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Abstract
Objectives: Currently, one of the most pressing issues for surgeons in the
treatment of obstructive jaundice is the ability to assess the functional state of
the liver and to detect and determine the degree of liver failure in a timely
manner with simple and objective techniques. In this regard, the use of
fluorescence spectroscopy method can be considered as one of the ways to
improve the informativity of existing diagnostic algorithms in clinical practice
and to introduce new diagnostic tools. Thus, the aim of the work was to study
in vivo the functional state of liver parenchyma by the method of fluorescence
spectroscopy implemented through a needle probe and assess the contribution
of the main tissue fluorophores to reveal new diagnostic criteria.
Materials and Methods: We compared data from 20 patients diagnosed with
obstructive jaundice and 11 patients without this syndrome. Measurements were
performed using a fluorescence spectroscopy method at excitation wavelengths of
365 and 450 nm. Data were collected using a 1 mm fiber optic needle probe.
The analysis was based on the comparison of the results of deconvolution with
the combinations of Gaussian curves reflecting the contribution of the pure
fluorophores in the liver tissues.
Results: The results showed a statistically significant increase in the contribution
of curves reflecting NAD(P)H fluorescence, bilirubin, and flavins in the group of
patients with obstructive jaundice. This and the calculated redox ratio values
indicated that the energy metabolism of the hepatocytes may have shifted to
glycolysis due to hypoxia. An increase in vitamin A fluorescence was also
observed. It may also serve as a marker of liver damage, indicating impaired
vitamin A mobilization from the liver due to cholestasis.
Conclusions: The results obtained reflect changes associated with shifts in the
content of the main fluorophores characterizing hepatocyte dysfunction
caused by accumulation of bilirubin and bile acids and after disturbance of
oxygen utilization. The contributions of NAD(P)H, flavins, and bilirubin as
well as vitamin A can be used for further studies as promising diagnostic and
prognostic markers for the course of liver failure. Further work will include
collecting fluorescence spectroscopy data in patients with different clinical
effects of obstructive jaundice on postoperative clinical outcome after biliary
decompression.
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INTRODUCTION

Diagnostics and treatment of hepatopancreatoduodenal
diseases complicated by biliary obstruction remains an
urgent medical problem. In general, obstructive jaundice
results from bile outflow disturbance through biliary
tracts into duodenum. Obstructive jaundice may typi-
cally develop acutely as a result of biliary tract
obstruction by gallstones in common bile duct, or
develop gradually due to edema, stenosis, or tumor
growth into intrahepatic and extrahepatic bile ducts. As
the number of patients with obstructive jaundice of
various etiologies increases every year this syndrome
remains one of the common surgical problems and
accompanying symptoms of hepatobiliary diseases with
significant morbidity and mortality.1

Timely assessment of the liver state in jaundice and
subsequent treatment is an important task since biliary
obstruction causes hepatocyte dysfunction and impaired
detoxification and synthesis functions of the liver.
Resulting severe hemodynamic, metabolic, coagulation,
and immune complications in the liver may lead to life‐
threatening functional and morphologic disorders in
other vital organs.2–4

Despite the high level of modern methods for
differential diagnosis of obstructive jaundice, follow‐
up definition and prognosis of the degree of liver
failure to achieve better treatment results remains a
difficult task. The primary goal in treating patients
with biliary obstruction is to decompress the bile ducts
as early as possible to interrupt the progression of
complications, in particular the development of liver
failure.5 In recent years, a two‐stage treatment tactic
has been widely used for treating diseases accompanied
by obstructive jaundice, which involves curing chole-
stasis by minimally invasive interventions followed by
radical surgery after regression of bilirubinemia.6

However, there are still discussions about the role,
sequence of diagnostic and treatment procedures,
methods of bile duct decompression, and their influ-
ence on the development of liver failure and prognosis
of further condition of a patient in general.6–8

To choose the method of further therapy, to predict
the course of the disease, and achieve the best results of
treatment, it is important to have an understanding of
the changes occurring in the liver parenchyma due to
liver failure.9 The intensity and rate of changes in the
liver depend on the rate of biliary hypertension increase,
microcirculation disorders, tissue hypoxia, presence of
inflammation in ducts, and duration of pathological
influence.10 Contemporary diagnostics of liver failure is
based on the data of experimental, biochemical, and
instrumental studies, supplemented by clinical observa-
tions. The levels of total and direct bilirubin, alkaline
phosphatase, liver enzymes alanine aminotransferase,
aspartate aminotransferase, and lactate dehydrogenase
are usually considered as markers of obstructive jaundice

and liver failure.11 Since obstructive jaundice causes
severe hemodynamic, metabolic, coagulation, and
immune changes not only in the liver, but also in the
whole organism, current clinical practice uses not only
values of certain clinical and biochemical parameters but
also many prognostic scales and systems to assess the
severity of hepatocellular dysfunction.12 Commonly used
criteria include Child‐Pugh and MELD (Model for End‐
Stage Liver Disease) scales, serum albumin‐bilirubin
levels (ALBI scale), and the indocyanine green (ICG)
clearance test. However, the mentioned tools for assess-
ment of liver functional reserves give approximate
indirect results. Thus, the relevance of finding additional
objective criteria for timely assessment of the progression
of liver failure and developing technologies to use in
routine clinical practice remains significant.

One of the ways to improve the informativity of
existing diagnostic algorithms in clinical practice and to
introduce new diagnostic tools is the application of
biophotonics methods. These methods continue to be
developed to solve the problems in many fields of biology
and medicine, including oncology and surgery.13–20 The
advantages of these methods are related to their good
resolution, low cost of the procedure, higher productiv-
ity, and safety. Optical diagnostic methods demonstrated
their possibilities for in vivo analysis of liver tissue
saturation,21,22 metabolic changes in a variety of liver
diseases,23–25 as well as for discriminating tumors from
liver parenchyma,21,25,26 assessing and characterizing
damage to nonmalignant liver tissue.27 Therefore, the
development of scientific and instrumental bases to
create methods for in vivo analysis of hepatic functional
state is one of the promising trends.

A wide range of approaches to optical diagnostics in
surgery are based on the fluorescence phenomenon. In
particular, one of the most common and easier to
implement method is fluorescence spectroscopy (FS). FS
has a high sensitivity to metabolic changes in the tissue
and remains a promising direction of tissue functional
state assessment.15,21 Assessment of the fluorescence
intensity of certain fluorophores involved in biochemical
reactions in cells (nicotinamides, flavins, fatty acids,
bilirubin, porphyrin) makes it possible to assess the
metabolic state of tissues. In turn, the content of
fluorescing structural proteins (collagen, elastin) allows
for the detection the presence of structural changes in
tissues.28 By evaluating the contributions of individual
fluorophores, it is feasible to more accurately identify the
causes and extent of changes in the functional state of
tissues, associate them with pathological changes, and
thus use them as criteria for in vivo diagnostics.29–32 In
addition, an important advantage of FS is the technical
possibility of making measurements during minimally
invasive procedures using small diameter probes.25,33–35

We suppose that to solve the problem described, FS can
be applied through a minimally invasive approach during
primary antegrade decompression of the biliary tract
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under ultrasound and X‐ray control. The additional
diagnostic information obtainable by using FS would
allow surgeons to assess liver functional reserves before
surgery, predict the course of the postoperative period,
adjust therapy regimens in a timely manner, including
indications for repeat surgery, include extracorporeal
detoxification methods, or immediately initiate intensive
therapy for progressive liver failure in particularly severe
cases.

Thus, the aim of the work was to study in vivo the
functional state of liver parenchyma in obstructive
jaundice syndrome by the method of FS implemented
through a needle probe and assess the contribution of the
main tissue fluorophores to the composition of the
registered fluorescence spectra to reveal new diagnostic
criteria for future research.

MATERIALS AND METHODS

The study was conducted at the department of interven-
tional radiology of Orel Regional Clinical Hospital (Orel,
Russia). The study was approved by the Ethics commit-
tee of Orel State University (record of the meeting No. 14
of 24.01.2019) and carried out in accordance with the
2013 Declaration of Helsinki by the World Medical
Association. All patients signed an informed consent
indicating their voluntary participation in the study.

The study involved 20 patients with the diagnosis of
obstructive jaundice. Among them 15 patients had
malignant tumors as the cause of common bile duct
obstruction, four patients had choledocholithiasis, one
patient had cyst of pancreatic head. Exclusion criteria
were patients with nonalcoholic fatty liver disease and
alcoholic cirrhosis. Optical measurements were per-
formed during the initial antegrade decompression of
the biliary tract under ultrasound and X‐ray control.

Since it is impossible to measure the liver tissue of
healthy volunteers to create a control group without
obstructive jaundice and other pathologies, we used
the data obtained earlier in the studies described in
more detail in the paper by Dremin et al.21 Patients
with malignant neoplasms of the liver who had optical
measurements performed during a routine puncture
biopsy procedure participated in this study. Fluores-
cence spectra were recorded along the path of the
puncture needle and fiber optic probe in tissues
unaffected by the malignant neoplasm. The compari-
son group included data of 11 patients who were not
diagnosed with obstructive jaundice syndrome. Thus,
it was possible to compare fluorescence spectra with
and without this condition.

Measurements were performed using a FS channel
of the specially designed optical biopsy setup (Figure 1).
A 365 nm LED and a 450 nm laser diode were used as
sources of monochromatic radiation. The radiation
power of the sources did not exceed 0.2 mW at the tip

of the needle probe to avoid significant photobleaching
effects and not to cause damage to biological tissues.36,37

The choice of the wavelengths was mainly aimed at
exciting the fluorescence of nicotinamides and flavins as
well as bilirubin and, to a lesser extent, a number of other
fluorophores, the contribution of which was evaluated by
further processing. Fluorescence spectra were recorded
using a FLAME T‐VIS‐NIR‐ES CCD spectrometer
(Ocean Optics) in the 350–1000 nm range after attenua-
tion of backscattered radiation from sources when
passing through FGL400 and FGL495 filters (Thorlabs
Inc.). Optical radiation was transmitted from the sources
to the liver tissues and from the tissues to the
spectrometer via nine 100μm optical fibers around a
one 200μm optical fiber inside a specially designed fiber‐
optic probe with a diameter of 1 mm. The central fiber
was used to connect to the spectrometer, and three
100μm fibers (six in total) were used to connect to each
radiation source. The diameter of the probe and the
20‐degree bevel of the rigid end was designed to be
compatible with standard 17.5 G Chiba‐type biopsy
needles.

The experimental design is described in Figure 2.
Fluorescence spectra were analyzed using the OriginPro
2021 9.8 software (http://www.originlab.com, RRID:
SCR_014212). During a single study, five fluorescence
spectra at each wavelength were recorded at one to two
points for each patient, then the data were averaged for
the same point. Thus, 35 averaged spectra for 365 nm
excitation and 26 spectra for 450 nm excitation were
analyzed next. The comparison group had 11 spectra,
each one was averaged over 10 measurements in a single
point of liver tissue. The averaged fluorescence spectra
were smoothed using the Savitzky–Golay filter to exclude
noise, but without affecting the shape of the spectra.
The smoothed spectra were normalized from 0 to
100. The next stage of processing included nonlinear

FIGURE 1 Schematic view of the setup for measuring fluorescence
spectra of liver tissue.
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curve‐fitting procedure of deconvolution based on the
Levenberg–Marquardt algorithm to calculate the linear
combinations of Gaussian curves reflecting the contribu-
tion of pure fluorophores to the total signal obtained
from liver tissue. The quantity of curves, their central
wavelengths, and full widths at half maximum were
initially selected from the literature findings on the
fluorescence composition of the liver parenchyma, and
then adjusted empirically to provide as best as possible fit
for the measured spectra profiles.28,30,31,38 The quality of
the convergence of the curves was verified by the values
of residuals and r2 coefficient of determination.

Figure 3 shows examples of fluorescence spectra
deconvolution into selected components. A total of
10 curves for fluorescence spectra excited by 365 nm
(Figure 3A) and four curves for excited by 450 nm
radiation (Figure 3B) were extracted to obtain informa-
tion about the potential contribution of fluorophores to
the emission spectra of liver parenchyma.

Curve 1 shows the effect of fluorescence of collagen
and elastin which are fibrous proteins in the connective
tissues.39 Curve 2 is a reduced form of nicotinamide
adenine dinucleotide and nicotinamide adenine
dinucleotide phosphate (NADH and NADPH, com-
monly referred to together as NAD(P)H). NAD(P)H is
involved in energy metabolism reactions in cell
mitochondria, acting as one of the main electron
donors in the Krebs cycle.40,41 Curve 3 reflects the
contribution of fluorescence of free fatty acids synthe-
sized by the liver, and curve 4 represents the fluores-
cence of vitamin A indicating retinoid metabolism.42

Assessment of input from these fluorophores is used
less frequently, but the potential of these parameters as
diagnostic criteria has been noted in the literature.28

FIGURE 2 Schematic diagram of the experimental design.

FIGURE 3 Examples of fluorescence spectra deconvolution in
liver tissues for the excitation wavelengths of 365 nm (A) and
450 nm (B): 1, fibrous proteins (collagen and elastin); 2, NAD(P)H;
3, fatty acids; 4, vitamin A; 5, 7, bilirubin (two peaks at approx. 520
and 570 nm); 6, flavins; 8, lipofuscin; 9, protoporphyrin IX; 10,
porphyrin derivatives.
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Curves 5 and 7 represent two characteristic peaks
found in the fluorescence spectra of bilirubin, a
product of hemoglobin decay, which is converted from
the water‐soluble unconjugated form (indirect) to the
conjugated (direct) one in hepatocytes and excreted
with bile. Bilirubin is one of the pigments responsible
for bile's typical color. Bilirubin fluorescence spectrum
shows a major band around 520–530 nm and addi-
tional minor bands (taking into account the range of
obtained data, the second band around 560–570 nm
was chosen).43 Curve 6 represents the fluorescence of
flavins also involved in the energy metabolism
reactions.28 Curve 8 is located in the wide fluorescence
range of lipofuscin pigment which is an indicator
of oxidative stress and ageing.44,45 Curves 9 and 10
belong to the characteristic fluorescence peaks of
protoporphyrin IX and other porphyrin derivatives—
the precursors to heme, and accordingly to hemoglo-
bin.46 Fluorophores from five to eight match those for
both types of spectra, but the emission maxima and
hence the central wavelengths of the Gaussian curves
are shifted to the right (redshifted).

The analyzed parameters included peak heights,
areas under Gaussian curves, and their relative
contribution to the total areas of spectra curves.
The statistical significance of the differences between
the parameters was checked using the nonparametric
Mann–Whitney U test due to the limited sample size
and lack of confirmed normal distribution of the
results in all compared samples.

RESULTS

Figure 4 shows the averaged normalized fluorescence
spectra for both groups. Fluorescence spectra for
365 nm excitation showed no wavelength shift in the
fluorescence maximum, but the group of patients with
obstructive jaundice showed increased fluorescence at
about 400–450 nm and decreased fluorescence at about
550–700 nm. The 450 nm spectra showed slight blue
shift for the wavelength of maximum fluorescence
value and a decrease in the range around 550–750 nm
for group of patients with obstructive jaundice.

Table 1 shows the results of calculation of the selected
parameters for all fluorophores in the 365 nm spectra.
The highest height values were expectedly observed for
the components characterizing the fluorophores with
emission spectra closest to the maximum of the entire
spectrum, in particular, vitamin A and flavins. Significant
contribution of lipofuscin was also noticeable, but there
were no statistically significant differences. The group of
patients with obstructive jaundice showed statistically
significant increase of curves height for NAD(P)H and
vitamin A and decrease—for fatty acids. Protein and
porphyrin curves also contributed little at the edges of
the spectra, but it is worth noting that the profiles of

some spectra displayed a small characteristic fluorescence
increase from protoporphyrin IX around 625 nm.

The parameter of the area percentage under the
particular Gaussian curves in the total spectrum area
shows more statistically significant differences between
the groups. The greatest contribution to the spectral area
was due to the lipofuscin curve, which, as in the case of
the peak height, exhibited a large scattering of area
values. The high level of vitamin A fluorescence was also
noticeable again. The proportion of the areas of bilirubin
curves shows no statistically significant differences
between the groups in contrast to the flavins, which
undergo an increase in the area contribution in the same
way as NAD(P)H, which may indicate the differences in
energy metabolism.

The results of calculations for spectra excited by
450 nm are shown in Table 2. For both parameters, there
was an increase in bilirubin and flavins contributions in
the group of mechanical jaundice patients and a decrease
in lipofuscin contributions. A twofold predominance of
the main peak of bilirubin fluorescence relative to the

FIGURE 4 Averaged normalized (mean ± standard deviation)
fluorescence spectra of liver tissues for the excitation wavelengths of
365 nm (A) and 450 nm (B).
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TABLE 1 Results of calculation of Gaussian curves parameters in fluorescence spectra obtained under 365 nm excitation, median (25th and
75th percentiles).

Peak height, a.u. Area under the curve, %
Fluorophores No jaundice Jaundice No jaundice Jaundice

1. Fibrous proteins28,30,32,39 5.1 (4.4–9.2) 7.9 (3.3–9.6) 0.8 (0.6–1.6) 1.2 (0.5–1.6)

(λ = 405 nm; FWHM= 21 nm)

2. NAD(P)H28–30,32,39 8.5 (7.4–9.8) 17.3 (14.0–27.8)* 2.6 (2.5–3.1) 5.9 (4.5–10.3)*

(λ = 448 nm; FWHM= 44 nm)

3. Fatty acids28,30,47 7.7 (0.0–14.0) 0.1 (0.0–3.4)* 3.0 (0.0–5.0) 0.3 (0.0–1.5)*

(λ = 482 nm; FWHM= 53 nm)

4. Vitamin A28,30 43.0 (36.8–50.3) 50.9 (46.3–61.1)* 14.1 (13.7–18.0) 19.2 (16.0–24.6)*

(λ = 497 nm; FWHM= 49 nm)

5. Bilirubin (1st peak)28,30,43 23.9 (23.3–27.9) 22.0 (19.0–24.7) 13.7 (11.9–15.2) 12.6 (9.7–14.2)

(λ = 522 nm; FWHM= 74 nm)

6. Flavins28–30,32 30.2 (27.5–36.5) 34.6 (32.7–38.6) 14.4 (12.6–17.3) 17.5 (15.0–19.7)*

(λ = 530 nm; FWHM= 65 nm)

7. Bilirubin (2nd peak)28,30,43 19.7 (16.7–20.6) 18.4 (17.0–20.2) 8.6 (8.3–9.6) 8.6 (7.8–9.5)

(λ = 569 nm; FWHM= 61 nm)

8. Lipofuscin28,30,32 37.3 (26.3–44.0) 27.2 (18.5–33.4) 35.7 (27.1–39.5) 26.7 (19.8–31.6)*

(λ = 603 nm; FWHM= 131 nm)

9. Protoporphyrin IX28–30 4.1 (3.1–7.4) 6.4 (5.0–7.7) 1.1(0.8–2.1) 1.8 (1.4–2.4)*

(λ = 618 nm; FWHM= 35 nm)

10. Porphyrin derivatives28–30 6.9 (2.7–9.2) 4.0 (2.6–5.6) 3.8 (1.7–4.8) 2.5 (1.6–3.2)

(λ = 679 nm; FWHM= 76 nm)

Abbreviations: λ, central wavelength; FWHM, full width at half maximum.

*Statistically significant differences for <p 0.05.

TABLE 2 Results of calculation of Gaussian curves parameters in fluorescence spectra obtained under 450 nm excitation, median (25th and 75th
percentiles).

Peak height, a.u. Area under the curve, %
Fluorophores No jaundice Jaundice No jaundice Jaundice

5. bilirubin28,30,43 (1st peak) 74.0 (70.2–80.6) 79.0 (74.7–81.6) 22.3 (20.7–28.8) 27.2 (25.5–29.0)*

(λ = 518 nm; FWHM= 39 nm)

6. Flavins28–30,32 39.7 (34.8–44.4) 46.0 (43.7–48.5)* 12.3 (10.3–15.6) 16.3 (15.3–17.4)*

(λ = 549 nm; FWHM= 39 nm)

7. Bilirubin (2nd peak)28,30,43 32.4 (30.6–37.3) 37.4 (35.5–38.4)* 17.1 (15.0–19.7) 21.0 (19.4–22.2)*

(λ = 577 nm; FWHM= 63 nm)

8. Lipofuscin28,30,32 49.9 (31.1–53.0) 31.1 (29.2–37.1)* 49.5 (35.2–53.6) 34.6 (32.6–39.8)*

(λ = 610 nm; FWHM= 123 nm)

Abbreviations: λ, central wavelength; FWHM, full width at half maximum.

*Statistically significant differences for <p 0.05.
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second curve of bilirubin and flavins was observed in
terms of curve height. When comparing percentages of
areas, the prevalence of bilirubin versus flavins contribu-
tion was noted.

The parameters of the curves in the range
450–600 nm underwent the most noticeable changes
in the patients with obstructive jaundice. These
changes were observed in fluorescence spectra for both
emission sources, so we believe that it makes sense to
consider them as potential markers of liver functional
state in more detail. It is worth noting that the
parameters of the curves representing the fluorescence
of fatty acids took the values closest to zero
more frequently, while there was also a large scatter
for the group of patients without obstructive jaundice.
In general, it is believed that the contribution of fatty
acids to the total liver fluorescence is not very
significant, and research toward taking it into account
is not yet as widespread.47,48

Since the work is devoted to the search for new
diagnostic tools for the evaluation of liver failure, we
decided at this point to analyze more closely the energy
metabolism and excretory function of the liver. There-
fore, the results reflecting the levels of NAD(P)H, flavins,
and bilirubin were considered separately. The contribu-
tion of vitamin A has also been evaluated separately as
another important fluorophore that may hold promise as
a possible marker for liver failure.

Based on the peak height fluorescence values of
NAD(P)H at 365 nm excitation and flavins at 450 nm
excitation, we additionally calculated the redox ratio,
which is used to assess changes in cellular metabo-
lism.20,49,50 The redox ratio was calculated using one
of the common approaches to its evaluation, accord-
ing to the formula28,51,52:

=
+

RR
Flavins

Flavins NAD(P)H
. (1)

Analysis of the parameters of the curves (Figure 5)
showed a statistically significant predominance of NAD
(P)H for both parameters (height and area) in the spectra
excited by 365 nm radiation with the lowest value of p.
Analysis of the curves obtained for spectra excited by
450 nm showed a statistically significant increase in the
percentage of area of both bilirubin and flavin curves and
less pronounced increase of this parameter for flavin
curve and the second peak of bilirubin fluorescence.

The calculated redox ratios showed a statistically
significant decrease of this parameter in the group of
patients with obstructive jaundice (median 0.77, 25th and
75th percentiles 0.71–0.79) compared to patients without
this syndrome (median 0.82, 25th and 75th percentiles
0.80–0.84).

DISCUSSION

The evaluation of biological tissues using FS data is a
valuable source of information on changes in tissue
structure and metabolic processes. Due to the fact that
fluorescence spectra are composed of the contributions of
a number of fluorophores fulfilling different metabolic
and structural functions, the approach of decomposing
fluorescence spectra into their main components has
demonstrated ample opportunities for applications in
various fields of medicine.31,53,54 The possibilities of the
technique we have chosen to obtain additional diagnostic
information about the functional state of liver tissues
using Gaussian curves have also been extensively
demonstrated previously.28,30,55 Fluorescence diagnostic
methods are also increasingly being introduced with
needle probes, so the application of spectral deconvolu-
tion to data obtained with such probes is a promising
prospect. The results obtained allow us to conclude that
it is possible to implement this methodology for the task
in question.

FIGURE 5 Comparison of the parameters of the Gaussian curves: peak height of the Gaussian curves and redox ratios (A), percentage of the
area under the Gaussian curves of the fluorophores in the total area under the fluorescence spectrum curve obtained after nonlinear fitting (B).
Median values are connected by the lines between groups. Statistically significant differences for: * <p 0.05, ** <p 0.01, *** <p 0.001.
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In this series of experiments, we aimed at considering
the influence of as many components of fluorescence
spectra as possible (especially those excited by 365 nm
light) for a more accurate fitting and evaluation to
determine which fluorophores would be better suited for
the diagnostic task described. Meanwhile, we made a
number of assumptions when selecting the input param-
eters, based on technical capabilities and the lack of need
for more detailed separation of individual curves within a
group of fluorophores. In particular, we did not analyze
the separate contribution of free and bound NAD(P)H
fluorescence, as well as different types of free fatty
acids.28,56

Next, the parameters of the curves of the fluoro-
phores of interest for the assessment of the functional
state of the liver—NAD(P)H, flavins, and bilirubin—
were determined and analyzed in more detail. First of all,
the increased contribution of bilirubin to the fluorescence
spectra was an expected effect due to the fact that it is a
direct consequence of the accumulation of high amounts
of bilirubin, the outflow of which from the hepatic acini
into the ducts is blocked. Developing biliary hyper-
tension is one of the factors of disorders in blood supply
to liver cells, resulting in damage to membranes of bile
ducts and hepatocytes.

The results obtained for the remaining fluorophores,
reflecting metabolic changes, are the above‐mentioned
consequence of the biliary obstruction and the shift in the
bilirubin content. This leads to inhibition of oxidative
phosphorylation and antioxidant protection of liver,
reduction of bioenergetic processes in mitochondria of
hepatocytes, inhibition of cytochrome oxidase and
succinate dehydrogenase activity.57,58 The prevalence of
NAD(P)H may indicate impaired oxygen utilization
leading to severe tissue hypoxia and following damage
to hepatocytes and liver in general. Prolonged and
progressive jaundice leads to impaired liver function,
which eventually leads to liver failure, and hypoxia is
considered to be one of the most common causes of this
condition.59 We assume that an electron donor in the
cytosol, NADPH, may have influenced the NAD(P)H
curve, but to a lesser extent than NADH. NADH and
NADPH have indistinguishable fluorescence spectra but
play different roles in cells. NADH is primarily involved
in energy metabolism reactions, while NADPH is
involved in anabolic reactions, including those related
to antioxidant defense.60 Since one of the factors of
oxidative stress in various liver diseases is the activation
of NADPH oxidase,61,62 we hypothesize that most of the
increase in NADH levels we observe is due to hypoxia
rather than NADPH. However, a more accurate separa-
tion of the fluorescence of these cofactors by the FS
method seems to be difficult.

Hepatocyte metabolic disturbances due to hypoxia
were also indicated by the calculated redox ratios in liver
tissue of patients with and without obstructive jaundice.
Changes in the rate of cellular metabolism are reflected

by the redox ratio.49 According to the method we used to
calculate the redox ratio, its decrease can be interpreted
as an increase in the metabolic activity of the cell or the
predominance of glycolysis over oxidative phosphoryl-
ation due to hypoxia. During oxidative phosphorylation,
NAD(P)H loses an electron and is converted to NAD(P)
+, which does not fluoresce. In contrast, NAD(P)H
accumulates during glycolysis. In the case of flavins, the
fluorescent coenzyme flavin adenine dinucleotide (FAD)
is formed predominantly by oxidative phosphorylation
from the nonfluorescent form FADH2. When hypoxia
occurs, the glycolytic pathway becomes more pro-
nounced in the cell, leading to an increase in NAD(P)
H content and consequently an increase in its fluores-
cence contribution, which decreases the value of the
redox ratio. It is the decrease in this ratio that has been
found in the liver tissue of patients with obstructive
jaundice.51,52,63

In addition to the fluorophores discussed as possible
markers of liver function, we found statistically signifi-
cant differences in the contribution of vitamin A
fluorescence. According to the literature, the liver is
normally characterized by a remarkable content of
vitamin A, which, among other factors, was considered
as an additional factor affecting the possibility of
detecting NAD(P)H fluorescence.64,65 However, since
the liver is the site of vitamin A storage in the human
body, the impairment of normal liver function, including
that due to obstructive jaundice, also affects this
function, which we believe can be seen in the FS data.

For example, there is evidence in the literature of
accumulation of vitamin A in hepatocytes with a
decrease in serum levels in biliary cirrhosis and non-
alcoholic fatty liver disease. This may indicate changes in
retinol metabolism and distribution from the liver rather
than a general deficiency.66,67 Development of biliary
cirrhosis may be a complication of bile duct obstruc-
tion.68 There are also known results of a bile duct
ligation experiment in rats, which showed a
redistribution of vitamin A in the liver and its
accumulation, while the level of retinol in the serum
was decreased.42 It was also noted that changes in
vitamin A content have an effect on bile salt and acid
homeostasis, which is also normally coregulated by
vitamin A. It is possible that increased accumulation of
vitamin A is necessary to prevent excessive liver damage
in cholestasis. It is also worth noting that impaired bile
outflow from the liver limits the levels of bile acids in the
intestine, making it difficult to absorb vitamin A
effectively.42

A key role in vitamin A metabolism is played by
quiescent hepatic stellate cells, which store most of the
vitamin A in the body in the form of retinyl esters.69

Therefore, when serum retinol levels decrease, it is still
unclear whether this indicates a general vitamin A
deficiency or pathologic changes in its metabolism in
the liver.67 It is known that when the liver is damaged,
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hepatic stellate cells are activated and transdifferentiate
into proliferative myofibroblasts that produce collagens
and fibronectins, leading to the development of fibrosis.67

Fluorescence microscopy studies indicate that the spatial
distribution of hepatic stellate cells overlaps with areas of
fibrosis, resulting in parenchymal tissue collapse and
decreased hepatocellular excretory function.70 One of the
factors that activates these cells is also aerobic glycoly-
sis.71 The fact that biliary obstruction causes cholestatic
damage to the liver, including liver fibrosis, has been the
subject of numerous reports.68,72–75

In this study, we also observed an increase in the
contribution of fibrous proteins to the total fluores-
cence signal in the presence of obstructive jaundice.
Although it did not reach statistical significance, this
component may also be addressed in future studies.
Thus, increased fluorescence of vitamin A may also be
an indirect sign of decreased hepatocellular excretory
function,70 along with the accumulation of fibrous
proteins as a predictor of the development of fibrosis.
This parameter can also be used in the further
development of a comprehensive parameter for the
assessment of liver function in obstructive jaundice.

Based on the results obtained, we are considering
continuing the analysis of the fluorescence spectra,
taking into account the possible interrelated effects of
vitamin A metabolism changes and the development of
fibrosis, as well as the absorption of chromophores,
especially hemoglobin,56 which can greatly affect the
recorded fluorescence spectra. For more accurate spec-
tral deconvolution, it is also possible to pre‐calibrate on
pure solutions of selected fluorophores to obtain
fluorescence spectra for the particular optical biopsy
setup configuration used.

CONCLUSION

Currently, one of the urgent issues for surgeons in the
treatment of obstructive jaundice is the ability to assess
the functional state of the liver and to detect and
determine the degree of liver failure in a timely manner.
Since the liver has many functions in the human body, no
single test can adequately assess all of them. A variety of
laboratory and instrumental parameters are used to
assess each liver function. In this regard, the use of
optical techniques, which provide broad diagnostic
capabilities in a wide range of biological and medical
applications, seems promising. The use of FS method
along with biochemical and imaging studies, including
liver scintigraphy, elastography, ICG hepatic clearance,
would allow one to more fully describe the functional
state of the liver in obstructive jaundice. Incorporating
new information on the metabolic status of the liver
parenchyma into existing scales for assessing the severity
of hepatocellular dysfunction will improve their diagnos-
tic and prognostic efficacy.

In this work, we considered the feasibility of
applying the method of FS to search for new
diagnostic parameters of the functional state of the
liver parenchyma in liver failure in the presence of
obstructive jaundice. The results obtained reflect
changes associated with shifts in the content of the
main fluorophores characterizing hepatocyte dys-
function caused by accumulation of bilirubin and bile
acids and after disturbance of oxygen utilization. The
contributions of NAD(P)H, flavins, and bilirubin, as
well as vitamin A, can be used for further studies as
promising diagnostic and prognostic markers of the
course of liver failure. While in this work and in future
studies we propose an approach to assess the func-
tional state of liver tissues by the FS method in post‐
hepatic jaundice, we also anticipate that in the long
term it may be applicable to jaundice caused by
another pre‐hepatic and hepatic etiologies.

Further work will include collecting FS data in
patients with different clinical effects of acute and
prolonged obstructive jaundice on postoperative clini-
cal outcome after biliary decompression. FS data will
be compared with serum bilirubin levels, international
normalized ratio, white blood cell count, and MELD
score, which represent cholestasis, hemostasis, inflam-
mation, and indirectly liver dysfunction, respectively.
Another step is implementation of multimodal
approach to optical biopsy. The results obtained will
make it possible to further reduce the diameter of the
fiber optic probe, which is critical for the study of
parenchymal organs, and to apply the presented FS
data processing both with other in vivo spectroscopy
techniques (like diffuse reflectance spectroscopy) and in
vitro methods for studying the properties of bile
(namely, Raman spectroscopy).

LIMITATIONS

The needle probe approach to FS described in the article
has some limitations. As a spectroscopic method, FS
allows simultaneous measurement of only one point
contacted by the fiber optic probe. To reduce measure-
ment uncertainty, multiple measurements were taken at
the surgeon's discretion. Since fluorescence spectra are
recorded quickly (less than 1min per point), one or two
points were measured in the tissue along the path of the
needle probe, depending on the patient's condition.

At this stage of the research, another limitation is the
number of patients in the groups. The further develop-
ment of new diagnostic criteria for the assessment of the
functional state of the liver will require the collection of
data from a larger sample of patients.

Finally, another serious limitation is the lack of a
control group. Since surgery is performed because of
pathology, it is obviously impossible to obtain in vivo
data in healthy subjects.
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