. Anderson, W. Farinelli, H. Laubach, D. Manstein, A. N. Yaroslavsky, J. Gubeli Ill, K. Jordan, G. R. Neil, M.
Shinn, W. Chandler, G. P. Williams, S. V. Benson, D. R. Douglas, and H. F. Dylla, “Selective photothermolysis of
lipid-rich tissues: A free electron laser study,” Lasers in Surgery and Medicine: The Official Journal of the American
Society for Laser Medicine and Surgery 38(10), 913-919 (2006).

V. V. Tuchin (ed.), Tissue Optics: Light Scattering Methods and Instruments for Medical Diagnostics, 3" ed., SPIE
Press, Bellingham, USA (2015). ISBN: 9781628415179.

G. Naulaers, B. Meyns, M. Miserez, V. Leunens, S. Van Huffel, P. Casaer, and H. Devlieger, “Measurement of the
liver tissue oxygenation by near-infrared spectroscopy,” Intensive Care Medicine 31(1), 138-141 (2005).

J. A. Curcio, C. C. Petty, “The near infrared absorption spectrum of liquid water,” Journal of the Optical Society of
America 41(5), 302—304 (1951).

A. N. Bashkatov, E. A. Genina, V. |. Kochubey, and V. V. Tuchin, “Optical properties of human skin, subcutaneous
and mucous tissues in the wavelength range from 400 to 2000 nm,” Journal of Physics D: Applied Physics 38(15),
2543 (2005).

J. L. Sandell, T. C. Zhu, “A review of in-vivo optical properties of human tissues and its impact on PDT,” Journal of
Biophotonics 4(11-12), 773-787 (2011).

J of Biomedical Photonics & Eng 9(1) 010301-7 9 Dec 2022 © J-BPE


https://doi.org/10.1117/1.JBO.22.3.035009
https://doi.org/10.1117/1.JBO.22.3.035009
https://www.researchgate.net/publication/268398187_Near-infrared_Absorption_Property_of_Biological_Soft_Tissue_Constituents
https://doi.org/10.1002/lsm.20393
https://doi.org/10.1002/lsm.20393
https://doi.org/10.1117/3.1003040
https://doi.org/10.1007/s00134-004-2482-3
https://doi.org/10.1007/s00134-004-2482-3
https://doi.org/10.1364/JOSA.41.000302
10.1088/0022-3727/38/15/004
10.1088/0022-3727/38/15/004
https://doi.org/10.1002/jbio.201100062

