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Temperature-Dependent Luminescence Quenching in 
New Water-Soluble Europium Complexes in Water and 
Heavy Water 

Anastasiia V. Kharcheva*, Dmitriy A. Kharitonov, Vitaliy A. Ioutsi, Nataliya E. Borisova, 
and Svetlana V. Patsaeva 
Lomonosov Moscow State University, Moscow 119991, Russian Federation 

*e-mail: harcheva.anastasiya@physics.msu.ru 

Abstract. The luminescent properties of three novel water-soluble europium 
complexes with organic ligands based on 2,2'-bipyridyl substituted with 
phosphonic acids were studied in water and heavy water at temperatures from 
293 to 333 K. With an increase in temperature, a decrease in the intensity of 
europium luminescence was observed both in water and heavy water. The 
luminescence intensity in the studied temperature range is well described by 
the van’t Hoff plot for each solution. For all complexes, the luminescence lifetime 
in heavy water was much longer than in water due to effective quenching of the 
excited states by the OH oscillators of water molecules located in the first 
coordination sphere of the europium. The number of water molecules in the first 
coordination sphere of the europium at different temperatures was calculated; 
it did not vary with temperature. We conclude that the main mechanism of 
luminescence quenching is the enhanced energy back transfer from the excited 
state of europium to the triplet level of the ligand or the charge transfer state. 
The energy back transfer probability rises simultaneously with a displacement 
of the position of the europium ion relative to the inverse center in the complex 
upon solution heating. © 2024 Journal of Biomedical Photonics & Engineering. 

Keywords: rare-earth complexes; trivalent europium; phosphorescence; 
temperature dependence; luminescence lifetime; luminescence quantum yield; 
van’t Hoff plot. 
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publication 29 May 2024; published online 17 Aug 2024. doi: 10.18287/JBPE24.10.030301. 

 

 

 

1 Introduction 

Studying the optical properties of new rare-earth 

complexes is an important task, since their unique 

luminescent properties provide a wide range of 

applications. We will emphasize their high stability, 

intense luminescence with a high quantum yield and long 

lifetimes. Over time, rare-earth complexes have become 

indispensable in many field. They are used in 

optoelectronics to develop displays, light diodes and 

lasers [1−5], as luminescent markers and security 

labels [6], in night vision devices [7], photocatalysis [8], 

nanoscopy [9], bioprobes and biosensors [10−11], 

contrast agents in magnetic resonance imaging [12], as 

well in targeted drug delivery [13]. The possibility of 

doping various glasses with europium complexes opens 

up applications in the optical industry: in solar energy, in 

the production of amplifiers and waveguides, and in the 

development of lasers [14−17]. A feature of f-f transitions 

in rare-earth ions is manifested in relatively long 

luminescence lifetime, in the millisecond range. This, in 

turn, leads to interesting prospects for optical analysis 

and imaging of biological systems, where the effect of 

interfering tissue fluorescence can be eliminated 

by the time offset between light emission and 

detection [18−19]. 

mailto:harcheva.anastasiya@physics.msu.ru
https://dx.doi.org/10.18287/JBPE24.10.030301
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Changes in the external conditions and environmental 

composition can have a great impact on the luminescence 

characteristics of rare-earth complexes; therefore, the 

study of the luminescence spectra of rare-earth 

complexes under various experimental conditions is very 

important. Measuring the temperature dependences of 

luminescence of rare-earth complexes is especially 

important, since these properties are necessary for most 

applications. All these determines the relevance of the 

goal of this work focused in the studying the temperature 

dependences of luminescent characteristics of new water-

soluble europium complexes with organic ligands based 

on N-heterocyclic compounds. 

1.1 Mechanism of Luminescence in Trivalent 

Europium Complexes with Organic 

Ligands 

Although the luminescence in the rare-earth complexes 

is due to the emission of the rare-earth ion, the organic 

ligand is an important component of the luminescing 

system. An organic ligand attached to a rare-earth ion can 

significantly increase the molar extinction of the complex 

compared to the same rare-earth ion due to the so-called 

antenna effect. Thus, in the complex, light is absorbed by 

the ligand (antenna) and photoexcitation energy is 

transferred from the ligand to the lanthanide ion [20]. 

The luminescence mechanism of europium 

complexes involves excitation of the singlet state of the 

ligand upon absorption of a photon, followed by the 

energy transfer through the triplet state of the ligand to 

the lanthanide ion (Fig. 1). Emission occurs during the 

transition of the europium ion from the excited state 5D0 

to several levels of the ground term 7FJ [21]. The 

generally accepted energy transfer mechanism was first 

proposed by Crosby and Whan [22−24]. It is shown 

schematically in Fig. 1 with additives characteristic of 

europium complexes. After absorption of a photon, the 

ligand moves to the vibrational level of the singlet state 

S1 or S2. From the higher energy S2 state there is an 

internal conversion (IC) to the lower energy S1 state. The 

transition process from S1 state can occur in several ways: 

intersystem crossing (ISC) to the T1 triplet level, 

emission of ligand fluorescence, or non-radiative 

relaxation to the ground state. 

In europium complexes, it is also possible to transfer 

energy directly to the excited state of the rare-earth ion, 

for example, from the S1 level to the 5D1 level with 

subsequent relaxation to the 5D0 state [25]. After 

intersystem crossing, non-radiative deactivation of the 

ligand triplet state or ligand phosphorescence emission 

can occur, as well as energy transition to the charge 

transfer (CT) states (ILCT or LMCT) or the excited state 

of the rare-earth ion [23].  

 

Fig. 1 The scheme of energy transfers in europium complex with an organic ligand (S0, S1, S2 – singlet states, T1 – triplet 

state, ILCT (intra ligand charge transfer) and LMCT (ligand to metal charge transfer) – charge transfer states, 

A – absorption, F – fluorescence, P – phosphorescence, NR − non-radiative transfer, IC − internal conversion, 

ISC − intersystem crossing, ET − energy transfer from the ligand to the europium ion, 

BT − back energy transfer, VR − vibrational relaxation. 
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It is important to note that all energy transfers 

between the ligand triplet level, the excited level of the 

rare-earth ion, and the CT states can occur in both the 

forward and reverse directions. The probability of reverse 

transfer depends on the energy gap between the states, 

and if the energy difference between the excited state of 

the lanthanide ion and the upper triplet energy level of 

the ligand is too small, then the probability 

of the reverse transfer increases significantly, reducing 

the quantum yield of lanthanide luminescence. 

Moreover, in a situation where the excited state of the 

metal ion has a higher energy than the triplet state of the 

ligand, the probability of a transfer will be extremely low, 

and lanthanide luminescence cannot be observed [26]. 

In some compounds, the absorption of photons leads 

to direct excitation of vibrational levels of the ligand 

singlet state or the CT states, and non-radiative relaxation 

from all these states can also occur. After transferring 

energy to the excited state of the europium, the lanthanide 

ion emits the characteristic radiation. The luminescence 

spectrum of the trivalent europium consists of the lines in 

the red, corresponding to the transitions from the excited 

state 5D0 to the states 7FJ: 5D0→7F1 (585−600 nm), 
5D0→7F2 (610−630 nm), 5D0→7F3 (640−660 nm), 
5D0→7F4 (680−710 nm), 5D0→7F5 (740−770 nm) and 
5D0→7F6 (810−840 nm) [27]. 

1.2 Luminescent Sensors for Temperature 

Measurement 

A huge number of thermally sensitive nanoscale materials 

were developed, such as organic molecules based on 

boron [28], gold [29], semiconductor quantum dots [30], 

photonic crystal fiber [31], as well as luminescent rare-

earth complexes [32]. Luminescent probes for temperature 

measurement have advantages over other existing methods 

and are widely used in marine, geochemical, 

biotechnological and other studies [33−34]. The paper [35] 

proposes the use of fluorescent water-soluble compounds 

based on porphyrins to control the temperature of body 

tissues during phototherapy in the course of antitumor 

treatment. Linear calibration curves were obtained from 

the ratios of two fluorescence peaks, peak-to-valley, or 

fluorescence lifetime, which provides a fairly high 

accuracy of temperature determination, up to 0.1 K, in the 

biologically important range. The colloidal CdSe (ZnS) 

quantum dots in a SiO2 dielectric matrix were examined in 

Ref. [36]. The maximum of the luminescence emission of 

this sensor was shifted to the red region, the width of the 

luminescent band increased upon heating in the range from 

295 to 525 K. The paper [37] describes the effect of 

temperature on the luminescence spectra of lanthanide-

grafted bipyridine periodic mesoporous organosilica in the 

biological temperature range. The advantage of using such 

a sensor is low toxicity; therefore, in the future, it is 

planned to use them to control intracellular temperature 

during drug delivery. 

Compounds with europium ions (complexes, films, 

MOFs, etc.) have found the greatest application as 

luminescent temperature sensors due to the high intensity 

and duration of europium luminescence. It was 

established in the work [38] that the luminescence 

intensity of a vitrified film from the mesogenic complex 

of europium β-diketonate (Eu(CPDK3-5)3phen, where 

“CPDK3-5” stands for 1-(4-(4-propylcyclohexyl)phenyl) 

octane-1,3-dione and “phen” stands for 

1,10-phenathroline) decreases linearly on average in 

10 times when heated from 298 to 348 K, and the 

luminescence lifetime decreases in 2.6 times. The 

process is reversible, i.e. the film can be reused as a 

temperature sensor. In addition to recording the 

temperature dependence, the authors also suggested that 

the LMCT state is responsible for the strong quenching 

of the europium luminescence from the 5D0 level at high 

temperatures, and the activation energy was determined 

in accordance with the Arrhenius equation. The films 

with β-diketonate complex of similar structure 

(Eu(DK12–14)3phen, DK12–14 = 1-(4-(dodecyloxy)phenyl)-

3-(4-(tetradecyloxy)phenyl) propane-1,3-dione, 

phen = 1,10-phenanthroline) in an extended temperature 

range of 214–370 K were studied [39]. It has been found 

that the film luminescence lifetime can be the main 

parameter of a reusable temperature sensor in the 

temperature range of 270–370 K with high sensitivity. 

In the work [40] temperature dependence of binuclear 

europium complex ([BP-(EuIII)2-(ODA)3] 

(BP = 2,20-bipyridine-6,60-dicarboxylic acid bis(N-

hydroxysuccinimide) ester, ODA = diglycolic acid)) was 

studied in the range of 283–333 K. It was found that when 

the temperature of the solution of the binuclear europium 

complex in H2O or D2O changes, the shape of the 

luminescence emission band corresponding to the energy 

transition 5D0→7F2 changes as well. When the complex 

solution is heated, the luminescence intensity of two 

bands corresponding to the Stark splitting of the 5D0 

energy level increases, and their ratio depends not only 

on temperature, but also on the type of the solvent (light 

or heavy water). Thus, one can speak about the influence 

of water molecules in the first coordination sphere of the 

europium ion on the temperature-dependent processes. 

The authors of the paper [41] studied the tetranuclear 

Na+–Eu3+ complex, [Eu2Na2(nta)2(CF3CO2)4 

(naphCO2)2 (tpm*)2]·H2O [where nta− = 

1 - ( 2 - n a p h t h o y l ) - 3 , 3 , 3 - t r i f l u o r o a c e t o n a t e ,  

n a p h C O 2
−  =  n a p h t h a l e n e - 2 - c a r b o x y l a t e ,  

tpm* = tris(3,5-dimethyl-1-pyrazolyl)methane], and 

suggested using it as a temperature sensor in the range of 

273−233 K. The authors consider the temperature 

dependences of the luminescence integral intensity and 

lifetime, and the dependence of the luminescence lifetime 

on temperature was well described by the Mott-Seitz 

model. This made it possible to calculate the activation 

energy and propose a model for the quenching of the 

excited state 5D0 of the europium ion by the back energy 

transfer to the singlet energy level S1 of the ligand.  

The method for determining the temperature for many 

optical thermometers is based on measuring the ratio of 

luminescence emission of the ions, for example, Eu(III) 

and Tb(III), or Eu(III) and Sm(III)) in multicenter 

compounds [42−46]. 
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2 Materials and Methods 

2.1 Synthesis of Europium Complexes 

The Fig. 2 shows the chemical structures of the studied 

water-soluble europium complexes with organic ligands 

based on 2,2′-bipyridyl and 1,10-phenanthroline 

substituted with phosphonic acids [47−48]. 

 

(a) 

 

(b) 

 

(c) 

Fig. 2 Chemical structures of the studied europium 

complexes: (a) complex 1, (b) complex 2, 

(c) complex 3. 

The complex 1 was isolated as a white powder, 

practically insoluble in water and other polar solvents 

suitable for recording NMR spectra; therefore, IR and 

luminescent spectrometry, as well as high-resolution 

mass spectrometry, were used to determine the structure 

of the substance. According to the ESI-HR-MS, the 

composition of the complex corresponds to the 

hydrolysis product of the amide group and two ester 

groups of phosphoric acid. According to the IR 

spectrometry, a broad intense band is observed in the 

region of 1646–1595 cm−1 with a maximum at 

1617 cm−1, corresponding to the stretching vibrations of 

the C=O group in the uncoordinated tertiary amide group, 

and a narrower intense band at 1573 cm−1, corresponding 

to carboxylate anion. The presence of residual ester 

groups was confirmed by the presence of intense 

absorption bands in the region of 1078 and 1151 cm−1, 

corresponding to the stretching vibrations of C-O bonds 

in esters of phosphonic acids. The presence of 

phosphonic acid after partial hydrolysis of ester groups 

was confirmed by the presence of a weak band at 

1272 cm−1. In the spectrum there are observed also 

absorption bands, characteristic of C-H stretching 

vibrations in the region of 2856–2958 cm−1. 

The presence of water molecules in the coordination 

sphere of complex 1 was established on the basis of 

luminescent studies (Section 3.4). 

Complex 1 was synthesized by the following 

algorithm. A solution of Eu(NO3)3·6H2O (45 mg, 

0.1 mmol) in deionized water (1 ml) was added to a 

solution of octaethyl phosphonic ester (0.1 g, 

0.1 mmol) [42] in 3 ml of acetonitrile. Then the 0.1 ml of 

1M HCl were added dropwise under vigorous stirring. 

After addition is complete, the reaction mixture stirred 

about 1 h. White precipitate appeared were filtered off 

and washed twice by 1 ml of deionized water and air 

dried. The product yield was 40 mg (65%). High 

resolution electrospray ionization mass spectrometry 

showed the presence of a product [LEu]– with a mass-to-

charge ratio 734. 9875 (calc. for C18H20EuN3O9P2). The 

lines in the IR spectra (detected using KBr pellet) were 

the following: 2958, 2927, 2856 (νC-H),1617 (νCON), 

1432, 1488, 1571 (νC=O), 1274 (νP-O), 1078, 

1151 (νC-OP) cm−1. 

The complexes 2 and 3 were synthesized according to 

the Fig. 3 using the previously described 

procedures [47−48]. In the process of optimizing the 

preparation of complex 2, an attempt was made to 

perform metal-assisted deethylation of the octakisethyl 

bisphosphonic ester intermediate using the 2,2'-bipyridyl 

derivatives as an example. As a result of the treatment of 

the europium complex formed in situ with a 1 M HCl 

solution at room temperature, complex 1 was isolated, 

which is the product of partial hydrolysis of the ester 

groups and the amide fragment (Fig. 3). 

Solutions of europium complexes were prepared by 

dissolving a small amount of the complex powder in 

water or heavy water to obtain a concentration 

(1÷3)·10−5 M. 

2.2 Registration of Absorption and 

Luminescence Spectra, Calculation of 

Asymmetry Coefficient 

The absorption spectra of solutions of the complexes 

were measured by a Solar PB 2201 spectrophotometer in 

the temperature range from 293 to 333 K relative to a 

pure solvent (water or heavy water). The studies were 

carried out in the spectral range of 200−800 nm using 

quartz cuvettes with an optical path length of 10 mm. 
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Fig. 3 The scheme of the synthesis of studied compounds. 

Luminescence spectra were recorded using a Solar 

CM2203 luminescence spectrometer (Belarus). To set 

and maintain the required temperature of the solutions in 

the temperature range from 293 to 333 K, a thermostatic 

cell compartment was used. The measurements were 

carried out in standard quartz cuvettes with an optical 

path length of 10 mm. For more accurate temperature 

control, an external thermometer was used lowered into 

the cuvette. 

The luminescence emission spectra were registered in 

the spectral range from 280 to 800 nm with a step of 1 nm 

upon excitation at 270 or 320 nm. The spectral width of 

the excitation and registration monochromator slits was 

set to 5 nm. The luminescence excitation spectra were 

measured upon excitation within the spectral range 250–

600 nm when recorded at 613 nm. After measuring the 

luminescence spectra, the effect of the internal filter was 

corrected using the following Eq. (1): 

𝐼𝑐𝑜𝑟𝑟 = 𝐼0 × 10(
𝐷𝑒𝑥+𝐷𝑒𝑚

2
)
, (1) 

where Icorr – luminescence intensity corrected for the 

internal filter effect, I0 – registered luminescence 

intensity, Dex and Dem – absorbance of the solution at the 

wavelength of excitation and registration, respectively. 

The luminescence quantum yield was calculated by 

the reference dye method using the values of the quantum 

yield of solutions of these complexes in water and heavy 

water at room temperature (297 K) as a reference (the 

corresponding values were obtained earlier, using 

Rhodamine as a reference [49]). 

The so-called asymmetry coefficient (or asymmetry 

ratio) R was calculated as the ratio of the intensities of the 

peaks corresponding to the “supersensitive” (5D0→7F2) 

and magnetic dipole (5D0→7F1) transitions. R 

characterizes the specific crystallographic site symmetry 

of the europium ion. Distortions or deviations from 

centrosymmetric geometry of Eu3+ generally increase 

R [50]. 

2.3 Luminescence Lifetime Measurement 

The luminescence decay kinetics were measured by a 

Solar CM2203 luminescence spectrometer upon 

excitation with a wavelength of 270 or 320 nm and a 

recording wavelength of 618 nm. The spectral slit width 

of the excitation and recording monochromators was 

10 nm, the measurements were carried out with a period 

of 0.02 s (accumulation time of one decay cycle), 

5 repetitions of 40 cycles each. Based on the 

luminescence decay kinetics obtained for each repetition, 

the luminescence lifetime τobs of the excited state of 

europium was calculated as following: 

𝜏𝑜𝑏𝑠 =
𝑡

ln 𝐼(0)−ln 𝐼(𝑡)
, (2) 

where I(0) and I(t) are the phosphorescence intensities at 

the start and time t, respectively. Subsequently, the 

lifetime values obtained in different repetitions for one 

sample were averaged. 

2.4. Determination of the Number of Water 

Molecules in the First Coordination 

Sphere of the Europium Ion 

Using the observed luminescence lifetime τobs of 

compounds with europium, one can determine, for 

example, the number of water molecules included in the 

first coordination sphere of the complex (hydration 

number). This number provides information on the 

composition of europium complexes in aqueous 

solutions. The method for determining the hydration 

number is based on the fact that OH groups can quench 

the excited state 5D0, while OD groups of D2O quench it 

less efficient. Therefore, one can observe an increase in 

the observed luminescence lifetime in heavy water 

compared to light water [51]. 

For the case when it is required to determine the 

number of water molecules in the first coordination 

sphere of complexes, one can use the formula for 

solutions of complexes obtained empirically [52]: 

𝑞 = 𝐴(
1

𝜏𝐻2𝑂
−

1

𝜏𝐷2𝑂
− 𝐵), (3) 

where the coefficients A = 1.11 ms and B = 0.31 ms−1. 

3 Results 

3.1 Absorption Spectra of Solutions of 

Europium Complexes 

The absorption spectra of solutions of water-soluble 

europium complexes in water and heavy water represent 
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a broad spectral band in the UV range. In Fig. 4 they are 

shown for solutions at a temperature of 297 K. Local 

absorption maxima corresponding to the absorption of 

the ligand are located in the wavelength range of 

270−320 nm, depending on the complex and solvent. 

Experiments have shown that the absorption spectrum 

does not change shape with increasing temperature, but 

the absorbances decrease slightly with increasing 

temperature. 

 
(a) 

 

(b) 

Fig. 4 Absorption spectra of studied complexes in 

(a) H2O and (b) in D2O at 297 K. 

The absorption spectrum of the complex 1 has a 

maximum at a wavelength of 315 nm, which corresponds 

to the ligand absorption to the S1 state; in heavy water the 

absorption maximum of the complex solution is slightly 

broadened and shifted to the shorter wavelengths by 

5 nm; otherwise, the absorption spectrum remains 

practically unchanged. Taking into account that the 

concentrations of solutions are almost identical, in heavy 

water and in water absorbances are comparable. The 

absorption spectrum of a solution of complex 2 in water 

has a broad peak in the wavelength range of 250−340 nm 

with a noticeable shoulder at 320 nm; in heavy water it 

has a noticeable peak at 270 nm and a shoulder at a 

wavelength of 320 nm. The absorption spectrum of a 

solution of the complex 3 in water has a peak with a 

maximum at a wavelength of 290 nm, the absorption 

spectrum of a solution in heavy water is red shifted and 

is significantly broadened. The absorption spectra of 

solutions of complexes 1 and 2 have similar peaks at 

315−320 nm, either in water and in heavy water. The fact 

that these two complexes are also similar in structure 

confirms the assumption that the N-heterocyclic part of 

the ligand common to them is responsible for the nature 

of the absorption spectrum [27]: for complexes 1 and 2, 

this part is bipyridine, while for the complex 3, the 

N- heterocyclic part is phenanthroline. 

3.2 Luminescence Emission and Excitation 

Spectra of Solutions of Europium 

Complexes 

Emission spectra were measured with an excitation 

wavelength of 270 nm (complex 3 in D2O) and 320 nm 

(other complexes), which corresponds to the wavelength 

at the maximum of the excitation spectrum. Emission 

spectra were recorded in the spectral range from 500 to 

800 nm in the phosphorescence measurement mode with 

a delay respect to the lamp pulse. A typical 

phosphorescence emission spectrum of the europium 

complex is a set of spectral lines in the region of 

570−720 nm corresponding to the energy transitions 
5D0 → 7FJ (where J = 0…6, only the first five of them 

were observed in the experiment). Emission spectra were 

recorded in the fluorescence measurement mode (with 

simultaneous excitation and registration of spectra) at the 

same excitation parameters in a wider spectral range from 

330 to 800 nm (Fig. 5). The spectra obtained in this 

measurement mode have a broad peak in the short-

wavelength region, which corresponds to the 

fluorescence of the organic ligand. 

 

Fig. 5 Luminescence emission spectra of the complex 2 

in heavy water at different temperatures recorded in the 

fluorescence measurement mode, λex = 320 nm. The 

spectra of other studied samples are presented in the 

Supplementary Material, Figs. S1. 
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Fig. 6 Luminescence emission spectra of the complex 1 

in water at different temperatures recorded in the 

phosphorescence measurement mode, λex = 320 nm.  

The most intense peak in the luminescence spectrum 

of the investigated solutions of europium complexes 

corresponds to the transition from the 5D0 level to the 7F2 

level, the so called “supersensitive” transition. Two other 

peaks are also clearly visible, corresponding to 

transitions to the 7F1 and 7F4 levels with the peak 

wavelengths of 595 and 700 nm, respectively. In 

addition, the forbidden transitions to the 7F0 and 7F3 

levels can be distinguished, but their intensity is much 

lower compared to the others. The shape is characteristic 

of all europium complexes, regardless of the solvent 

(Fig. 6). 

With an increase in the temperature of solutions of 

europium complexes in both solvents, a decrease in the 

intensity of europium luminescence was observed 

(Fig. 7). The dependence of the wavelength-integrated 

luminescence intensity of europium complexes on 

temperature in the temperature range under study was 

found to be non-linear. 

The wavelength-integrated luminescence intensity of 

solutions of the complexes 1 and 3 in water drops by 40% 

as the temperature increases from 293 to 313 K, and this 

drop is practically the same for these two complexes. 

Further, with an increase in the temperature of the 

solutions above 313 K, the integrated luminescence 

intensity decreases by only 5%. The strongest drop in the 

luminescence intensity was observed for a solution of the 

complex 2 in water; its luminescence decreases by 80% 

along with temperature rising from 293 to 313 K. With 

further heating, the luminescence decreases by no more 

than 10%. A solution of the complex 1 in heavy water is 

characterized by a linear dependence over the entire 

temperature range from 293 to 333 K with a decrease in 

the wavelength-integrated luminescence intensity by 

58%. 

The complex 2 in heavy water, as well as in water, 

has a large change in the luminescence intensity; this 

temperature dependence consists of two linear sections. 

In the temperature range from 293 to 313 K, the 

integrated luminescence intensity of the europium 

complex drops about 5 times. Then the rate of fall 

decreases, and the intensity decreases twofold as the 

temperature rises up to 333 K. Thus, it can be seen that 

the behavior of the luminescence of the complex 2 is 

practically independent of the solvent. A solution of the 

complex 3 in heavy water is characterized by a 

dependence with a weakly pronounced change in the 

angle of inclination at 313 K, and with a general decrease 

in the wavelength-integrated luminescence intensity by 

66%. 

In general, decreasing with temperature luminescence 

intensity was observed earlier for other europium 

complexes. In a number of studies, a characteristic linear 

decrease in intensity followed by its break is 

observed [36, 48]. However, in the mentioned papers, the 

temperature range under investigation mainly affected 

the first linear section of the dependence; there were no 

data on how the dependence of the integrated 

luminescence intensity behaves at higher temperatures. 

 

 
(a) 

 

(b) 

Fig. 7 Dependences of the wavelength-integrated 

luminescence intensity for solutions of complexes in 

water (a) and heavy water (b). 
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Fig. 8 Luminescence excitation spectra of the complex 1 

in heavy water at various temperatures.  

The dependence of luminescence quenching on 

temperature in the article [48] is explained by electron-

phonon pairing and/or a change in the crystal field due to 

thermal contraction of the lattice. The second, in our case, 

can probably be associated with a change in the 

conformation of the complex under the action of 

temperature. Based on the linear dependence of the 

change in the energy of the 5D0 → 7F0 transition, it is 

assumed in the article that electron-phonon pairing is the 

main mechanism. In Ref. [36], the dependence of the 

integral intensity on temperature is explained by a change 

in the energy transfer to the singlet S1 state of the ligand, 

which in our case is impossible according to the energy 

conservation law. 

The luminescence excitation spectra of europium 

complexes in water and heavy water were obtained upon 

excitation with wavelengths ranging from 250 to 600 nm 

and registration at a wavelength of 613 or 614 nm, which 

corresponds to an ultrasensitive energy transition 

(registration was carried out in the phosphorescence 

measurement mode). As an example, the Fig. 8 shows the 

change in the excitation spectrum for the complex 1 when 

the solution is heated. 

The intensity maximum for the luminescence 

excitation spectra falls at a wavelength of 320 or 270 nm 

(for the complex 3 in heavy water). The band-shape of 

the excitation spectra, the position of the maximum did 

not change significantly with temperature. We observed 

only a uniform decrease in intensity occurred along with 

rising temperature. Changes in the maximum intensity in 

the excitation spectra with temperature alteration 

corresponded to changes in the wavelength-integrated 

intensity in the emission spectra. 

3.3 Van’t Hoff Plots 

According to the obtained dependences of the 

wavelength-integrated luminescence intensity, van’t 

Hoff plots were calculated as dependences of the 

logarithm of the normalized luminescence intensity on 

the reciprocal absolute temperature (Fig. 9). 

 

(a) 

 

(b) 

 

(c) 

Fig. 9 Dependence of the logarithm of the normalized 

integral luminescence intensity of solutions of europium 

complexes on the reciprocal absolute temperature: 

(a) complex 1, (b) complex 2, (c) complex 3. 
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The obtained dependences for the three complexes 1, 

2 and 3 were found to be linear for both solvents, water 

and heavy water, which indicates that the Arrhenius law 

for the van’t Hoff plots is fulfilled [38]. Linear 

dependences with similar regression coefficients for the 

complexes 1 and 3, both in water and in heavy water, 

indicate the predominance of the same mechanism of 

thermal luminescence quenching in these complexes with 

a constant activation energy. Most likely, such a 

mechanism is the back energy transfer between the 

europium excited level and the ligand triplet level or the 

CT state. 

3.4 Luminescence Kinetics and Lifetime 

A typical luminescence decay at various temperatures is 

shown in Fig. 10. The kinetics of luminescence decay 

was recorded at a wavelength of 618 nm, which 

corresponds to the emission line of the supersensitive 

energy transition 5D0→7F2. Excitation was carried out at 

a wavelength of 320 nm. The luminescence decay for all 

complexes proceeded according to an exponential 

function with good accuracy. 
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Fig. 10 Luminescence decay in logarithmic scale for the 

complex 3 in heavy water at various temperatures. 

From the luminescence decay plotted in logarithmic 

scale, the luminescence lifetime of the europium 

complexes was calculated. The observed lifetimes had 

different trends along with temperature rising depending 

on the europium complex (Fig. 11). 

The resulting dependences of the luminescence 

lifetime on temperature for all complexes are almost 

linear. The luminescence lifetime of a solution of the 

complex 3 in heavy water drops by 25% from 1.34 ms to 

1.01 ms. The luminescence lifetime of the remaining 

europium complexes is practically independent of 

temperature in the studied range. In heavy water, it was 

1.69 ± 0.01 ms for the complex 1 and 1.35 ± 0.02 ms for 

the complex 2. For solutions in water, the luminescence 

lifetime of the complexes 2 and 3 coincided and turned 

out to be 1.34 ± 0.01 ms, and for the complex 1, the value 

was also practically unchanged and amounted to 

1.6 ± 0.01 ms. 

For all complexes, the luminescence lifetime in 

heavy water is much longer than in water, that is 

explained by the effective quenching of the excited 

state by the OH groups of water molecules 

located in the first coordination sphere of the europium 

ion. 

Thus, we conclude that for two from three of the 

studied complexes, the lifetime does not depend on 

temperature. Since the luminescence intensity is 

reduced for all complexes with increasing 

temperature, the growing luminescence quenching is 

not due to the non-radiative deactivation of the excited 

state of europium ion, but is caused by a rise in the 

back energy transfer to the triplet state of the ligand or 

the state with charge transfer with increasing 

temperature.  

 

Fig. 11 Observed luminescence lifetimes of europium 

complexes in water and heavy water at different 

temperatures. 

3.5 Estimation of the Number of Water 

Molecules in the First Coordination 

Sphere of Europium Ion 

The number of water molecules (q) included in the 

first coordination sphere of the europium ion was 

estimated at different temperatures from the calculated 

values of luminescence lifetime (Fig. 12). For all three 

complexes (complexes 1, 2 and 3), the number of 

water molecules in the first coordination sphere of 

europium practically did not vary with temperature. 

The calculated q value was 1.44 ± 0.03 for the 

complex 1, while for the complexes 2 and 3 the value 

was 2.03 ± 0.07 and 1.97 ± 0.09, respectively. This 

suggests that the first coordination sphere of the 

europium in the complex 1 contains one or two water 

molecules with almost equal probability, while the 

nearest environment of the europium in complexes 2 

and 3 contains two water molecules. The number of 

water molecules in the first coordination sphere of the 

europium for all studied complexes did not depend on 

temperature. 
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Fig. 12 The number of water molecules (q) incorporated 

in the first coordination sphere of the europium ion at 

different solution temperatures. 

3.6 Luminescence Quantum Yield  and 

Asymmetry Coefficient R 

Based on the values of the wavelength-integrated 

luminescence intensity, the luminescence quantum yield 

(L, %) was calculated, and its temperature dependences 

were plotted for each complex (Fig. 13). It can be seen 

from the obtained temperature dependences that for all 

the complexes the luminescence quantum yield decreases 

almost linearly along with rising temperature. The 

highest luminescence quantum yield (13.5%) and the 

most significant drop (more than twofold from 13.5% to 

5.6% with an increase in temperature from 293 to 333 K) 

was observed for the complex 3 in both solvents and for 

the solution of the complex 1 in heavy water. The 

mentioned temperature dependences were found almost 

linear with the same slope. The lowest luminescence 

quantum yield was observed for the solutions of the 

complex 2 in heavy water; with an increase in 

temperature by 40 K the luminescence quantum yield 

decreased from 2.7% to 0.5%. In aqueous solution the 

luminescence quantum yield was even lower and 

dropped from 1.3% to 0.1% within the same temperature 

range. All obtained dependences have a decreasing, 

almost linear character. 

From the luminescence emission spectra of solutions 

of europium complexes, the values of the asymmetry 

coefficients R were obtained as the ratio of the intensities 

of the energy transitions 5D0→7F2 and 5D0→7F1. The 

temperature dependences of the R values are shown in 

Fig. 14. 

As the temperature rises, the asymmetry coefficient 

grows quite smoothly and almost linearly. In this case, 

the growth is practically the same for solutions in water 

and heavy water, and depends rather on the europium 

complex itself. For the complexes 1 and 3, the increase 

in the asymmetry coefficient with an increase in 

temperature from 293 to 333 K in both solvents was 

insignificant: in heavy water by about 8% and 12%, 

respectively, in water for both complexes by about 7%. 

For the complex 2, the growth was more significant, 

about 30% for all solutions. 
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Fig. 13 Luminescence quantum yield (L, %) of 

europium complexes with N-heterocyclic ligands 

substituted with phosphonic acids at different solution 

temperatures. 

Thus, we conclude that the wavelength-integrated 

intensity of the 5D0→7F1 transition falls faster than the 

intensity of the 5D0→7F2 transition. This suggests that an 

increase in temperature leads to a change in the 

conformation of the complexes upon heating and a shift 

of the europium ion from centrosymmetric geometry. 

These changes are more noticeable for the complex 2 

than for the complexes 1 and 3. 

4 Conclusions 

We studied the dependence of spectral-luminescent 

properties of europium complexes with organic ligands 

substituted with phosphonic acids (based on 2,2'-

bipyridyl and 1,10-phenantroline) in water and heavy 

water on temperature ranged from 293 to 333 K. The 

following main results were obtained: 

1. The shape of the luminescence excitation and 

emission spectra of the studied europium complexes was 

found practically independent of temperature. The main 

maxima in the emission spectrum were observed at 

592 nm (5D0→7F1), 614 nm (5D0→7F2) and 700 nm 

(5D0→7F4), in the excitation spectrum at 320 nm (except 

for the complex 3 in heavy water, for which the 

luminescence excitation maximum was located at 

270 nm).  

2. With increasing solution temperature, a 

decrease in the intensity of europium luminescence was 

observed both in water and heavy water. The change in 

the luminescence intensity in the studied temperature 

range is described by the Arrhenius law and is expressed 

by a linear function on van’t Hoff plots. The linear 

regression coefficient of the van’t Hoff plots turned out 

to be close for both solvents (water and heavy water). 
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(a) 

 

(b) 

 

(c) 

Fig. 14 The asymmetry coefficient R of the europium 

complexes with N-heterocyclic ligands substituted with 

phosphonic acids at different solution temperatures: 

(a) complex 1, (b) complex 2, (c) complex 3. 

3. The dependence of the luminescence lifetime of 

solutions of europium complexes in water and heavy 

water upon heating from 293 to 333 K has been 

established. For all complexes, the luminescence lifetime 

in heavy water was significantly longer than in water, 

which is explained by the effective quenching of the 

excited state by the OH groups of water molecules 

incorporated in the first coordination sphere of the 

europium ion. The luminescence lifetime of the complex 

3 in heavy water dropped from 1.34 ms to 1.01 ms with 

increasing temperature, and for other solutions it was 

practically independent of temperature: in heavy water it 

was 1.69 ± 0.01 ms (the complex 1), 1.35 ± 0.02 ms (the 

complex 2); and for solutions in water 1.34 ± 0.01 ms (the 

complexes 2 and 3) and 1.6 ± 0.01 ms (the complex 1). 

Thus, since the luminescence intensity decreases for all 

complexes with rising temperature, we conclude that the 

increased efficiency of luminescence quenching is not 

caused by nonradiative deactivation of the europium ion, 

but is explained by the enhanced back energy transfer to 

the triplet state of the ligand or the state with charge 

transfer. 

4. The luminescence quantum yield for all 

complexes was found decreasing almost linearly along 

with rising temperature. The highest luminescence 

quantum yield (13.5%) and the most significant its drop 

(more than twofold with temperature rising from 293 to 

333 K) was observed for the complex 3 in both solvents 

and for a solution of the complex 1 in heavy water. 

5. The calculated number of water molecules q in 

the first coordination sphere of the europium ion for all 

three complexes did not depend on temperature: 

q=1.44 ± 0.03 in the complex 1 (which means 

coexistence of complexes with one and two water 

molecules, which relative concentration does not vary 

with temperature), and in the complexes 2 and 3 two 

water molecules are present in the nearest environment 

of the europium. 

6. It has been established that the asymmetry 

coefficient of the studied water-soluble europium 

complexes, which characterizes the displacement of the 

position of the europium ion relative to the inversion 

center, slowly increased with rising temperature. The 

largest increase in the asymmetry coefficient (up to 30%) 

was observed for the complex 2. 

Thus, we concluded that the main mechanism of 

luminescence quenching in the studied water-soluble 

europium complexes with increasing temperature is the 

reverse energy transfer between the excited level of the 

europium and the triplet level of the ligand or charge 

transfer state. The probability of reverse energy transfer 

upon solution heating increases simultaneously with the 

displacement of the position of the europium ion relative 

to the inversion center. 

A practical application of the findings could be 

development of molecular temperature sensors for 

multiple biological applications, since the studied 

compounds are soluble in water. 
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Abstract. Cataract is the common cause of reversible blindness and visual 
impairment. It is common in low socioeconomic groups in developing countries. 
This paper describes the application of an assembled High-Performance Liquid 
Chromatography-LED-Induced Fluorescence (HPLC-LED-IF) system to study 
the protein profiles of lens fluid samples from cataract patients with and 
without diabetes. The HPLC-LED-IF system assembled in our laboratory was 
used to record protein profiles of lens fluid samples obtained from volunteers 
having cataract with diabetes and without diabetes who have undergone 
cataract surgery. Statistical analyses such as Descriptive Statistics and Principal 
Component Analysis (PCA) were conducted to observe any kind of changes in 
the protein pattern of the two classes of samples. High-Performance Liquid 
Chromatography combined with LED-Induced Fluorescence (HPLC-LIF) 
generated lens fluid protein profile data of the two categories (cataract with and 
without diabetes) of samples have shown considerable changes in their pattern. 
These changes are confirmed by Descriptive Statistics and PCA. Protein profiles 
of lens fluid using an assembled HPLC-LED-IF system have shown significant 
differences in relative intensities of crystalline proteins of cataract with diabetes 
and without diabetes. UV absorption and fluorescence spectroscopy of the lens 
fluid have shown valuable information on the absorption and fluorescence 
intensity variations. The origin of the changes has to be further studied to get 
more information on this observation. © 2024 Journal of Biomedical Photonics 
& Engineering. 

Keywords: cataract lens fluid; UV-absorption; fluorescence; HPLC-LED-IF; 
protein profile. 
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1 Introduction 

Cataract is the cause of visual disability worldwide, 

affecting more than half of all blindness conditions in the 

world [1, 2]. It is a disease of the eye, which is manifested 

as an opacification of the crystalline lens that ultimately 

results in minimizing visual perception [3, 4]. Each year, 

the number of patients with cataract increases 

exponentially. The mechanism of cataract may be due to 

conformational changes, aggregates formation, or 
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changes in the backbone of crystalline proteins. 

Moreover, the changes in tyrosine and tryptophan 

residues play a pivotal role in cataract formation [5]. The 

prevalence of this disease is observed to be more in 

diabetic patients than in normal adults [6]. The report 

says that cataract occurs more frequently at an earlier age 

in diabetic individuals [2]. According to the latest world 

health organization (WHO) reports, more than 

150 million people have diabetes mellitus with 

predictions showing a further enhancement by 2025 [7]. 

Currently for cataract, the only treatment available is lens 

replacement surgery. 

In the United States, the total cost of treating diabetes-

related diseases is reported to be 10% of all healthcare 

expenditures [8]. This has high critical significance in 

developing countries like India since this country has 

more people with diabetes than any other nation in the 

world, per the estimates from the International Diabetes 

Federation (IDF). The reports suggest that there are 

currently above 66 million people suffering from 

diabetes in India [9]. High blood sugar levels can lead to 

the swelling of the eye lens, which may damage the lens 

leading to protein buildup on the lens. This can also be a 

reason for cataract formation in Indians at an earlier age. 

Indian population tends to develop cataract at 14 years 

younger than their counterparts in the US. The reports 

suggest that, about 74% of adults over 60 years are 

struggling with cataract or have performed cataract 

surgery [10].  

Currently, light scattering methods are used for 

diagnosing cataract and these methods help in detecting 

the defects in the lens structure [11]. However, there are 

no well-documented scientific reports on the 

cataractogenic mechanisms of cataract development, 

which are still being investigated. To explore the 

utilization of lens fluid and to understand more about the 

development of cataract as well as its correlation with 

diabetes condition, it is crucial to know the changes in 

physicochemical events that lead to cataract formation. 

In view of this, the disposed materials (lens fluid) after 

the phacoemulsification procedure can be studied with 

spectroscopic techniques and separation methods like 

high-performance liquid chromatography for the 

characterization of the samples of the two categories of 

cataract cases having cataract with diabetics and without 

diabetic conditions. 

Meanwhile, proteomic analysis is being largely used 

to identify the changes in protein levels in cataract 

patients. Proteins are essential mediators in all 

physiological processes, and they give valuable 

information on biomarkers for various diseases. 

Proteomic methods identified Multiple proteins in human 

aqueous humor (AH) of the cataract lens disease [12−15]. 

Recently, a study has used label-free nanoflow ultra-

high-performance liquid chromatography-tandem mass 

spectrometry (n-UPLC-MS/MS) quantitation to analyze 

the proteins in single-risk and double-risk of the AH 

samples [6]. To investigate the mechanism of cataract 

formation, highly sensitive proteomic methods can 

probably be useful by using a small quantity of samples, 

thereby favoring the methodological approach for these 

investigations [6]. 

Our earlier studies have discussed the protein profile 

analysis using HPLC-LIF of different clinical samples 

(body fluids) like, serum, saliva, vaginal wash, 

etc. [16−18]. These studies have shown that this method 

can be highly useful for disease diagnosis. Recently, 

studies have been extended for analyzing the body fluids 

for cardiovascular and ophthalmological disease 

diagnosis by replacing the existing excitation source, 

257 nm laser, with a low-cost light emitting diode (LED) 

with 278 nm emission for detecting the protein eluted 

from the separation column of the instrument. In these 

studies, we have discussed the HPLC-LED-IF system’s 

performance in the diagnosis of myocardial infarction, 

dry eye, and primary open-angle glaucoma [19−21]. In 

these studies, we have evaluated the system’s 

performance by studying the limit of detection of 

different protein markers for the diagnosis of diseases 

such as myocardial infarction, dry eye, and primary open 

angle glaucoma. In the present scenario, in clinical 

diagnostic practices usually one or two protein markers 

are monitored. This approach may not be useful for early 

detection, prognosis, therapy follow-ups, etc. However, 

in protein pattern analysis, one can observe how the 

pattern generated by multiple proteins is useful for 

clinical application. 

To the best of our knowledge, protein profile analysis 

and comparison of diabetic and non-diabetic cataract by 

collecting the lens fluid have not been explored. This 

hyphenated method (HPLC-LED-IF) can probably help 

to explore the mechanism of cataract formation using the 

highly sensitive and cost-effective method mentioned 

here. In this study, efforts have been made to investigate 

the extracted cataract lens fluid from diabetes and non-

diabetes patients using HPLC-LED-IF-based protein 

profiling technique. 

2 Material and Methods 

2.1 Sample Collection 

Institutional Ethics Committee (634/2021) approval has 

been obtained for this study. Informed consent was taken 

from the volunteers who participated in this 

investigation. This study was performed on eye lens fluid 

samples obtained from 40 patients who have undergone 

cataract surgery. The sample details are given in Table 1. 

Two groups, 22 non-diabetics with cataracts and 

18 diabetes with cataracts were considered for the study. 

Samples were collected after phacoemulsification 

surgery from Operation Theatre of the Kasturba Hospital, 

Manipal, Karnataka, India. 

2.2 Sample Processing 

The collected samples were further homogenized using a 

mechanical homogenizer to crush the lens pieces that 

remained in the fluid kept in ice cooling condition. Then 

the samples were centrifuged at 1396 g (5000 rpm) 

for 5 min and the supernatants were slowly pipetted out. 
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Table 1 Sample details gender and age-matched (above 45). 

Gender 

Cataract with non-diabetes 

(12 Male, 10 Female) 
Cataract with diabetes (10 Male, 8 Female) 

Alcohol 

consumption 
Smoking None 

Alcohol 

consumption 
Smoking None 

Male 2 (15, 16) 3 (18−20) 7 3 (25−27) 4 (31−34) 3 

Female None None 10 None None 8 

 

 

Fig. 1 Schematic of HPLC-LED-IF system. 

After centrifugation, each lens fluid sample (90 µL) was 

diluted in 10 µL HPLC grade water and stored in −80 °C 

deep freeze until analysis. 

2.3 UV-VIS Absorption and Fluorescence 

Study 

UV-VIS absorption measurements were studied using 

JASCO UV/Visible Spectrophotometer V-650. The 

experiment was performed to select the appropriate 

excitation wavelength for recording protein profiles of 

lens fluid as well as to get information about the 

absorption and fluorescence characteristics. 

Fluorescence spectra were recorded using JASCO 

Spectrofluorometers FP 8500.  

2.4 HPLC-LED-IF Setup 

The HPLC-LED-IF setup is composed of two parts, the 

HPLC unit for the protein separation and a locally built 

LED-Induced fluorescence (LED-IF, 278 nm) system for 

the detection of the separated proteins (Fig. 1). In the 

study 300SB-C8 column (4.6×250 mm, 5 mm) of pore 

size 300 Å was used to separate the proteins in lens fluid 

from cataract samples. For a more comprehensive 

understanding of the experimental setup’s construction 

and operation, additional information can be found in the 

referenced source [19].    

The chromatograms were recorded using mobile 

phase A - HPLC grade water with 0.1% Tri Fluoro Acetic 

acid (TFA) (A), and mobile phase B - Acetonitrile with 

0.1% TFA (B). The gradient runs for separating tear fluid 

proteins are (i) A: 90% to 65% and B: 10% to 35% in 

15 min, (ii) A: 65% to 60% and B: 35% to 40% in 15 min, 

(iii) A:60% to 45% and B: 40% to 55% in 25 min, and 

(iv) A: 45% to 25% and B: 55% to 75%. The above 

gradient was selected by performing several runs by 

varying the concentration of mobile phase A and mobile 

phase B, till obtaining a maximum number of peaks in 

the chromatogram. The column was cleaned with 

gradient eluent A for 10 min after each run. The 

optimized flow rate for all runs was 0.2 ml/min. 

2.5 Eye Lens Fluid Analysis 

The lens fluid chromatograms were preprocessed by 

correcting the baseline and smoothing technique to 

reduce the fluctuations of frequency in LED power and 

PMT dark current using GRAMS/32 (Galactic Inc., 

USA) software. The protein profiles were calibrated to 

reduce the peak position shifts, by assigning the mean 

values for the common protein peaks in all the 

chromatograms along the time scale [22]. A descriptive 
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statistics study was performed to identify the differences 

between cataracts with and without diabetes. In this 

study, box plots were drawn based on mean and standard 

deviation values to determine the variations in the 

different regions of both cataracts with diabetes and 

cataracts without diabetes. PCA was performed to show 

the clear-cut discrimination between cataracts with and 

without diabetes. In PCA, the mean of all the protein 

profiles is calculated and then subtracted from each 

protein profile data. This difference in protein profiles 

gives variations in each sample from the mean, that are 

subjected to PCA [20]. The two main factors, PC1 and 

PC2, in a plot differentiate between cataracts with and 

without diabetes. Both analyses (descriptive statistics and 

PCA) were performed using Unscrambler X (version 

10.4 CAMO, Norway) software [23]. In this method, 

factor 1 and factor 2 were used to discriminate between 

cataracts with diabetes and without diabetes.  

3 Results 

The spectra shown in Fig. 2(a) are the average 

absorption and fluorescence spectra of lens fluid from 

10 cataract patients with diabetes and 10 without 

diabetes respectively. From Fig. 2(a), it is evident 

that  the  crystalline  lens  fluid’s absorption is at 280 nm. 

 

 
Fig. 2 (a) UV-Vis absorption spectra of eye lens fluid 

with diabetic -ve cataract and diabetic +ve cataract and 

(b) Fluorescence spectra of diabetic -ve cataract and 

diabetic +ve cataract eye lens fluid at 280 nm excitation. 

 

 

Fig. 3 (a) Normalized UV-Vis absorption spectra of 

diabetic -ve cataract and diabetic +ve cataract and 

(b) Normalized fluorescence spectra of cataract eye lens 

fluid with diabetic -ve cataract and diabetic +ve cataract 

with 280 nm excitation.  

In view of the absorption at the 280 nm region, emission 

spectra of lens fluid have been recorded at 280 nm 

excitation to investigate the fluorescence properties of the 

samples. A fluorescence emission at ~ 331 nm has been 

obtained for both samples under the excitation wavelength 

of 280 nm (Fig. 2(b)). The study showed that the 

absorption and fluorescence intensities were reduced 

considerably in cataract lens fluid samples with diabetes. 

The changes may be attributed to the depletion of 

tryptophan [11]. Peak normalization was also applied to 

the both the spectrum to facilitate the comparison between 

the two groups. Upon visual inspection and analysis of the 

normalized spectra, no significant shifts or discernible 

differences were observed between diabetic positive and 

negative cataract groups. 

The average of all preprocessed eye lens fluid 

chromatograms with the entire protein elution time 

region is shown in Fig. 4(a). Box plots from Fig. 4(b) 

show considerable variations among cataracts with and 

without diabetes for the protein elution time region 

1876 s to 3690 s. The lens fluid chromatograms were 

further subjected to PCA analysis for the protein elution 

time region from 1876 s to 3725 s. Fig. 5 gives PC1 vs 

PC2 cluster plot that shows a clear differentiation 

between diabetic -ve cataracts and diabetic +ve cataracts. 
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Fig. 4 (a) Average lens fluid chromatogram of diabetic 

-ve cataract and diabetic +ve cataract (b) Descriptive 

statistics results of diabetic -ve  cataract and diabetic +ve 

cataract in the protein elution time region 1876 s to 

3725 s. 

 
Fig. 5 PC1 vs PC2 cluster plot of diabetic -ve  cataract 

and diabetic +ve cataract.  

4 Discussion 

The eye lens has the highest percentage of protein content 

(~38% of total mass) as compared to any other tissue in 

the human body. Water-soluble crystalline proteins form 

a major part of the eye lens (more than 90% of total dry 

mass). Eye lens contains three kinds of crystalline 

proteins termed α, β, and γ crystallins. Irrespective of the 

high stability of crystalline proteins, molecular changes 

accumulate in the proteins over time due to various 

exogenous factors such as aging, environmental factors, 

diseases such as diabetes, etc. These changes can 

ultimately lead to protein denaturation, aggregation, and 

misfolding, which may result in cataracts [6]. 

Absorption and fluorescence spectra have shown 

significant intensity variations between cataracts with 

and without diabetes in our study. Though the study has 

shown the differences in the absorption and fluorescence 

intensity, it does not provide detailed information on 

various components present in cataract lens fluid that can 

show fundamental changes between two classes of 

samples. Therefore, a sensitive and reliable system like 

HPLC-LED-IF has the highest potential for diagnosing 

different eye diseases like our earlier studies [19−21].   

The protein profiles of lens fluid with cataract with 

-ve diabetes and cataract with +ve diabetes have shown 

significant peak intensity variations. Descriptive 

statistics also showed considerable differences among 

these two groups in the protein elution time region from 

1876 s to 3690 s. Further statistical analysis (PCA) 

proved that the HPLC-LED-IF system is capable of 

differentiating between cataracts with and without 

diabetes. It showed discrimination among these two 

groups with a total percentage of variance of 89%. To 

provide the exact identity regarding the protein profile 

signatures displayed in HPLC analysis, a co-injection 

technique in HPLC or mass spectrometry of the eluted 

portions may be required. The number of different 

disease markers and their relative intensities may vary 

under different stages of the disease, so identifying each 

one of them, and their concentrations are very complex 

and time-consuming. It is not at all necessary when we 

use the present approach discussed in the manuscript for 

the discrimination of cataracts with the above two 

conditions. Thus, the present work is focused on protein 

pattern changes under cataracts with and without 

diabetes. 

5 Conclusion  

HPLC-LED-IF technique was used for investigating the 

protein profile patterns in the lens fluid collected from 

diabetic and non-diabetic individuals. Protein profiles of 

diabetic and non-diabetic cataract lens fluid samples have 

shown considerable variations. Descriptive statistics 

results of lens fluid of cataracts with diabetes and without 

diabetes showed considerable differences. Further PCA 

analysis differentiated cataracts with diabetes from 

cataracts without diabetes by analyzing the protein 

patterns generated by the HPLC-LED-IF system with an 

89% total percentage of variance. In our study, we could 

collect only limited samples for the experiments. Lens 

fluid samples can provide reliable information about 

diabetic conditions which is not yet explored. Therefore, 

to confirm the changes between diabetic cataract and 
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non-diabetic cataract patients, and to explore the exact 

mechanism, more experiments are required by collecting 

a greater number of lens fluid samples.  
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Abstract. This article presents a developed two-stage method for 
decomposing a spectral contour with a high degree of overlap of Raman 
scattering (RS) lines. The algorithm allows you to take into account the error 
in the position of the Raman bands and other parameters, and work with 
asymmetric lines. By determining the final model based on multiple spectra, it 
allows the Raman lines to be correctly identified. A model experiment was 
carried out to reconstruct the composition and parameters of elementary lines 
based on synthetic spectra. The error in determining the line parameters was 
characterized by MAPE (mean absolute percentage error) for peak intensity 
being 0.3%, MAPE for half-width dx being 0.3%, and MAE (mean absolute 
error) for the peak position x0 being 0.1 cm−1. The algorithm was applied to the 
real problem of analyzing the spectra of demineralized dentin. © 2024 Journal 
of Biomedical Photonics & Engineering. 
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1 Introduction 

Raman spectral data in a number of problems have a 

number of common problems, such as band overlap, 

noise, line broadening and other factors. These problems 

create difficulties for subsequent spectral analysis. 

Therefore, the decomposition of Raman spectra is 

necessary and important, and also makes it possible to 

reduce the dimension of the feature space in further 

statistical analysis [1−4].  

Despite the advantages of Raman spectroscopy, there 

is no single universal approach to the problem of 

decomposition of Raman spectra. To resolve overlapping 

bands, two conventionally separated fundamental 

approaches are used: deconvolution methods [5−7] and 

indirect methods of hard modeling [1, 2, 4]. There are 

blind and semi-blind deconvolution methods.  

Typically, blind and semi-blind deconvolution 

methods use a priori knowledge of the instrumental 

broadening function to build a parametric model [5], and 

some of them use various regularizers [6, 7]. Blind and 

semi-blind deconvolution methods allow, to a certain 

extent, to reconstruct the original spectra and estimate the 

instrumental broadening function. However, overlapping 

bands cannot be completely resolved and the influence of 

noise cannot be avoided.  

Alsmeyer’s indirect hard modeling method [1, 2] 

establishes a peaked model of Raman spectra to resolve 

overlapping bands. The authors also believe that the 

actual Raman spectrum is a set of Lorentz lines, and the 

Raman spectrum measured by the spectrometer is a set of 

the Voigt function. It is also indicated that the correct 

selection of the number of lines, their width and position 

is extremely important and is a key factor in the 

successful modeling of the spectral contour.  

The Voigt function is the result of the convolution of 

the Cauchy-Lorentz distribution and the Gaussian 

distribution. Spectrum deconvolution methods are 

precisely aimed at selecting the broadening function, 

which in the general case is described by a Gaussian 

distribution. Broadening effects of any origin lead to a 

convolution of the Lorentz line profile and the profile 

characteristic of the broadening [3]. The algorithm 

described in article [4] is positioned as a method for 

modeling the Raman spectrum using Voigt functions, 

which also allows taking into account the broadening of 

the Lorentz line.  

The decomposition method implemented in the 

article [8] effectively combines evolutionary algorithms 

with gradient-based optimization to solve the complex 

problem of spectral decomposition. The innovative use 

of Gender Genetic Algorithm (GGA) enhances the 
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performance by introducing diversity in the genetic 

operations, thereby improving the robustness of the 

solution.  

Traditional methods, such as Savitzky-Golay (SG) 

smoothing and discrete wavelet transformation (DWT), 

have been widely used for spectral denoising and 

decomposition. However, these techniques sometimes 

fall short in accurately recovering the true signal, 

especially in the presence of strong noise or complex 

spectral features [9, 10].  

Recent advancements have introduced more 

sophisticated approaches, such as the Hilbert Vibration 

Decomposition (HVD) and deep learning-based 

methods. The HVD, for example, decomposes the Raman 

spectra into components, enabling more precise peak 

identification and reconstruction from noisy data. This 

method has shown significant improvements over 

traditional techniques in terms of signal preservation and 

noise reduction [9].  

The advanced methods for Raman spectral 

decomposition, particularly those integrating machine 

learning and deep learning frameworks, offer several 

advantages. These include improved accuracy in peak 

identification, enhanced noise reduction, and the ability 

to handle large datasets with complex spectral features. 

For instance, the application of convolutional neural 

networks (CNNs) has shown promise in refining the 

initial estimates provided by traditional methods, leading 

to more accurate spectral reconstructions. According to a 

study presented in Refs. [9−11] the CNN model was 

trained on a diverse dataset of Raman spectra. This 

approach demonstrated remarkable accuracy in 

decomposing complex spectral data with overlapping 

peaks and varying noise levels. The CNN’s ability to 

generalize from the training data allowed it to effectively 

handle new, unseen spectra with minimal manual 

intervention.  

However, these advanced methods also come with 

limitations. The requirement for extensive training 

datasets and computational resources can be a significant 

barrier, especially for researchers with limited access to 

such resources. Additionally, the complexity of these 

methods may limit their accessibility to users without 

specialized knowledge in machine learning and data 

processing. 

The development of decomposition methods is not 

limited to Raman spectroscopy alone. Techniques such 

as nuclear magnetic resonance (NMR) spectroscopy, 

mass spectrometry, and chromatography also rely 

heavily on effective spectral decomposition for accurate 

analysis. For instance, in NMR spectroscopy, methods 

like Maximum Entropy and Bayesian approaches have 

been utilized to decompose and interpret complex 

spectra. Similarly, in mass spectrometry, algorithms such 

as the deconvolution of overlapping peaks using 

Gaussian and Lorentzian functions are common 

practices [12].  

These methods, while effective in their respective 

domains, highlight the versatility required in spectral 

decomposition approaches. Each technique presents 

unique challenges and benefits, often requiring tailored 

solutions to achieve optimal results.  

The goal of the work is to develop an algorithm for 

automatic decomposition of Raman spectra of 

biomaterials. 

2 General Scheme of the Algorithm  

The input data is an array of analyzed Raman spectra 

after preprocessing and parameters set by the user.  

Preprocessing consisted of normalizing the spectra 

using the standard normal variation (SNV) method [13]. 

The spectra were smoothed using the Maximum 

Likelihood Estimation Savitzky-Golay filter method 

(MLE-SG) [14] with the σ parameter equaled to 4. To 

eliminate the contribution of autofluorescence in the 

Raman spectrum, various methods of baseline correction 

can be applied.  

The only requirement for the baseline correction 

algorithm is to determine a baseline close to the true one, 

so that it does not lower the spectrum contour into the 

negative region or raise it. If the Raman spectrum is 

defined as Curve 0 in the Fig. 1, then in the process of 

spectrum decomposition, lines may appear that describe 

elementary lines that do not exist in reality in range 

~300 cm−1. And in the case of Curve 2, part of the Raman 

spectrum is in the negative region. The ideal case is 

shown as Curve 1. 

 
Fig. 1 The result of determining the baseline corrected 

Raman spectrum in the region of the local minimum. 

Fig. 2 shows a general block diagram of the newly 

developed method for decomposing Raman spectra, 

which consists of two main stages: iterative selection of 

line composition for each Raman spectrum and searching 

for a general model that satisfies all analyzed spectra. 

Optional, the preparatory stage is dividing the 

spectrum into independent spectral regions, which allows 

reducing the number of necessary operations and 

optimizing the algorithm in terms of execution time. An 

example of dividing the spectrum into regions is shown 

in Fig. 3. Such a delimitation of regions is possible only 

under the condition that the spectral regions are 

independent, that is, a peak at the boundary of one region 

does not affect the peaks of another spectral region. 

Which is applicable in case of using Gaussian profile. 

The possibility of separation into independent contours 

with Lorentz or Voigt functions remains questionable, 

because although they have a significant part of the 

intensity in the tails, there is no certainty that after 

baseline correction these tails remained. 

When approximating the model and iteratively 

adding new lines, the algorithm will complete the 
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calculation faster when processing each part of the 

spectrum independently than when processing the entire 

spectrum. When testing the algorithm on the spectra of 

demineralized and mineralized dentin, the algorithm 

performed 34 times faster when dividing the spectra into 

independent spectral contours than when processing the 

entire Raman spectrum. 

The result of the algorithm is a model consisting of a 

set of elementary lines with ranges of parameter values 

that describe the shape of these lines. The stages of the 

algorithm are described in detail below: 

1. iterative search for line composition;  

2. cluster analysis of models. 

 

Fig. 2 Block diagram of the proposed spectrum 

decomposition algorithm. 

 
Fig. 3 Splitting the spectrum into 7 independent spectral 

contours. 

3 Description of the Algorithm for 

Iterative Search for Line Composition 

The algorithm is based on the sequential addition of 

elementary lines and approximation of the resulting 

model until the addition of new lines significantly 

improves the model. 

The block diagram of the iterative search algorithm 

for a model describing the spectral contours of the Raman 

spectrum is shown in Fig. 4. 

Let us choose a Gaussian as an elementary line. The 

optimization method is the least squares method. 

Lorentzian, PreudoVoigt, or Voigt can also be used as an 

elementary line.  

One of the input parameters is the maximal possible 

width (HWHM) for all peaks. This eliminates the 

disadvantage inherent in many deconvolution methods, 

when the result of adding a too broad line was beyond the 

original spectral contour and differed from the physically 

based line composition and distribution.  

In practical terms, when performing spectral 

decomposition or fitting Raman spectra, it is common to 

allow the peak widths to vary rather than constraining 

them to be identical. This flexibility often leads to more 

accurate and meaningful fits. 

The next important feature of the proposed algorithm 

is that if, during the process of adding, a new line ends up 

in the place of one already added at previous iterations, 

then this new line is skipped with the area reset to zero at 

± ½ HWHM from the position of the peak. 

An example of the final result of selecting a model 

that describes the spectral contour is shown in Fig. 5. The 

process of adding new elementary lines stops when the 

intensity of the new peak is less than the threshold. An 

intensity less than this threshold is considered noise. 

On different spectrometers, working with different 

media and laser radiation sources, the contour and width 

of the Raman line can change significantly, and the noise 

level can vary greatly, which must be taken into account 

when processing spectra. 

 

Fig. 4 Block diagram of the iterative algorithm for 

selecting a model describing the spectral contour. 
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Fig. 5 Final result of adding lines for the independent 

spectral contour with intensity threshold equaled to 20.0. 

In total, the spectral contour (x_input, y_input) and 

parameters set by the user are used as input parameters: 

1) model optimization method; the proposed 

decomposition method is not tied to a specific 

optimization method. It can be selected one of the 

following methods: 

 Least-Squares, Trust Region Reflective 

method [15]; 

 Levenberg-Marquardt [16, 17]; 

 Nelder-Mead [18]; 

 Limited-memory BFGS - L-BFGS-B [19]; 

 Powell [20]; 

 Conjugate-Gradient [21]; 

 Constrained optimization by linear 

approximation Cobyla; 

 BFGS [22]; 

 Truncated Newton [23]; 

 other methods; 

2)   half width at half maximum (HWHM) max_dx; 

3) the threshold value of the peak intensity 

noise_level, upon reaching which the addition of new 

lines stops (can be calculated from spectra based on 

noise); 

4) optional for Voigt and Pseudo-Voigt lines. 

Limitation of the maximum share of the Lorentz 

distribution with respect to the Gaussian distribution. 

Further “Least-Squares, Trust Region Reflective” 

method was used with max_dx equaled to 12.0, and 

noise_level equaled to 0.0074493. 

In the cycle, new lines are added to the model, the 

model is optimized, and the remainder y_residual is 

updated. If, when the algorithm starts, lines have already 

been added by the user, then the analysis takes place 

taking into account these initial parameters. The number 

of lines and line parameters are unknown in advance. 

A number of restrictions are imposed on the line 

parameters. The peak intensity a is not greater than the 

maximum value in the interval x0 ± HWHM and not less 

than 0. 

HWHM dx, limited above by user choice max_dx, 

below by line half-width at 0 cm−1 (at the exciting laser 

wavelength). 

Fluctuations in the position of the band position x0 are 

calculated using the following Eq.: 

∆𝑥0 =  
𝑚𝑖𝑛 _𝑓𝑤ℎ𝑚 

4
+ 1. (1) 

These restrictions do not allow the line to go beyond 

the boundaries of the original spectral contour. Also, if 

the determination of the added peak position occurs 

again, the area adjacent to this coordinate is reset to zero 

to prevent an infinite loop. 

The result of the analysis by the algorithm is a 

sum-of-lines model that describes each spectral region. 

Since for different Raman spectra the resulting line 

composition may differ and analysis is required to find a 

model suitable for all analyzed Raman spectra. 

If there is a priori information about the parameters of 

the spectral line, then the method will supplement this 

information by adding new lines. 

4 Algorithm for Analyzing Models after 

Iterative Search for Line Composition 

The result of the analysis at the first stage is a set of peaks 

coordinates for each spectral region of each analyzed 

spectrum. Variants of decomposition models are 

converted into arrays of x0 coordinates of peaks positions. 

At this stage, the total number of lines, the 

coordinates of the cluster center and the boundaries of 

coordinate fluctuations are still unknown. 

To form the final model from many models, an 

algorithm is used, the block diagram of which is 

presented in Fig. 6. 

The first operation is clustering using randomly 

selected two spectra as the first clusters. 

The block diagram of the clustering algorithm is 

shown in Fig. 7. The input of the algorithm is an array of 

coordinates x0 of the peak’s positions x0_lines = [x1, x2, 

x3, ... xn], the maximal threshold value of the half-width 

of the HWHM line. The clustering function is called  

N times (number of Raman spectra). 

Initial clusters are formed based on the 

first two arrays x1 and x2 using the DBSCAN 

clustering method [24] with parameters ε equaled to 

hwhm, min_samples = 2. 

Next, the points of the remaining spectra are added to 

these initial clusters closest to each point. If for a point 

the distances to all cluster centers exceed HWHM, then 

this point forms a new cluster. The cycle ends after 

adding points from all sets xi. 

As many options as possible should be used as sets 

for forming initial clusters. Since with this clustering 

algorithm it is necessary to take into account that if the 

first clusters are formed on the basis of two deviant sets 

of coordinates x0, then the number of clusters as a result 

may change, as well as the position of certain peak.  

Therefore, the clustering procedure is repeated 

N times and each time the first 2 sets of data are selected 

randomly to determine the initial clusters to which points 

will be added. Then 86.46% of the entire sample 

participates in the formation of the first clusters. 

The resulting set of average cluster values is a set of 

size N and contains possible variants of the final model. 

Subsequent steps are shown in Fig. 5, after the first cycle. 
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Fig. 6 Block diagram of the algorithm for finding the 

decomposition model of Raman spectra. 

Next comes the determination of the number of lines 

by mode. 

All results are filtered by this number of lines. The 

remaining arrays are sorted in ascending order. 

Next, all the values of each cluster are averaged to 

obtain the initial positions of the line. 

The resulting set is again fed into the clustering 

algorithm (Fig. 6) as initial clusters, without their 

formation based on those randomly selected using using 

Density-based spatial clustering of applications with 

noise (DBSCAN) algorithm. 

The resulting averages of the clusters are the center of 

the coordinate region of the Raman line, and the standard 

deviation of all cluster points is the deviation of the center 

x0. Based on these data (number of lines, coordinate 

positions of peak), the final optimization of the model is 

carried out on the average Raman spectrum. And the 

result obtained is a ready-made model for all analyzed 

Raman spectra. 

The second stage algorithm essentially analyzes the 

distribution density of all possible variants of the 

positions of spectral lines in the Raman spectrum, 

determined at the first stage, and returns the final model 

as a set of elementary lines. 

The described algorithm deals with these issues by 

employing methods that allow for flexible peak widths 

and iterative addition of elementary lines until a 

satisfactory model is achieved. This flexibility helps in 

accurately modeling broad features and overlapping 

bands commonly found in spectra of amorphous 

materials and combination bands. 

Fig. 8 shows the distribution density of the found 

coordinates of peak positions for each spectral region 

based on the analysis of 344 dentin Raman spectra and 

the found positions x0 with standard deviation Δx0. It can 

be seen that certain positions of the elementary lines 

coincide with the position of the distribution density and 

are located in the locations of the local maxima of the 

spectral contour. 

Fig. 8 shows a decomposition model consisting of 

87 Gaussians optimized for an averaged Raman 

spectrum. To interpret the spectrum in Fig. 9, we should 

consider the presence of regions that might originate 

from amorphous material, which are often very broad. 

Amorphous materials typically produce broad peaks in a 

Raman spectrum due to their lack of long-range order, 

which results in a wide range of vibrational environments 

for the scattering centers. 

In Raman spectra, combination bands may also 

appear, which can have different inherent widths 

compared to the primary vibrational modes. These 

combination bands result from the simultaneous 

excitation of two or more vibrational modes and often 

appear at frequencies corresponding to the sum or 

difference of the individual mode frequencies. They can 

be broader due to the combined broadening effects of the 

individual modes. 

 
Fig. 7 Block diagram of the clustering algorithm. 
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Fig. 8 Distribution density of the found peak positions for each spectral region of 344 dentin Raman spectra. 

 

(a) 

 

(b) 

Fig. 9 Final model of Raman spectrum decomposition. (Black solid line is the original spectrum, red dotted line is the 

simulated spectrum, blue dotted line is the difference between the original and simulated spectrum). (a) Spectrum in the 

range 400−1150 cm−1, (b) the same spectrum in the range 1150−1800 cm−1. 

The model optimization error was assessed using the 

indicators R2 (Eq. (2)), χ2 (Eq. (3)), reduced χ2 (Eq. (4)), 

Akaike Information Criterion (aic), and Bayesian 

Information Criterion (bic) (Eq. (5)): 

𝑅2 = 1 −
∑ (𝑦𝑖−𝑓𝑖)2

𝑖

∑ (𝑦𝑖−𝑦)2
𝑖

, (2) 

𝜒2 = ∑ [r𝑖]2𝑁

𝑖
, (3) 

𝜒𝜈
2 =

𝜒2

𝑁−𝑁varys
, (4) 

𝑎𝑖𝑐 = 𝑁 ln (
𝜒2

𝑁
) + 2𝑁𝑣𝑎𝑟𝑦𝑠, 

(5) 

𝑏𝑖𝑐 = 𝑁 ln (
𝜒2

𝑁
) + ln(𝑁) 𝑁𝑣𝑎𝑟𝑦𝑠, 

where y – original spectrum, f – spectrum obtained using 

the model by summing a set of lines, r – difference 

between y and f, N – number of points in the spectrum, 

NVarys – number of model parameters. 

We used the following criteria values for the average 

spectrum: R2 was 99.995%, χ2 was 7.3·10−5, red χ2 was 

1·10−6, aic was −1799, bic was −1693. 

The average value of these criteria for 344 dentin 

Raman spectra were as follows: R2 was 99.49%, χ2 was 

1.7·10−3, red χ2 was 2.2·10−5, aic was −1367, bic was 

−1267. 

Let us estimate the value of the overlap coefficient 

(OVC) of the Raman lines as the ratio of the area of 

overlap of one line by all others to the area of this line: 

𝑂𝑉𝐶 =  
𝑆𝑜𝑣𝑒𝑟𝑙𝑎𝑝

𝑆𝑙𝑖𝑛𝑒
 100 %. (6) 

The median value of the overlap coefficient across all 

lines in the above model was 79%. 
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5 Model Experiment, Assessment 

of the Influence of Noise on the Quality 

of Decomposition 

To test the influence of random Gaussian noise on the 

result of spectrum decomposition, 72 synthetic Raman 

spectra with noise superposition were used. The spectrum 

with the line composition shown in Table 1 and Fig. 10 

was used as a model. 

A sample of 72 spectra was formed by summing the 

peak intensities with the parameters from Table 1, so that 

the peak intensity varied within ±1% randomly to 

simulate the sample of Raman spectra of bone tissue. The 

following is a comparison of the results of decomposition 

of Raman spectra with the superimposition of noise of 

various intensities for modeling the signal-to-noise ratio 

(SNR) from 1000 to 1. 

 
Fig. 10 Synthesized Raman spectrum. 

Table 1 Line composition of the simulated Raman spectrum. 

Peak position 

x0, cm−1 

Peak intensity 

a, rel. units 

HWHM 

dx, cm−1 

Peak position 

x0, cm−1 

Peak intensity 

a, rel. units 

HWHM 

dx, cm−1 

401.0 33.2 7.9 1210.9 20.5 11.8 

429.0 220.4 11.4 1229.5 40.9 10.1 

449.0 173.2 12.0 1243.2 102.9 12.0 

463.3 44.1 10.1 1261.8 75.5 12.0 

477.7 63.8 12.0 1274.5 63.8 11.5 

495.7 26.0 12.0 1294.4 72.1 12.0 

532.9 17.6 9.3 1318.2 114.3 12.0 

555.4 31.7 8.3 1338.2 67.8 8.4 

570.1 48.3 9.6 1355.0 83.8 12.0 

584.6 162.6 12.0 1375.2 168.2 12.0 

596.3 57.2 10.1 1394.1 201.5 12.0 

610.9 108.4 9.9 1411.2 183.6 12.0 

626.8 54.1 9.6 1427.3 198.3 12.0 

643.8 36.3 9.7 1445.4 220.7 12.0 

663.8 48.2 12.0 1462.5 90.8 11.8 

687.0 44.3 12.0 1517.5 44.1 12.0 

700.4 6.8 7.1 1531.5 100.7 12.0 

714.8 24.8 12.0 1550.1 170.7 12.0 

731.3 12.0 11.0 1568.9 163.1 12.0 

755.6 22.1 8.9 1586.6 132.0 12.0 

769.8 9.5 6.4 1605.4 114.6 12.0 

782.8 15.7 7.3 1626.3 98.7 12.0 

791.5 6.5 5.2 1644.1 86.9 12.0 

811.6 45.3 9.5 1661.6 119.0 12.0 
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Table 1 Cont. 

Peak position 

x0, cm−1 

Peak intensity 

a, rel. units 

HWHM 

dx, cm−1 

Peak position 

x0, cm−1 

Peak intensity 

a, rel. units 

HWHM 

dx, cm−1 

832.3 29.8 12.0 1679.0 54.4 12.0 

852.5 106.3 12.0 1730.4 62.8 11.7 

874.1 55.3 8.5 1744.1 99.6 12.0 

888.4 13.6 9.2 1759.5 73.1 12.0 

920.8 66.8 10.2 1810.1 51.2 11.5 

944.5 364.0 10.0 1827.2 120.8 12.0 

957.8 1140.4 7.9 1843.9 148.5 12.0 

972.2 117.1 5.9 1860.5 119.0 12.0 

1003.0 95.6 11.7 1876.8 87.5 12.0 

1018.4 40.4 5.6 1892.0 50.0 12.0 

1026.9 72.0 6.9 1907.4 26.5 12.0 

1040.8 156.7 12.0    

1066.2 233.5 12.0    

1079.7 78.5 11.2    

1095.1 67.0 9.4    

1107.8 32.2 8.3    

1119.1 19.7 6.1    

1126.7 20.1 6.1    

1158.1 27.5 9.0    

1171.4 32.2 11.1    

1185.5 25.3 12.0    

1198.7 24.7 9.3    

 
Fig. 11 Error in determining x0 from the real one. 

 
Fig. 12 Error in determining peak intensity. 

Fig. 11 shows a graph of the mean absolute 

error (MAE) of the deviation of the peak position x0 from 

the actual one. 

For an SNR of ~1000, the algorithm determined the 

value of x0 with an average absolute error of 0.11 cm−1. 

As the noise level increases, the error in determining the 

line position x0 also increases. 

Fig. 12 shows the mean absolute percentage error 

(MAPE). The average absolute error in determining the dx 

half-width of the lines was similarly estimated (Fig. 13).  

 
Fig. 13 Error in determining half-width of lines dx. 
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Fig. 14 Ratio of areas of erroneously determined lines to 

actual ones. 

For SNR ~1000, the peak intensity determination error 

was 0.3%. The error in determining the half-width dx was 

0.29%. 

To assess the quality of the algorithm in terms of 

minimizing the number of erroneously identified lines, 

we compare the ratio of the area of erroneously identified 

lines to the area of valid lines (Fig. 14) using Eq. (7): 

𝑆𝑛𝑜𝑖𝑠𝑒

𝑆
∗ 100, (7) 

where Snoise is the area of lines erroneously created by the 

algorithm, approximating noise, S is the area of actually 

present lines in the spectrum. 

The proposed algorithm for decomposing lines of the 

CR makes it possible to obtain a correct result that 

corresponds to the actual parameters of the model. The 

error in determining the peak intensity does not exceed 

15% up to an SNR of ~13. The error in determining the 

peak position x0 does not exceed 1 cm−1 up to an SNR of 

~100, and the error in determining the half-width of the 

lines dx does not exceed 10% up to an SNR of ~25. 

Evaluation of the signal-to-noise ratio on real data 

gave a result of ~340 units. before the smoothing 

procedure. After filtering the data, the SNR exceeds 

1000 units. 

6 Conclusion 

Two-stage method implementing a novel approach has 

been developed. 

During the model generation stage, a set of models is 

generated for each spectral contour, providing 

information about the number and parameters of 

elementary lines. This stage involves iterative selection 

and refinement of line compositions for each Raman 

spectrum. 

During the cluster analysis stage, the composition of 

models is analyzed using cluster analysis to form a final 

model that describes all the analyzed Raman spectra. 

This approach allows for the compensation of errors in 

Raman band positions and other parameters, effectively 

handling asymmetric lines. 

The performance of our method was evaluated on a 

test sample of 344 Raman spectra. Key metrics include 

R2 at 99.49 %, χ2 at 1.7·10−3, red χ2 at 2.2·10−5, aic at 

−1367, and bic at −1267. 

Furthermore, classifiers trained on the peak 

intensities of the decomposed spectra exhibited 

classification abilities equal to those trained on full 

spectra, indicating no loss of significant information 

during feature space reduction and removal of linearly 

dependent features. The new method not only retains 

significant spectral information but also enhances 

classifier performance by reducing feature space 

complexity without compromising classification 

accuracy. 

The method allows you to compensate for the error in 

the position of the Raman bands and other parameters, 

and work with asymmetric lines. By determining the final 

model based on the composition of many individual 

models, it allows for correct detection of lines with a 

signal-to-noise ratio above 200. 

The error in determining the parameters of Raman 

lines from Raman spectra with a signal/noise ratio of 

1000, corresponding to real smoothed Raman spectra, 

was 0.3% for peak intensity, 0.3% for half-width dx and 

0.11 cm−1 for the peak position x0.   

The source code of the method is provided at the 

links: https://github.com/DarkMatro/Automatic-

decomposition-algorithm-for-raman-spectra and 

https://github.com/DarkMatro/RS-tool. 
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Abstract. Optimizing the analysis of radiographs of temporomandibular joint 
(TMJ) bone structures taken with cone beam computed tomography (CBCT) is 
an important topic in modern dentistry. The aim of the study is to establish 
stable correlations between the cranial indices obtained by cone-beam 
computed tomography (CBCT) of the cranial bones and the position of the 
mandibular condyle in the mandibular fossa. Student's t-test and Pearson's 
correlation coefficient were used in the study. Scattergrams and Altman plots 
were used to visualize the data. A critical p-value of 0.05 was assumed. 
Craniometric points and indices were determined to analyze the radiographic 
anatomical images of the cranial bones acquired by CBCT in axial projection. 
This data can be used for 3D modeling of the construction of a bioengineered 
mandibular head. By analyzing the CBCT scans of the cranial bones, we found 
that the intersection of the mid-sagittal and frontal planes forms an angle of 
90 degrees. Stable craniometric coordinates of the median-sagittal and frontal 
planes were determined, allowing positioning of an endoprosthesis in the 
mandibular fossa of the temporal bone and subsequent correct fixation of the 
prosthesis to the mandibular branch. © 2024 Journal of Biomedical Photonics 
& Engineering. 
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1 Introduction 

Optimizing the analysis of radiographic images of 

temporomandibular joint (TMJ) bone structures obtained 

with cone-beam computed tomography (CBCT) is an 

important issue in modern dentistry [1−4]. CBCT is a 

high-tech and reliable research method suitable for 

performing long-term craniometric studies of the cranial 

bones based on X-ray images. This is supported by the 

prevalence of TMJ pathologies which are caused by 

various factors and can be combined with acquired or 

congenital deformities of the facial and cranial 

bones [5−7]. The modern requirements for the fabrication 

and implantation of mandibular head endoprostheses 

require the use of technologies not only for the precise 

fabrication of prototypes, but also for the exact 

anatomical positioning of the implant in the articular 

fossa of the temporal bone to ensure proper function. The 

anatomical and functional approach allows for the 

personalization and customization of 3D implant designs 

using computer-aided design (CAD) and computer-aided 

manufacturing (CAM) programs that enable the 

fabrication of custom TMJ implants using 3D printing 

technology [8]. 

Due to its complexity, the mandibular head or TMJ is 

the most challenging component for prototyping and 

bioengineering. For accurate 3D planning and 

manufacturing of the TMJ implant, it is essential to 

determine the exact craniometric landmarks of the joint, 

based on which the prototype is designed and 

manufactured. The correct calculation of the spatial 

position of the TMJ endoprosthesis in relation to other 

cranial bones is possible with the help of craniometric 

landmarks from X-ray images taken with cone beam 
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computed tomography (CBCT). Nowadays, it has 

become clear that 3D modeling should be based on these 

landmarks which reliably determine the position of the 

TMJ in the skull. This enables not only 3D modeling of 

the anatomy of the TMJ, but also the planning of its 

placement at the recipient site. The precise fabrication of 

a bioengineered prosthesis will make it possible to fully 

meet the anatomical and functional requirements of oral 

surgery using regenerative medicine techniques. The use 

of CBCT enables reliable and highly accurate assessment 

of linear (dimensional) and volumetric (3D) differences 

between paired anatomical structures of the 

craniomandibular complex [9]. Therefore, the 

identification of cranial landmarks for the analysis of 

radiographic images of TMJ bone structures obtained by 

cone beam computed tomography (CBCT) and 3D 

modeling of a customized TMJ implant is a promising 

area in maxillofacial surgery using regenerative medicine 

techniques. 

The aim of the study is to develop craniometric 

indices based on CBCT scans of the skull bones to 

determine the position of the mandibular head in the 

mandibular fossa (socket) of the temporal bone. 

2 Materials and Methods 

2.1 Description of the Sample 

To achieve the aim of this study, a retrospective analysis 

of 111 patient cases from the maxillofacial surgery 

departments of the clinics of Samara State Medical 

College (n = 90) and Medline Dental Clinic (n = 21), who 

underwent CBCT of the facial and cranial bones in 

Samara between 2018 and 2023, was performed. The age 

of the patients ranged from 20 to 64 years, with 35 

women and 76 men included. The analysis revealed that 

CBCT scans of the skull were performed to make a 

definitive diagnosis, including 65 cases of fractures of the 

mandibular condyle, 19 cases of benign neoplasms of the 

mandible, 6 cases of postoperative deformities of the 

mandible, and 21 cases of TMJ disorders without 

radiologic or anatomic evidence of pathology of the 

facial bone. The study protocol was reviewed and 

approved by the Ethics Committee of Samara State 

Medical College. The study sample consisted of 

21 asymptomatic Caucasian individuals, 14 women and 

7 men, aged between 25 and 64 years with an average age 

of 32.5 years. 

The data used for the study included information from 

the medical history and clinical examinations as well as 

CBCT scans of the TMJs in habitual occlusion. Subjects 

were selected based on clinical records from 111 initial 

visits to the Department of Oral and Maxillofacial 

Surgery at the clinics of Samara State Medical College 

and Medline Private Dental Clinic. 

To ensure that the results were not influenced by 

growth-related distortions in the positioning of the 

condyles, only people who had not suffered facial trauma 

or had undergone surgery within the last five years were 

included in the study [10]. Patients in stages 4, 5 or 6 of 

cervical vertebral maturation were also excluded from 

the study [11]. A surgeon with 5 years of experience was 

involved in all clinical evaluations and radiologic 

analyzes of the TMJ. 

2.2 Study Design 

The study included 21 patients who underwent CBCT 

and whose diagnosis was consistent with the study 

protocol: no pathologic changes in the facial and cranial 

bones and no abnormalities in the radiologic anatomy of 

the TMJ. Patients with fractures of the maxilla or 

mandible, tumors of the maxilla or mandible, or TMJ 

ankylosis were excluded (Fig. 1). 

The patients in the study group (n = 21) gave their 

informed consent for the radiological examination. 

Computed tomography (CT) of the facial and cranial 

bones was performed in a specialized facility with a state 

license for this type of service. We used a CT scanner 

with a voxel resolution of 0.3 mm on 

the  Planmeca  ProMax  3D  Classic  machine  (Finland). 

 
 

 
Fig. 1 Flowchart of patient selection for the study. 
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For all the subjects, we selected the “M” (adult) imaging 

mode, in which the voltage of the X-ray tube is 

automatically set to 90 kV and the current to 6.3 mA. The 

volume diameter was 50 mm, the height 80 mm and the 

dose-area product (DAP) 472 mg/cm2 milligram-

centimeters squared. The computed tomographic dose 

index (CTDY) was 4.6 mg. 

2.3 Technique for Analyzing Radiographs of 

the Temporomandibular Joint by 

Craniometry 

CBCT of the cranial bones was used to determine the 

radiographic anatomic landmarks for the position of the 

LFH within the mandibular fossa of the temporal bone. 

1. Determination of the craniometric points 

Radiographic anatomic landmarks of craniometric 

points that fulfill the criteria for a craniometric point were 

identified in the axial projection. The algorithm for 

determining craniometric points from the image of the 

cranial bones in the axial CBCT projection involves 

determining the mid-sagittal and frontal planes of the 

head and neck region (HNC) and the craniometric point 

of the HNC formed by the intersection of these planes; 

the determination of the craniometric points of the 

mandibular ramus, condyle and sphenoid bone; the 

construction of radiologic anatomic planes based on the 

craniometric points; and the determination of angular 

dependencies and stable radiologic anatomic 

relationships between the constructed planes. Thus, we 

can determine the topography of five craniometric points 

in the axial projection of the skull. 

1.1 Craniometric measurement of the TMJ. To 

determine the topography of the contours of the TMJ in 

the mandibular fossa of the temporal bone, one must first 

locate the peaks that protrude maximally into the 

maxillary sinus on the medial and lateral sides of the TMJ 

surface. Then one should mark these peaks with a marker 

and draw a straight line between them to determine the 

frontal axis of theTMJ. This axis should then be divided 

in half to obtain the craniometric center, which is the 

radiographic center of the frontal axis of the TMJ. 

1.2 Craniometric point (suborbital opening (fi)): In 

the axial projection, the suborbital opening is defined by 

the opening of the infraorbital canal on the anterior wall 

of the maxillary sinus. 

1.3 Craniometric point (coronoid process (pc)) − tip 

of the mandibular ramus: This point is determined in the 

axial projection of a cranial cone beam computed 

tomography (CBCT) scan (Fig. 2). 

1.4 Craniometric point (The Cuneiform Part of the 

Vomit (pcv)): This is the wedge-shaped part of the 

condyle that protrudes the most from the lateral surface, 

as seen in the axial view of the cranial CBCT image 

(Fig. 2). 

1.5 Craniometric point (sphenoid body (cs)): This is 

the body of the sphenoid bone that protrudes furthest from 

the lateral surface in the axial projection of the cranial 

computed tomography (CBCT) image (Fig. 2). 
2. Construction of anatomical X-ray planes from 

cone beam computed tomography (CBCT) images of the 

skull in the axial projection. 

2.1 Plane head mandibular mid sagittal (pcmms) − 

marked by the points: cm-fi. 

The mid sagittal plane of the mandibular ramus 

(prms) is defined by the points sm-pc. The coronoid 

process (pc) and the mandibular branch lie in the same 

mid-sagittal plane as the PRMS, unlike other mid-sagittal 

planes. 

 

 

Fig. 2 Topography of the cranial points in the axial projection of the skull (1 − mandibular head (cm), 2 – infraorbital 

hole (fi), 3 − coronoid process (pc), 4 − the cuneiform part of the vomit (pcv), 5 − sphenoid body (cs)). 
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2.2 The skull plane mid sagittal (PCMS) is 

constructed by connecting the lateral edge of the scapula 

to the body of the sphenoid bone. To do this, one should 

mark the lateral and medial margins of the scapula and 

connect these points with a straight line to obtain the mid 

sagittal plane of the skull. 

3. Determination of the radiographic anatomical 

relationships and dependencies between the angles 

formed at the intersection of the mid-sagittal plane and 

the frontal plane. 

3.1 The angle msp-cm is formed by the mid-sagittal 

plane of the skull and the frontal plane of the LFG. This 

angle shows the relationship between the position of the 

mandibular head and the bones of the cerebral part of the 

skull (Fig. 3). 

3.2 The angle fi-cm-pc: This angle is formed by the 

intersection of the medial sagittal plane of the LFG (left 

frontal gyrus) and the mandibular branch (Fig. 3). 

3.3 The angle formed by the medial sagittal plane of 

the skull and the left frontal horn. 

2.4 Statistical Analysis of the Data 

The statistical analysis of the results was carried out 

using the SPSS 25 software package. The descriptive 

statistics were presented in the form of mean values and 

standard deviations (M ± SD) as well as medians and 

quartiles (Me, Q1, Q3). The t-test for paired samples and 

Pearson’s correlation coefficient were used for the 

analysis. Scatter plots and Altman diagrams were used to 

visualize the data. The significance level was set at 0.05. 

3 Results 

In this study, craniometric landmarks were identified and 

stable radiologic-anatomic relationships between them 

were established to develop a method for determining the 

position of the laryngeal fossa (LFG) in the mandibular 

fossa of the temporal bone using CBCT imaging. 

Analysis of cranial bone CBCT scans in axial projection 

revealed that an angle of 90 degrees is formed in the head 

and neck complex (HNC) at the intersection of the mid-

sagittal and frontal planes. Projection of the mid-sagittal 

LFG plane onto other parts of the skull showed that in 

most cases it passes through the subocular aperture, a 

landmark of the mid-sagittal plane on the outer surface of 

the face (Fig. 4). 

The suborbital foramen is a stable anatomical 

structure which can be recognized on CBCT images in 

the axial projection and is located on the anterior wall of 

the maxillary sinus [12, 13]. In contrast to the mobile 

LNG, whose position is determined by the functional 

possibilities of the TMJ or pathological changes, the 

suborbital foramen provides a stable reference point for 

the construction of the mid-sagittal plane. 

To construct the mid-sagittal plane, we need a second 

stable landmark that can be identified in the same 

location on axial CBCT images. In the presence of LFG, 

this landmark is the intersection of the mid-sagittal plane 

and the frontal plane of LFG. This information is crucial 

in clinical situations where it is difficult or impossible to 

determine the center of the LFG based on average 

anatomical parameters, such as fractures of the 

mandibular condyles with displacement or absence of the 

LFG for other reasons. To determine this, we identify a 

stable and immobile TMJ formation − the mandibular 

fossa of the temporal bone − on the CBCT image in axial 

projection. 

A circle is then inscribed around the projection of the 

contours of this structure, and the center of this circle is 

taken as the center of the TMJ. Using this method, we can 

determine the mid-sagittal plane of the TMJ both with 

and without the joint. 

 

Fig. 3 Angles formed at the intersection of the mid-sagittal plane and the frontal plane. 
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(a) 

 
(b) 

Fig. 4 The suborbital foramen is a landmark in the median-

sagittal plane on the outer surface of the face. 

By drawing a straight line through the maximum 

mesio-distal dimension of the mandibular head and 

dividing it into two equal parts, we found the center of 

the frontal plane of the LFG. We drew a line from the 

suborbital foramen to the center of the frontal plane of 

the LFG. Then we drew a plane from point CM to point 

PC and obtained the angle fi-cm-pc at the intersection of 

these two planes. The value of this angle allowed us to 

determine the angle of deviation of the midsagittal plane 

of the LFG from the mid-sagittal plane of the mandibular 

branch. Thus, the angle formed by the median-sagittal 

planes of the LFG and the mandibular branch ranged 

from 2.5 to 4.4 degrees. This information should be taken 

into account when modeling NIRs used in reconstructive 

surgery, TMJ arthroplasty or total mandibular fragment 

replacement. 

In order to assess the stability of the relationship 

between the obtained craniometric indices, we decided to 

virtually simulate the absence of the mandibular head and 

perform measurements using the same methodology. 

Instead of the mandibular head, we used the contours of 

the mandibular fossa as bony landmarks on a CBCT of 

the cranial bones in an axial projection. 

The construction of the inscribed circles and the 

determination of the centers of these circles (craniometric 

points) on the CT scans of the patients were performed 

using our previously developed method [14]. The 

presence of systematic differences in the estimates of the 

angles with and without consideration of the position of 

the mandibular head was determined using the paired 

Student’s t-test (Table 1). No such discrepancies were 

found for the fi-cm-pc angle. The errors in the direction 

of increase and decrease of this angle occurred 

approximately equally often and averaged 0.75 degrees 

(p = 0.067), the 95% confidence interval (CI) of the 

difference includes zero and is −0.06 to +1.56 degrees. 

However, a different picture emerged for the msp-cm 

angle. There was a systematic error in its measurement. 

It was found that the estimate of this angle in the absence 

of the mandibular head was underestimated by an 

average of 3.10 (95% CI: 1.22–4.98) degrees compared 

to the measurements with the mandibular head present. 

 

Table 1 Comparison of angles performed in the presence and absence of the mandibular head. 

Angle 

In the presence of the 

lower jaw   head (1) 

M±SD 

In the absence of head 

the lower jaw (2) 

M±SD 

Difference between angles 

1 and 2 

M (95%CI) 

р 

Angle fi-cm-pc, deg 19.32 ± 3.04 18.41 ± 2.89 0.75 (−0.06 … +1.56) 0.067 

Angle msp-cm, deg 70.76 ± 3.80 67.23 ± 3.50 3.10 (+1.22 … +4.98) 0.003 

Table 2 Characterization of the differences in the angle measurements with and without the mandibular 

head present: absolute value of the differences. 

Angle Median 

Lower 

quartile 

Q1 

Upper 

quartile 

Q3 

Minimum Maximum 

Absolute differences 

fi-cm-pc, deg 
1.60 0.40 2.50 0.00 4.40 

Absolute differences 

msp-cm, deg 
2.50 0.85 7.05 0.00 11.30 



O.V. Slesarev et al.: 3D Positioning of the Mandibular Head Using... doi: 10.18287/JBPE24.10.030304 

J of Biomedical Photonics & Eng 10(3) 2024   29 Sep 2024 © J-BPE 030304-6 

 

(a) 

 

(b) 

Fig. 5 The accuracy of the fi-cm-pc angle estimates, 

without and with consideration of the n/h head, is shown 

in the scatter plot (a) and in the Bland-Altman diagram (b). 

The red lines indicate the ideal position of the points for 

complete consistency of the measurements. 

Although the accuracy of angle estimation appears to 

be higher when the mandibular head is absent, it should 

be noted that the angles examined differ on average by 

more than a factor of three. When calculating the relative 

error of measuring these angles without considering the 

position of the lower jaw head, the results were 

comparable. For the angle fi-cm-pc the relative error was 

3.9% and for msp-cm 4.4%. 

We analyzed the absolute values of the differences 

between two measurements, that is, the deltas. The 

results (Table 2) show that in about 25% of cases the 

difference in fi-cm-pc angles is between 2.5 and 

4.4 degrees, while in the remaining 75% the differences 

are smaller. From a clinical point of view, these 

discrepancies are acceptable. However, larger 

discrepancies were observed for the msp-cm angle. In the 

upper quartile, the values range from 7 to 11.3 degrees. 

The graphical comparison of the estimates for the two 

angles is shown in the scatter plots and the Bland-Altman 

plot. For the fi-cm-pc angle (Fig. 5), there is a strong 

correlation between the measurements (r = 0.8, 

p < 0.001), indicating a low systematic error. For the 

msp-cm angle, however, the measurements with and 

without consideration of the position of the n/h head are 

not correlated (r = 0.52, p = 0.015) (Fig. 6). In this case, 

there is a visible systematic error, as the points in the 

scatter diagram are below the diagonal and the average 

difference in the Bland-Altman diagram is 3.1 degrees. 

Nevertheless, the scatter in both diagrams is random and 

not dependent on the angles themselves which indicates 

that there is no trend. To correct the error in the msp-cm 

measurements, the 3.1 degree value found could be added 

back to the results. 

  

 

(a) 

 

(b) 

Fig. 6 The accuracy of the MSP-CM angle estimates 

without considering the lower jaw head compared to 

considering the head: scatterogram (a) and Bland-Altman 

plot (b). The red lines indicate the ideal position of the 

points for complete consistency of the measurements. 

4 Discussion 

The TMJ is one of the most complex joints of the human 

skeleton, allowing articular, rotational and translational 

movements of the mandible [15, 16]. This fact explains 

the wide spectrum of clinical manifestations of 

anatomical and functional disorders of the TMJ. Together 

with the muscles that surround it, the TMJ determines the 

type of jaw movements and the quality of tooth contact 
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and influences the ability to produce speech. The TMJ 

consists of several anatomical structures, and clinical 

variables can alter its morphology and position through 

remodeling or surface changes as an adaptive 

response [17]. In a study by Ahmad et al. [18], it was 

found that changes in TMJ structures during tooth 

eruption, permanent dentition formation and tooth loss 

can be reliably detected clinically and confirmed using 

CBCT. This fact should be taken into account when 

planning the treatment and determining the time period 

for its implementation. These changes in the shape and 

position of the TMJ in the mandibular fossa may 

therefore represent an anatomical variation or a 

functional response to developmental events or an 

independent pathological condition. 

All this leads to continuous improvement of existing 

methods and the development of new techniques for the 

diagnosis of TMJ disorders. These techniques include 

methods for visualizing the bony and soft tissue 

structures of the TMJ and head, as well as the use of 3D 

technologies. 

In the modern context, additive technologies are 

based on approaches that allow us not only to visualize 

an object, but also to position it correctly in 3D space in 

relation to other structural and functional elements of the 

skull. To fulfill these requirements, methods for 

positioning and navigating 3D objects based on 

craniometric points identified on X-ray images are used. 

Therefore, the development of methods to recognize 

craniometric points on X-ray images of the TMJ to create 

a bioengineered structure and navigate it during 

installation in the patient’s bed is a promising area of 

research in transplantology and regenerative medicine. 

Currently, the most appropriate diagnostic method for 

this purpose is CBCT, which allows visualization of the 

bony structures of the TMJ and planning for 3D 

reconstruction of the area [19−21]. 

García-Sanz et al. [22] have shown that CBCT is an 

accurate and reliable method for both volumetric and 

linear measurements of the TMJ structures. It was 

developed specifically for the visualization of structures 

in the oral and maxillofacial region. The accuracy of 

linear measurements with CBCT is within 0.3 

millimeters which is sufficient for accurate and reliable 

clinical examinations. This allows precise linear and 

angular measurements to be made in the craniofacial 

complex, even in the presence of soft tissue [23]. 

Another study by Frongia et al. [24], performed on 

28 dry skulls, has shown that changing the orientation of 

the skull during image acquisition do not significantly 

affect the accuracy of linear measurements. However, 

given the small intra-articular spaces of the TMJ and the 

importance of the collected data for the final diagnosis, 

several factors should be considered both during and after 

three-dimensional (3D) data acquisition. These include 

the type of CBCT scanner, the head position, the 

realignment of the skull after segmentation, the field of 

view, and the reliability and repeatability of the 

identification of reference slices for the measurements. 

In this context, based on the specific requirements of 

Zhang et al. [25] and the data from the present study, it 

should be noted that the realignment (or positioning of 

the skull region of interest in 3D space) should be 

performed along planes constructed by craniometric 

points inscribed in the region of interest on the 

anatomical radiograph. A craniometric point fulfills the 

criteria of reliability and repeatability defined by Zhang 

et al. The position of the TMJ in the mandibular fossa is 

an important factor in the diagnosis and planning of 

orthognathic surgery [26]. Any errors in this analysis can 

lead to recurrence or later complications [27]. In the era 

of three-dimensional (3D) diagnostics, direct analysis of 

the condylar position is essential, as the three-

dimensional stability of mandibular movements is 

influenced by the temporomandibular joint position. 

Determining the anatomical relationship between the 

facial bones and the temporomandibular joint enables the 

planning of orthodontic treatment to correct the occlusion 

in different occlusal positions [28−30]. 

Most adolescent orthodontic patients usually stop 

treatment before the TMJ has completed its maturation. 

Since occlusion can strongly influence the condylar 

axis [31], determining its displacement in three-

dimensional space is of utmost importance [32]. 

Traditional radiographic examination methods do not 

provide accurate and valuable information in this 

regard [33, 34]. Therefore, mandibular position 

indicators (MPI) and other similar tools have been 

introduced to quantify the three-dimensional 

displacement of the condylar axis [35−37]. The study by 

M. J. Ponces et al. [38] clearly shows that in patients with 

a hyperdivergent facial pattern, the risk of misdiagnosis 

of an orthodontic case is about 30% if the condylar 

position is not assessed in 3D positions. This is because 

cephalometric measurements (ANB, Sgo/NMe and 

SN-ML) do not provide enough information to predict 

the frequency, magnitude and direction of displacement 

of the LFG at the level of the condyles. Modern 

algorithms for automatic segmentation of the mandibular 

head and visualization of the measured cortical layer 

thickness in the form of a three-dimensional model with 

a color map facilitate the automated quantitative 

assessment of bone thickness changes of the 

temporomandibular joint complex during CBCT [39]. 

Quantification of morphologic changes in the condyle 

requires the creation of a 3D model by segmentation of 

volumetric images, such as computed tomography 

(CT) [40]. Volumetric segmentation can be performed 

manually, semi-automatically or fully automatically. 

However, manual or semi-automatic segmentation 

requires extensive training to achieve accurate 

segmentation of the condyle, as it is difficult to 

distinguish the condylar head from the joint fossa due to 

the low bone density in the TMJ region and the lack of 

contrast, especially in low-dose CT images. Images such 

as cone-beam CT (CBCT) can be used [41]. Ham et al. 

have proposed automatic segmentation of four 

components, namelycranial hard tissue, maxillary sinus, 

mandible and mandibular canals, in CBCT images of the 
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face using a 3D U-mesh architecture [42]. However, the 

mandibular segmentation model presented was for the 

entire mandible, so the segmentation results in the 

condylar region were not accurate for analytical 

purposes. To address this, Y. Liu et al. [43] developed an 

algorithm to automatically segment the mandibular 

condyles using a 3D U-mesh. They performed a stress 

test to determine the optimal dataset size for model 

development and combined a modified U-mesh with an 

ultra-precise neural network to create a segmentation 

model that can classify target regions for 3D TMJ 

modeling [44]. 

5 Conclusions 

The preservation of the anatomical and functional 

integrity of the TMJ is a crucial factor for the success of 

reconstructive surgical procedures. The data presented 

show that the method of determining the position of the 

mandibular condyle both in the presence and absence of 

a mandibular head is very effective when using 

craniometric calculations. This approach enables 

accurate determination of the position of the condyle and 

the creation of an accurate model for biomechanical 

design and endoprosthetic fabrication. 

In addition, the use of the craniometric methodology 

avoids errors in the calculation of the condyle position, 

leading to more precise and durable results. 

Consequently, this technique proves to be a valuable tool 

for oral surgeons and dentists when it comes to precisely 

locating the mandibular condyle during surgical 

procedures. 

Craniometric points and indices were determined to 

analyze the X-ray anatomical images of the skull bones 

taken with CBCT in axial projection. These data are used 

in the 3D modeling of the bioengineered mandibular head 

and branch construction. 

Stable relationships were identified between the 

craniometric indices that allow the position of the 

mandibular head within the mandibular fossa of the 

temporal bone to be determined. These relationships also 

apply when the mandibular fossa is not present. 

When modeling the mandibular head, it is important 

to note that its medial sagittal plane is offset by a certain 

angle from the medial sagittal plane of the mandibular 

branch. 

For the correct design and placement of the 3D-

printed mandibular head prosthesis, stable cranial 

measurements of the medial sagittal plane and the frontal 

plane were taken, which enabled the placement of the 

prosthesis in the mandibular fossa of the temporal bone 

and the subsequent correct fixation of the mandibular 

branch. 
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Abstract. The associations of the exhaled air IR absorption spectra with 
clinical parameters characterising the state of COVID-19 patients were studied 
at the time of their hospitalization. The clinical parameters included standard 
blood tests characteristics and the presence of comorbidities. The exhaled air 
IR absorption spectra were measured by laser photo-acoustic gas-analyzer 
based on a tunable CO2 laser. The measured absorption spectra analysis was 
based on their splitting on subgroups in dependence on clinical parameters 
values and the further comparison of these subgroups with the same for 
healthy participants using principal component analysis. In the result, 
informative clinical parameters, which allowed distinguishing exhaled air 
absorption spectra from COVID-19 patients and healthy participants, were 
established. Revealed correspondence of changes in exhaled air spectral 
characteristics of COVID-19 patients and clinical parameters demonstrates 
that pathological processes occurring in the body of COVID-19 patients and 
success of their therapy can be revealed not only by the results of laboratory 
tests but also by the exhaled air spectral analysis. © 2024 Journal of 
Biomedical Photonics & Engineering. 
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1 Introduction 

The problem of COVID-19 disease and its complications 

is still urgent. Computed tomography (CT) has emerged 

as a primary diagnostic tool for COVID-19. However, the 

X-ray images often resemble those of other lung diseases 

(such as bacterial pneumonia, tuberculosis, influenza), 

and these findings typically appear after the onset of 

major symptoms. The key challenge for doctors is early 

disease identification to prevent complications, ideally 

before significant symptoms develop [1]. Therefore, the 

standard methods for detecting COVID-19 have become 

nucleic acid amplification tests: reverse transcription 

polymerase chain reaction (RT-PCR), rapid RT-PCR 

(rRT-PCR), reverse transcription-coupled loop-mediated 

isothermal Amplification (RT-Lamp), pooled RT- PCR; 

next generation sequencing (NGS); antigen tests; 

antibody tests. These diagnostic methods are time 

consuming, need reagents for test-systems, high-tech 
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equipment and room appropriating the virus-level safety 

requirements [2–6].  

Additionally, spectroscopic methods for detecting 

COVID-19 (such as Raman and infrared spectroscopy, 

fluorescence techniques) have been investigated. 

Collecting biological samples (saliva, plasma, 

nasopharyngeal swabs, fecal samples, etc.) for these 

studies requires invasive procedures performed by 

qualified personnel. Furthermore, the analysis often 

necessitates pre-treatment and can pose safety risks [7].  

Typically, the virus enters through the epithelium of 

the upper respiratory tract, followed by the activation of 

pathophysiological processes in cells and corresponding 

immune response. As a consequence, the products of 

varying metabolism appear in tissue, blood, lymph and 

other biofluids [8−12]. It is a base of using routine blood 

tests for COVID-19 diagnostics and success of its 

therapy. The level of lymphocytes, leukocytes, mean 

corpuscular hemoglobin, basophils, eosinophils, 

C-reactive protein, total bilirubin, D-dimer in the blood 

can be used as the COVID-19 biomarkers [8, 9]. 

However, blood tests are invasive and time consuming.  

COVID-19 volatile molecular biomarkers are also 

products of shifted metabolism. They can excrete from 

the body through the lungs to exhaled air [12−14]. Gas 

chromatography and mass spectrometry have emerged as 

effective tools for analyzing exhaled breath. Studies have 

identified several volatile organic compounds (VOCs) as 

potential markers for COVID-19. For example, the 

COVID-19 acute phase is characterized by the following 

volatile biomarkers measured in the exhaled air: 

2,3-butanedione, aldehyde, 2, 8-dimethylundecane, 

n-propyl acetate; ethanal, 2-butanone, methanol, octanal, 

isoprene, heptanal, propanal, propane; methylpent-2-

enal, 2,4-octadiene 1-chloroheptane, nonanal; butanoate, 

butyraldehyde, isopropanol; alcohol, acetone, carbon 

monoxide and octanal, nonanal, heptanal, decane, 

tridecane and 2-pentylfuran [13]. Four specific VOCs 

(methylpent-2-enal, 2,4-octadiene 1-chloroheptane, and 

nonanal) showed promise as COVID-19 biomarkers, 

demonstrating a sensitivity (Se) of 90% and a specificity 

(Sp) of 94% in distinguishing COVID-19 patients from 

ARDS patients [15] In Ref. [16], the following volatile 

organic compounds (VOCs) allowed differentiating 

COVID-19 patients from healthy humans with accuracy 

of 81.2%: nitric oxide, butene, methanethiol, 

acetaldehyde, heptanal, ethanol, methanol-water cluster 

and propionic acid. An increase in the content of ethyl 

butanoate in exhaled air is also a feature of 

COVID-19 [17]. Seven VOCs (benzaldehyde, 

1-propanol, 3,6-methylundecane, camphene, beta-

cubebene, iodobenzene, and an unidentified compound) 

allowed detecting PCR-positive COVID-19 patients with 

the following classification efficiency metrics: 0.84 area 

under the curve (AUC), 68% Se, 85% Sp [18]. 

In addition to VOCs, viral RNA can also be detected 

in exhaled breath [19]. However, the presence of viral 

RNA in exhaled air has not been conclusively linked to 

viral load [15, 19]. Therefore, individuals who have 

previously had COVID-19 or are asymptomatic carriers 

may be identified as false positive due to the presence of 

viral RNA in their exhaled breath. 

The advantages of detection of COVID-19 presence 

or its complications through control of specific VOC 

profile are noninvasiveness and operativity. However, 

similar COVID-19 molecular biomarker patterns are 

highly variable [20–22]. For example, acetaldehyde 

considered as a potential COVID-19 feature [16] has high 

concentrations in other infection diseases [23]. For better 

validation of COVID-19 breath test, a comparative study 

of blood and exhaled air parameters for COVID-19 

patients is useful. 

Among acceptable tools for breath tests, laser photo-

acoustic spectroscopy (LPAS) looks attractive because it 

does not require frequent calibration, is less costly, and 

the short measurement time [24–27]. LPAS is based on 

the registration by a microphone of an acoustic wave 

appearing in a measurement cell with a studied gas 

sample when an amplitude-modulated laser radiation is 

absorbed by the sample. 

The work aims to establish correlations between 

spectral characteristics of exhaled air measured with 

LPAS and blood parameters for COVID-19 patients. 

The study considered 2 hypotheses: (i) SARS-CoV-2 

causes changes the molecular composition of blood and 

exhaled air through metabolic pathways, which are partly 

overlapped, (ii) presence of comorbidity, observed 

respiratory failure and severity of the condition at the 

time of hospitalization of COVID-19 patients influences 

on the molecular composition of blood and exhaled air.  

2 Materials and Methods 

Initially, the study involved 35 COVID-19 patients. The 

diagnosis was confirmed by PCR positive test result. Five 

patients were excluded from the study due to the lack of 

completeness of clinical data. Thus, the target group 

consisted of 30 COVID-19 patients. The control group 

was recruited in equal numbers (30 participants). 

Inclusion criteria for the study were the following: 

verified SARS-CoV-2, age 18 years or older. Exclusion 

criteria for the control group were: age under 18 years, 

presence of respiratory symptoms, lung and respiratory 

diseases at the time of the study. The study was 

conducted in accordance with the principles of the 

Declaration of Helsinki, with the Nuremberg Code, 

legislative of the Russian Federation and approved by the 

Ethics Committee of Tomsk State University 

(registration No. 5, November 19, 2020). All participants 

signed an informed consent for participation in the study. 

The average age of the target group was 65.5 (60.3, 

72.5) years, the control group – 52.0 (30.0, 60.0) years. 

The patient’s condition was assessed by the attending 

physician according to the set of observed parameters 

included in the database: demographic characteristics − 

age; clinical − presence of concomitant diseases 

(diabetes (D), myocardial damage (MD), hypertonic 

disease (HD)), the presence and level of respiratory 

failure (RF: I, II), the results of general blood analysis 

(erythrocyte sedimentation rate (ESR), color index (CI), 

red blood cells (RBC), haemoglobin (HGB), white blood 
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cells (WBC), lymphocytes (LYM), monocytes (MONO), 

neutrophils (NEU), platelets (PLT)) and biochemical 

blood tests (total bilirubin (TBIL), total protein (TP), 

glucose (GLU), fibrinogen (FG), alanine transaminase 

(ALT), aspartate transaminase (AST), urea (UREA), 

creatinine (CREAT)), as coagulation analysis 

(prothrombin time (PT), activated partial thromboplastin 

time (aTTP), international normalised ratio (INR), 

prothrombin index (PI)). A description of the blood 

characteristics used in the study is presented in Table S1. 

Reference values of blood parameters are shown in 

Table 1. 

Among hospitalized COVID-19 patients, the ratio of 

mild to severe coronavirus infection was 15/15, and no 

moderate severity was observed. COVID-19 disease 

severity and outcome are known to depend on many 

factors: age [28, 29], viral load [30], socioeconomic 

status [31], but an important one is the presence of 

concomitant diseases [32, 33]. The concomitant 

pathologies in the target group were as follows: solely 

diabetes was observed in 1 case, 4 patients had comorbid 

conditions with myocardial damage and hypertension 

(Fig. 1). In turn, hypertension was recorded in 

12 patients, among whom myocardial lesions occurred in 

6 cases. Artificial lung ventilation was not required as 

part of respiratory support because the 14 patients had 

respiratory failure I, II degree, the rest had no respiratory 

failure. 

 
Fig. 1 Comorbidities in COVID-19 patients(D − diabetes, 

HD − hypertonic disease, MD − myocardial damage). 

A breath test was conducted in the morning on an 

empty stomach in both groups. Before the breath 

sampling, multiple mouth rinses with water were 

performed. The first 100−250 ml portion of breath was 

quietly exhaled into the surrounding space, and the rest 

one was collected into a disposable 1000 ml container 

(Fig. 2). The safety of breath samples collection from 

COVID-19 patients was provided as follows. The 

medical staff used special personal protective equipment 

in the “red zone”. A special antibacterial-viral 

electrostatic filter with a gas sampling port (model 

4333/711BSSA, China) was attached to the input tube of 

the container. This filter provides protection against 

99.999% of pathogens, including SARS-CoV-2. After 

breath sample collection the filter was rejected and input 

tube closed. After that the filter was utilized according to 

the “red zone” safety rules. The container with a probe 

was disinfected using an antiseptic liquid (95% ethyl and 

95% isopropyl alcohols with equal proportion) and 

moved to a “green zone”. Breath sample absorption 

spectra were measured in 4 h after its collection. The laser 

photo-acoustic gas-analyzer “LaserGasAnalyser-3” 

(LGA-3, Novosibirsk, Russian Federation) with CO2 

laser tunable in the 9.2−10.6 μm spectral range was used. 

The block-scheme of LGA-3 is shown in Fig. 3 [34]. 

 
Fig. 2 Assembled breath sampler. 

Three spectral scans for every probe were recorded. 

Thus, 90 absorption spectra for each group of participants 

were measured. Venous blood sampling was carried out 

in the morning on an empty stomach in 3 vacutainers in 

the following volume according to the National Standard 

of the Russian Federation: 4−5 ml for biochemical 

analysis, 2−3 ml for general analysis, 2−3 ml for 

coagulation study. The study of blood samples was 

carried out within 4 h after collection according to the 

storage standards. 

In the data analysis, the Shapiro-Wilk criterion, the 

principal component analysis, the calculation of pairwise 

distances between points in the space of principal 

components using Euclidian metric were applied. 

 
Fig. 3 The block-scheme of LGA-3: PAD is a photo-

acoustic detector, PD is a pyrodetector, PC is a personal 

computer.
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Table 1 The intervals of quantitative clinical parameter values corresponding to the “normal” human state [35, 36]. 

Blood value 
ALT 

(U/l) 

aPTT 

(s) 

AST 

(U/l) 

CI 

(Units of  

account) 

CREAT 

(µmol/l) 

ESR 

(mm/h) 

FG 

(g/l) 

Limit of the 

norm 
31.0-45.0 21.0-36.0 31.0-45.0 0.85-1.15 53-115 1.0-30.0 2.0-4.0 

        

Blood value 
GLU 

(mmol/l) 

HGB 

(g/dL) 
INR 

LYM 

(103/μL) 

MONO 

(103 /μL) 

NEU 

(103 /μL) 

PI 

(%) 

Limit of the 

norm 
3.3-5.5 120.0-160.0 0.8-1.2 25.0-35.0 2.0-6.0 47.0-67.0 80-110 

        

Blood value 
PLT 

(103/μL) 

PT 

(s) 

RBC 

(106/μL) 

TBIL 

(µmol/l) 

TP 

(g/l) 

UREA 

(mmol/l) 

WBC 

(103/μL) 

Limit of the 

norm 
180.0-320.0 11.0-16.0 3.7-5.5 7.9-19.9 65.0-85.0 2.6-7.3 4.0-9.0 

3 Results 

COVID-19 patients were split on subgroups according to 

the following criteria: 

− the blood characteristic values relatively to the 

reference intervals presented in Table 1: “below 

normal”, and “above normal” (the state “normal” was 

absent for COVID-19 patients);  

− “presence” or “absence” of concomitant disease 

(D, HD, MD); 

− “mild” or “severe” severity;  

− “absence” or “I”, “II” degree of respiratory 

failure.  

After that, a EAS absorption spectrum of a definite 

COVID-19 patient was labeled depending on a definite 

clinical parameter and its gradation. Measured 

absorption spectra of the exhaled air samples (EASs) 

from the target and control groups are shown in Fig. 

S1 (see Supplementary File). The analysis of the 

relation between two sets of EAS absorption spectra 

and clinical parameters was conducted in the principal 

component (PC) space [37–39]. The first three PCs 

were taken into account because they provided 98% of 

explained variance of absorption spectra dataset 

(Fig. S2, Supplementary File). The example of similar 

COVID-19 patients EAS absorption spectra splitting 

on three subgroups in dependence on the ALT 

parameter grade in PC space is shown in Fig. 4. 

Euclidean metric was used in PC space for 

quantitative assessing the relation between the EAS 

absorption spectra and clinical parameters: 

𝑑𝛼𝑐 = ∑ √(𝑃𝐶𝑖
𝛼 − 𝑃𝐶𝑖

𝑐)23
𝑖=1 . (1) 

Here and below, Greek subscript symbols are used 

for enumeration of healthy participants, Latin symbols 

numerate COVID-19 patients. For healthy 

participants, intragroup pair distances 𝑑𝛾𝜇  (γ ≠ μ) for 

every clinical parameter were calculated in the same 

manner as in Eq. (1). Then, the probability distribution 

𝑓 of 𝑑𝛼𝛽 values (α ≠ β) was calculated. The same was 

done for 𝑑𝛼𝑐values. Probability distributions f for the 

intragroup pair distances 𝑑𝛼𝛽  and intergroup pair 

distances d_αc were approximated by Gaussian curves 

corresponding to the normal distribution. For all cases, 

the deviations of the probability distributions from the 

Gaussian curve were less than 5% (see Table S2). The 

protocol of data processing is shown in Fig. 5. The 

probability distributions f for the intragroup pair 

distances and intergroup pair distances are shown in 

Figs. 6–10. For low occurrence of the studied trait in 

the subgroup (number of measurements was less than 

9), the Gaussian-shape probability distribution curve 

cannot be constructed. It was the case of RBC, PLT, 

TP, WBC – “value exceeding normal”, PI – “normal”, 

INR, MONO, ALT, AST, UREA, CREAT,  

TBIL – “below normal”. These data are not considered 

below. 

 
Fig. 4 The example of the COVID-19 patients EAS 

absorption spectra split on three subgroups in dependence 

on the ALT parameter grade. 
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(a) 

 

(b) 

  
(c) (d) 

Fig. 5 The protocol of data processing. (a) EAS absorption spectra. EAS absorption spectra in PC space. (b) Classification 

of indicators characterizing the condition of patients with COVID-19. (c) EAS absorption spectra in PC space (quantitative 

clinical parameters).Probability distributions for the intragroup and intergroup pair distances. (d) EAS absorption spectra in 

PC space (qualitative clinical parameters). Probability distributions for the intragroup and intergroup pair distances. 
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For a quantitative description of the constructed 

probability distributions, the following characteristics 

were introduced (Fig. 11): 

(i) mode (Mo) - the most frequently encountered 

parameter value; 

(ii) S - the area under the distribution curve for data 

from COVID-19 patients;  

(iii) Sr − the area under the curve, which characterizes 

the proportion of data from COVID-19 patients, which 

are not overlapped with data from healthy participants;  

(iv) (S-Sr) − the area under the curves, which 

characterizes the proportion of data from COVID-19 

patients, which are overlapped with data from healthy 

participants; 

(v) Sr/S − the parameter which characterizes the 

separability of COVID-19 patients from healthy 

participants.  

The relations among the EAS absorption spectrum 

shape and the presence of a comorbidity, the variability 

of blood characteristics relatively the norm are shown in 

Table 2. 

 

   

(a) (b) (c) 

  

                               (d)                              (e) 

Fig. 6 Probability distributions of pairwise distances between points in the principal components space for the following 

complications presence: (a) diabetes (D), (b) hypertonic disease (HD), (c) myocardial damage (MD), (d) respiratory failure 

(RF), (e) severity. 

   

(а) (b) (c) 

Fig. 7 Probability distributions of pairwise distances between points in the principal components space for the following 

clinical parameters: (a) color index (CI), (b) hemoglobin (HGB), (c) red blood cells (RBC). 
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(a) (b) (c) 

   

(d) (e) (f) 

Fig. 8 Probability distributions of pairwise distances between points in the principal components space for the following 

parameters: (a) activated partial thromboplastin time (aPTT), (b) fibrinogen (FG), (c) international normalized ratio (INR), 

(d) prothrombin index (PI), (e) platelets (PLT), (f) prothrombin time (PT). 

   

(a) (b) (c) 

  

                                  (d)                              (e) 

Fig. 9 Probability distributions of pairwise distances between points in the principal components space for the following 

parameters: (a) erythrocyte sedimentation rate (ESR), (b) lymphocytes (LYM), (c) monocytes (MONO), (d) neutrophils 

(NEU), (e) white blood cells (WBC). 
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(a) (b) (c) 

  

                                (d)                              (e) 

  

                               (f)                             (g) 

Fig. 10. Probability distributions of pairwise distances between points in the principal components space for the following 

parameters: (a) alanine transaminase (ALT), (b) aspartate transaminase (AST), (c) creatinine (CREAT), (d) glucose (GLU), 

(e) total bilirubin (TBIL), (f) total protein (TP), (g) urea (UREA). 

 

Fig. 11 Introduction of new quantitative characteristics to 

describe the distribution. 

The following characteristics turned out to be 

informative: PI, PT and INR, FG. Definitely, there are 

associations of the EAS absorption spectra with below 

norm values of TP, RBC, CI, HGB and high levels of 

ALT, AST. 

4 Discussion 

The associations of the EAS absorption spectra with RBC, 

CI, and HGB values below norm. Indicated the presence 

of hypoxia in COVID-19 patients in the result of 

microvascular lesions of the lungs and micro- 

hemorrhages [9, 10, 12, 16, 20, 21]. The presence of 

hypertension or myocardial damage causes change in the 

EAS composition. Such cardiovascular disorders 

exacerbate the severity of the patient’s condition and 

increase the likelihood of an unfavorable 

outcome [31–33, 70, 74]. 
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Table 2 The associations of the EAS absorption spectra with the blood parameters in COVID-19 patients. 

Value Mo Sr/S Blood parameters associated with COVID-19 disease References  

 ALT  

Below normal − − It was not typical. 
Not found in the 

literature 

Above normal 4.60 0.71 

There is a direct correlation of this parameter with COVID-19 disease 

severity. Is used to assess target organs (liver, heart, nervous tissue, skeletal 

muscles). 

[8, 40–45]  

 AST  

Below normal − − It was not typical. 
Not found in the 

literature 

Above normal 2.40 0.59 

There is direct correlation of this parameter with COVID-19 disease severity, 

is used to assess target organs (liver, kidneys, heart, skeletal muscles, 

pancreas). 

[8, 41, 44, 45] 

 CI  

Below normal 2.80 0.55 It is observed with hemolytic anemia, there is a risk of poor outcome. [46, 47] 

Above normal − − It was not typical. 
Not found in the 

literature  

 FG  

Below normal 4.60 0.70 It is less common, observed due to consumption of coagulopathy. [48–51] 

Above normal 1.00 0.60 

It is observed more frequently, is a consequence of ARDS and venous 

thromboembolism. There is a correlation of this parameter with disease 

severity. 

[52–54] 

 HGB  

Below normal 3.40 0.58 
It is observed with anemia, there is a correlation of this parameter with high 

risk of onset of adverse outcome. 
[46, 55, 56] 

Above normal 0.00 0.57 Hemolytic anemia is rare in COVID-19. [57, 58] 

 INR  

Below normal - - It is observed less frequently, indicates the presence of bleeding. [48] 

Above normal 3.40 0.64 
It is observed more often. There is a correlation of this parameter with the 

severity of the disease, is related to onset of high adverse outcome risk. 
[59] 

 PI  

Below normal 2.20 0.55 It was met less frequently and indicates the presence of bleeding. [60] 

Above normal 3.60 0.67 
It was met more frequently. Is an indicator of thrombocytopenia consumption. 

Thrombosis increases the adverse outcome risk onset. 

[49, 61] 

 PT  

Below normal 1.60 0.50 

It was met with thrombosis, indicates the development of ARDS and of a high 

probability of developing pneumonia. It is an important indicator for assessing 

the disease severity. 

[62–64] 

Above normal 4.80 0.77 
It was met rarely, indicates the presence of bleeding, increases the adverse 

outcome risk. 
[55, 65] 

  RBC  

Below normal 5.60 0.81 
It is observed less frequently. Is an indicator of the disease severity, 

microvascular damage, bleeding. 
[49, 52] 

Above normal − − It was not typical. 
Not found in the 

literature 

 TP  

Below normal 3.40 0.61 

Hypoproteinemia may indicate renal, cardiac and hepatic insufficiency, 

diseases of the pancreas, as well as the presence of a characteristic 

inflammatory process in the lung tissues. 

[66–69] 

Above normal − − It was not typical. 
Not found in the 

literature 
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The found association of the EAS absorption spectra with 

high levels of ALT, AST, and low TP values indicated a 

change in the EAS composition of exhaled air in the result 

of the virus cytopathic effect and subsequent toxic damage 

of the main organs [47], hypercytokinemia [44, 45], 

ischemic injury [46, 47], and drug toxicity, etc. [48, 49]. 

Supposed that with an increase in the degree of 

respiratory failure, the composition of exhaled air would 

differ more from healthy participants (due to 

hyperventilation, hypoxemia and hypercapnia [75]). 

The correlation between the severity of the condition 

and the change in the composition of the exhaled 

air [76–78] was not confirmed, it is possible that this is 

due to difficulty in breathing in a seriously ill patient due 

to a decrease in his vital functions or the development of 

compensatory mechanisms (use of oxyhemoglobin 

reserves and increase in cardiac output); [79], the high 

the coefficient of solubility of molecular CO2 during 

diffusion through the air-blood barrier [80]. 

5 Conclusions 

The conducted analysis of the probability distributions of 

pairwise distances in the PC space revealed a 

correspondence between the EAS absorption spectra 

from COVID-19 patients and the following medical and 

biological parameters: the presence of MD and HD in the 

patient's history. Among blood parameters, RBC, CI and 

HGB, PI, PT, FG, INR, ALT, AST, TP demonstrate 

correlation with spectral features of the EAS absorption 

spectra.  
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Abstract. This paper presents a technique for selecting regions of interest in 
retinal angio-OCT images to quantitatively analyze choroidea parameters in 
order to detect ocular diseases. The significance of this research lies in the fact 
that choroideas are an important part of the eye responsible for nourishing the 
retina and maintaining its normal function. Disruptions in the choriodea lead 
to various eye conditions, including degenerative retina diseases and 
glaucoma. A method for assessing choriodeal conditions has been developed 
based on identifying areas without vascular signal in retinal angiographic OCT 
images. Additional indicators for estimating choriodean status have been 
proposed. Comparative analysis of parameters between norm and 
pathological classes was conducted. The results of this work may be useful for 
ophthalmologists and contribute to improved diagnosis and treatment for eye 
conditions. © 2024 Journal of Biomedical Photonics & Engineering. 
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1 Introduction 

The choroidea is a capillary layer that extends along 

Bruch’s membrane and lies adjacent to the inner 

vasculature. It plays an important role in supporting the 

vessels of the retinal pigment epithelium and the outer 

part of the retina. The choroideas are the main vascular 

layers of the eye and influence the development of 

various ocular diseases, such as age-related macular 

degeneration, polypoidal chorioretinal vasculopathy, 

central serous choroidopathy, and myopic macular 

degeneration. The choroids also provide nutrition and 

waste removal from the retinas, playing an essential role 

in their health and function. Histological studies have 

confirmed that pathological processes affect the structure 

and vascularization of the choroid [1]. 

Diseases in which changes in choroidal thickness are 

observed include central serous chorioretinopathy, Vogt-

Koyanagi-Harada disease, polypoidal choroidal 

vasculopathy, and age-related exudative macular 

degeneration. 

Central serous chorioretinopathy (CSC) is 

characterised by the accumulation of fluid under the 

retina in the central region of the macula, leading to 

distortion of the visual field and decreased visual acuity. 

Changes in the thickness of chorioidea are associated 

with impaired blood supply and drainage in this area [2]. 

Vogt-Koynagi-Harad disease (VKH) is a rare 

inflammatory condition that affects the eyes, skin and 

other organs. The main symptoms of VKH include 

inflammation of the eye, changes in skin pigmentation 

and hair, and visual disturbances. Changes in the 

choroidal thickness of the retina are associated with an 

inflammatory process and immune mechanisms that 

affect blood vessels in the eye [3]. 

Polypoidal choroidal vasculopathy (PCV) is a type of 

age-related macular degeneration (AMD) in which 

abnormal vascular formations resembling polyps develop 

in the choroid. These polyps can lead to bleeding, 

swelling, and visual impairment. Changes in choroid 

thickness in PCV are associated with the formation and 

regression of these abnormal polyps [4]. 
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Exudative AMD is a form of AMD in which 

abnormal vascular neoplasms accumulate under the 

retina, causing a decrease in visual function and 

distortion of the central field of vision. Changes in the 

thickness of the choroid in AMD are associated with 

growth of these tumors and disruption of normal vascular 

structure [5]. 

The study of these diseases and choroidal changes 

helps to expand our understanding of the 

pathophysiology of ocular pathologies and develop new 

approaches to diagnosis and treatment. The concept of 

choroidal vascular index (VI) was introduced to assess 

the degree of vascular density in the choroid and can 

serve as an additional tool for monitoring these 

conditions [6]. 

Investigations of ocular diseases require accurate and 

reliable diagnostic methods [7−9]. In recent years, optical 

coherence tomography (OCT) has become a key tool for 

evaluating the choroid and other structures of the 

eye [10−12]. OCT is a non-invasive high-resolution 

imaging technique that produces cross-sectional tissue 

slices with micrometre resolution [13]. Unlike other 

methods, such as fluorescence angiography or 

indocyanine green angiography, which have gained 

importance in the diagnosis of ocular diseases, OCT 

provides more detailed and objective information about 

the structure and thickness of the choroid [14]. 

The main features of OCT include the ability to image 

layers of eye tissues and assess their thickness with high 

resolution [15, 16]. OCT allows clear visualization of the 

choroid, detection of changes and determination of 

various pathological conditions such as choroidal 

neoplasms. It also monitors the effectiveness of treatment 

and evaluates the prognosis of disease. Due to its ability 

to obtain three-dimensional images, OCT provides a 

more comprehensive study of the structure and changes 

of the choroids compared to other methods. 

OCT images of the ocular fundus were used to 

develop algorithms for glaucoma diagnosis registration 

in Refs. [10, 11]. Also, OCT images of the ocular fundus 

from [12] were studied and used to determine retinal 

edema. A classification system was developed based on 

these studies. Similar studies have been conducted in 

Refs. [15−21]. 

The study method chosen was the analysis and 

processing of ocular fundus angiography images. 

2 Materials and Methods 

The task of ocular fundus angiography-OCT image 

processing is to form sets of features for quantitative 

analysis of the choroidea. To develop a technology for 

assessing the state of the choroid by identifying areas 

where vascular signal is absent. The following types of 

choroidal OCT angiography (angiography) images are 

used as input data for processing. Angio-OCT images 

have a size of 3×3 mm2. 

OCT scans with angiography (OCTA), as shown in 

Fig. 1(a, b), are used to assess the choriocapillary status. 

The choriocapsular status is determined by the presence 

of voids in the scans that are larger than 5000 µm2 

(200 pixels, 1 pixel equals 25 µm2). The reviewed 

literature concludes that people with central serous 

chorioretinopathy have a greater number of large voids 

(equal to or greater than 5000 µm2) compared to healthy 

volunteers [22]. Also Fig. 1(a) shows an image without 

pathology and Fig. 1(b) shows an image with pathology. 

It can be seen that the images differ in their brightness. 

Therefore, we proposed a criterion for estimating the 

transparency of the choroid layer based on image 

brightness. 

 

  

(a) (b) 

Fig. 1 Angio-OCT of the choroidea: (a) normal, (b) 

pathology. 

For the study, images were taken from 9 to 18 μm 

deep into the vasculature, from Bruch’s membrane, and 

strata of 9 μm thickness were experimentally selected. 

Images at these depths were selected based on the fact 

that the number of hades is least in images at those 

parameters [22]. 

The method itself consists of subjecting OCTA scans 

to local thresholding using the Phansalkar algorithm, 

where voids are defined as pixels of black color [23]. A 

sign to track pathological changes is an increase in the 

number of large voids or an increase in their size [22].  

To further analyze the choroidal index, we selected 

relevant features on which a detailed analysis was 

performed. The technology for evaluating diagnostic 

features to detect pathologies from retina angio-OCT 

images is presented below. 

3 Methods for Evaluating Diagnostic 

Features for Quantitative Choroideal 

Analysis 

To evaluate the images, textual features need to be 

extracted [24]. 

We selected the following features to quantify the 

choroidea on retinal angio-OCT images: 

1) the number of voids (K1), 

2) the area of voids that are equal to or greater than 

5000 µm2 (K2), 

3) the contour characteristic (K3), 

4) the transparency coefficient (K4). 

Transparency is characterized by a positive offset of 

the mean value of brightness with respect to the median 

value: 

𝐼𝑐 =
𝐼𝑚𝑎𝑥− 𝐼𝑚𝑖𝑛

2
. (1) 
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For opaque media, Ic. The quantitative expression of 

this parameter is the transparency coefficient. The 

coefficient is determined by Eq. (2) [25]: 

𝐾4 =
(𝐼̅− 𝐼𝑐)

𝐼̅
, (2) 

where K4 is the transparency coefficient, Ī is the mean 

luminance value, Ic is the median luminance value. 

K3 is a contour feature, which is defined as the sum 

of all contour pixels in the image. First, we select the 

contours using openCV and then we use Eq. (3): 

𝐾3 = ∑ ∑ 𝐼(𝑖, 𝑗)𝑊
𝑗=1

𝐻
𝑖=1 , (3) 

where K3 is the number of pixels representing contours; 

h is the height of the image, w is the width of the image, 

the function defining the pixel color 

I(i, j) = {1 if pixel (i, j) is white, 0 otherwise}. 

For choroidea optical coherence tomography (OCT) 

angiography images, criteria have been proposed such as 

the number and area of voids. The presence of voids 

equal to or greater than 5000 µm2 determines the 

choriocapillary status. Individuals with choriocappillary 

pathology have a higher number of larger voids 

compared to healthy patients, according to exploratory 

studies. 

A technology has been developed for processing 

angio-OCT images. 

4 Technology for Choroidea Assessment 

To assess the choroidea, a technique was developed 

consisting of the following steps including pretreatment 

methods: 

a) median filter processing, 

b) threshold processing, 

c) extreme filter processing, 

d) allocation of voids, 

e) an assessment of their quantitative 

characteristics. 

The first step is to apply the median filter with a 

window size of 3×3. The result of image processing by 

the median filter is shown in Fig. 2 (b). 

Thresholding was applied locally using the 

Phansalkar algorithm, where voids are defined as black-

colored pixels [23]. The unique threshold was calculated 

using the Eq.: 

𝑡𝑟𝑒𝑠ℎ𝑜𝑙𝑑 (𝑥, 𝑦) = 𝑀 (1 + 𝑝𝑒−𝑞𝑀 + 𝑘 (
𝑆𝐷

𝑟
− 1)), (4) 

where (x,y) are the pixel coordinates, M is the mean of all 

pixels within the radius, SD is the standard deviation of 

all pixels within the window, p is a constant that the 

exponential term affects the threshold − for low values of 

p (0 ≤ p ≤ 1) it behaves like Sauvola’s method, too high 

(p > 5) and too many background pixels can be classified 

as foreground pixels (default p = 3), q − constant, and the 

algorithm behaves like Sauvola’s algorithm above a 

certain values (default k = 0.25), r − dynamic range of 

standard deviation (default r = 0.5). The result of the 

thresholding process is shown in Fig. 2 (c). To sharpen 

and improve image quality, an extreme filter was used, 

described by the following Eq.: 

𝑔 =  {
𝑓1,   при 𝑓0 − 𝑓1 <  𝑓𝑁 − 𝑓0

𝑓𝑁 ,   при 𝑓0 − 𝑓1 ≥  𝑓𝑁 − 𝑓0
, (5) 

where fi are the numbers of the variation series of the 

population with N numbers, g is the output value. 

 

   

(a) (b) (c) 

  

                      (d)                          (e) 

Fig. 2 Voids extraction: (a) original image, (b) median filter result, (c) local thresholding result, (d) extreme filter result, 

(e) voids image. 
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Fig. 3 Scheme of the algorithm of voids selection [16]. 

Table 1 Static characteristics for “normal” and “pathology” classes. 

Feature group Norma Patalogy 

Parameter RMS deviation 
Mathematical 

expectation 
RMS deviation 

Mathematical 

expectation 

K1 588.174 7302.2 217.459 7935.8 

K2 6.786 6,4 4.962 67.2 

K3 885.687 818.7 2613.857 16105.1 

K4 0.074 0.08 0.035 -0.619 

 

  

(a) (b) 

Fig. 4 Visualisation of the foramen: (a) normal, 

(b) pathology. 

The result of applying the extreme filter is shown in 

Fig. 2 (d).  

The selection of voids is based on the criterion of 

four-connectivity, i.e., only samples adjacent to the 

sides of an object are considered neighbors. The 

algorithm consists in processing the image matrix line 

by line. An arbitrary sample (n1, n2) is selected, if it 

belongs to the background and is equal to zero, then the 

next sample is processed. If it does not belong to the 

background (i.e., it is equal to one), then its belonging 

to any object is analyzed. For this purpose, two 

neighboring samples already processed are taken into 

account. Depending on the values of these neighboring 

samples, the current sample may be attached to an 

object. If neighboring samples belong to background, a 

new object is created [25]. The algorithm is shown in 

Fig. 3.  

Experimental investigations of the proposed 

technique on natural images are presented below. 

5 Analysis of the Results of Image 

Processing of Chorioid Angio-OCT 

Images 

For the analysis, we took images at depths of 9−18 μm 

from  the  Bruch’s  membrane, with a step size of  9 μm.  

Figs. 5−8 show the distribution graphs of the obtained 

values of the signs. 
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Fig. 5 Void distribution density plot. 

 

Fig. 6 Density plot of the distribution of voids with an area 

equal to or greater than 5000 µm2. 

 

Fig. 7 Contour characteristic distribution density plot. 

 

Fig. 8 Transparency ratio distribution graph. 

 
 

 

(a) (b) (c) 

 
 

                                      (d)                            (e) 

Fig. 9 Graphs of distribution of objects of two classes in the space of Contour characteristic: (a) for the number of voids with 

area greater than 5000 µm2, (b) the ratio of the number of voids with area greater than 5000 µm2 to the number of all voids, 

(c) for the number of all voids; Transparency coefficient: (d) for the number of voids greater than 5000 µm2, (e) for the 

number of all voids. 
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This choice was based on previous studies, which 

showed that the lowest number of voids were found in 

formations at these depths [22]. Fig. 4 shows a 

visualisation of voids for normal and pathological 

conditions. 

According to the above graphs, we can already say 

that there is a clear separation between the classes of 

normal and pathological objects. We also plotted the 

distribution of objects in the two classes, and the results 

are presented in Fig. 9. Table 1 shows the static 

characteristics of features for the “normal” and 

“pathology” classes. 

6 Conclusion 

This paper presents a technique for selecting regions of 

interest in retinal angio-OCT images for quantitative 

analysis of choroide parameters to detect various ocular 

diseases. In this work, features of the choroid were 

studied and algorithms for extracting parameters and 

counting were reviewed.  

During the study, a method was developed to assess 

the condition of the choroids by finding areas with no 

vascular signal (voids) in angio- OCT images of the 

choroidal region, as well as a set of features was formed 

for quantitative assessment of choroid: contour 

characteristics, transparency coefficient, number of 

voids, and number of void areas greater than or equal to 

5000 μm2. The results obtained were analyzed. On the 

angio-OCT images, the contour and transparency 

coefficients showed clear separation between classes. 
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Abstract. The aim of this work is to identify drusen subtypes on OCT images 
for the diagnosis of age-related macular degeneration. In this paper we 
propose a technology of drusen extraction on OCT-images and their 
classification. The relevance of the problem is determined by a large number 
of age-related macular degeneration diseases, which can be diagnosed with 
the help of timely detection of drusen, as well as the possibility to speed up the 
time of work of a specialist. The method is based on the segmentation of 
drusen on the original images and their classification on the reflexivity 
features. The conducted study allowed achieving a classification accuracy of 
98%. © 2024 Journal of Biomedical Photonics & Engineering. 
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1 Introduction 

Age-related macular degeneration (AMD) is a 

progressive disease characterized by damage to the 

macular zone (central retinal zone) due to developing 

pathological processes in the retinal pigment 

epithelium [1]. According to the results of meta-analysis 

of population studies (129,664 people), there are 

currently about 64 million patients with AMD in the 

world, AMD is the cause of blindness in 2.1 million 

people out of 32.4 million blind people worldwide, the 

projected number of patients with AMD by 2040 will be 

288 million people. The incidence of AMD in the 

Russian Federation is more than 150 cases per 10,000 

population [2, 3]. As the aging of the population becomes 

more and more noticeable every year, age-related 

diseases, including AMD, become more widespread. 

Based on this information, it is clear that the diagnosis of 

AMD is of great importance, especially in the context of 

the increasing number of elderly people and the projected 

increase in AMD cases. 

It is very important to detect AMD in its early stages, 

when symptoms are not yet so pronounced. The main 

diagnostic features of early and intermediate stages of 

AMD according to the original AREDS classification 

include druse [4]. Druse is an extracellular deposit, the 

main components of which are lipids, proteins, and 

minerals [5].  

 

 
(a)                                      (b) 

Fig. 1 Optical coherence tomography images: a) for a 

healthy patient, b) a patient with AMD (white arrows 

indicate drusen). 

Spectral optical coherence tomography (OCT) allows 

visualization of drusen, estimation of their area, volume 

and substructure based on optical features. Fig. 1 shows 

optical coherence tomography images of the ocular 

fundus for a healthy patient and a patient with AMD. 

In Ref. [6], the authors examined the structural and 

compositional heterogeneity of drusen in an attempt to 

predict the progression of AMD by identifying a number 

of patterns in their heterogeneity. Cross-sectional and 

longitudinal associations were made between 

compositional patterns and stages of AMD (druse 

volume, geographic atrophy (late stage of AMD), and 

pre-atrophic changes). 

This study divided druse into 4 subgroups based on 

their reflectivity: H-subtype (highly reflective core), 

L-subtype (low-reflective core), C-subtype (conical 

débris), S-subtype (with separation into hypo- and 
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hyperreflective areas), and simple subtype (with 

homogeneous internal reflectivity and less than 1000 μm 

in size). The authors showed that drusen structure is a 

biomarker of age-related macular degeneration 

progression. The study showed that drusen structure is an 

important indicator of age-related macular degeneration 

progression. The L- and C-subtypes of drusen are high-

risk biomarkers for the development of severe AMD with 

geographic atrophy. These drusen subtypes can change 

over time, transitioning into each other. Therefore, 

accurate identification of drusen subtypes is important 

for the diagnosis and prognosis of AMD, as well as for 

patient monitoring. 

However, the proposed method for evaluating the 

optical features of drusen substructure on spectral 

domain OCT (SD-OCT) images is performed visually, 

requires the participation of several specialists, and may 

include an arbitration board to resolve disagreements. 

This method is labor-intensive, time-consuming, and 

does not always provide high objectivity, which limits its 

widespread use in clinical practice. 

In Refs. [7, 8], the authors also investigated druse 

heterogeneity, considering their shape: conical, 

semicircular, sawtooth-shaped slight elevations of the 

pigment layer, then reflectivity: low-reflective, medium-

reflective, and high-reflective objects, as well as their 

heterogeneity: homogeneous, nonhomogeneous with a 

highly reflective core, nonhomogeneous without a core, 

and the presence or absence of hyperreflectivity over the 

druse (see Fig. 2). The authors also concluded that such 

characteristics of druse heterogeneity may correlate with 

the risk of AMD progression. 

 
(a) (b) (c) (d) (e) 

Fig. 2 Druse patterns: (a) conical low-reflective 

nonhomogeneous with a nucleus; (b) semicircular 

medium-reflective homogeneous; (c) semicircular 

medium-reflective nonhomogeneous with a nucleus; 

(d) semicircular medium-reflective nonhomogeneous with 

a nucleus and overlying hyperreflectivity; (e) sawtooth-

shaped elevations of the pigment layer [7]. 

In the framework of this work, we propose a 

technology aimed at creating an objective method for 

determining drusen subtypes on OCT images for the 

diagnosis and monitoring of AMD based on the method 

of retinal pigment layer extraction, recognition and 

localization of drusen, and assessment of their 

reflectivity. Further studies are related to the evaluation 

of the morphological component of drusen 

(determination of various features of the forms) [9]. 

The aim of our research is to improve the accuracy 

and informativeness of diagnosis and monitoring of 

patients with early and intermediate stages of AMD, to 

reduce the labor intensity of diagnosis and the duration 

of patient examination. 

2 Materials and Methods 

2.1 Technology of Retinal Pigment Layer 

Extraction and Druse Recognition 

Before determining the heterogeneity of the patterns of 

druse structures, it is necessary to localize them, namely, 

to isolate the pigment layer on OCT images, and then to 

segment the druse. The methods applied to the problem 

of layer extraction on OCT images are divided into three 

directions: a) thresholding and morphological 

operations [10]; b) graph theory; c) deep learning. Mixed 

algorithms are also possible, for example, incorporating 

both graph theory and neural networks. In Ref. [10], the 

authors applied additional noise filtering based on 

bilateral filter and additional steps such as false positive 

druse removal and druse smoothing (Gaussian filter for 

smoothing segmented drusen in 3D image) to improve 

the accuracy of segmented drusen. In Ref. [11], 

thresholding and morphological operations were also 

applied for druse extraction in OCT images. A low-pass 

filter was used to remove speckle noise, then a layer of 

nerve fibers was pre-selected using an upper-pass filter to 

reduce the anomalies in segmented drusen, just as in the 

previous work [9]). 

The second approach for segmentation of retinal 

layers is based on graph theory. A graph model is 

introduced, where each pixel plays the role of a vertex of 

this graph with edges connecting this vertex with eight 

neighboring ones. With this OCT representation, the 

routes crossing the entire image width, i.e., the potential 

retinal layers, can be viewed as sets of connected edges. 

After assigning weights to the edges, the Dijkstra 

algorithm is applied to determine the shortest 

path [12, 13]. 

The third approach in retinal layer extraction is to use 

convolutional neural networks [14−19]. The U-Net 

convolutional neural network has achieved good results 

in biomedical image segmentation tasks [12, 20, 21]. The 

authors of this work defined the drusen extraction task as 

segmentation of 4 classes: drusen, pigment layer region, 

Bruch’s membrane region and background region. In 

Ref. [13], the authors also use neural networks to solve 

the problem of retinal layer extraction on OCT. Before 

layer segmentation, regions of interest are extracted in 

3 steps: 1) segmentation using Otsu’s method to find the 

initial region; 2) applying morphological opening and 

expanding operators; 3) small objects are excluded to 

find the final region. In the next step, an initial 

segmentation is performed where the search region is 

reduced and the regions of the inner boundary membrane 

are separated from the region with pigment layer and 

Bruch’s membrane. A U-Net neural network is used for 

this purpose [18]. In Ref. [19], the authors faced 

2 problems: a) how to improve the network’s ability to 

memorize multiscale nonlocal features in order to cope 

with complex pathological appearances of drusen in OCT 
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images, especially with respect to size and shape; b) how 

to improve the network’s ability to memorize semantic 

global contextual features simultaneously with noise 

suppression in order to solve the problem of low-contrast 

OCT images and noise. In Ref. [15], the authors combine 

graph theory and deep learning. 

The technology of retinal pigment layer extraction 

and drusen recognition presented in this article is based 

on the methods of preprocessing, morphological analysis 

of the pigment layer, on the basis of which drusen 

localization and their diagnostic analysis by reflectivity 

properties are performed.  

The segmentation of the pigment layer with drusen 

takes place in several steps. The first step is pre-

processing with median filtering to remove impulse 

noise. The second stage is the removal of background on 

the filtered image for further segmentation of the retinal 

layers. The reflectivity of the background region 

(vitreous) is the same throughout the image, so its 

binarization with a fixed value can be used to 

successfully remove it. Binarization takes place with a 

fixed value is performed, the threshold is determined 

experimentally by averaging on a sample of 

OCT-images, then pixels less than the selected threshold 

are zeroed, excluding the background. The threshold was 

70. The third step is to remove all retinal layers between 

the inner border membrane and the outer plexiform layer. 

After binarization to remove the background region from 

the OCT image, the lower boundary of this area can serve 

as the upper contour of the nerve fiber layer. Bright pixels 

within 20 pixels of this contour are zeroed. 

The fourth step is the isolation of the retinal pigment 

epithelium. Binarization by the threshold 𝑇 calculated as 

a result of solving the following inequalities is applied: 

𝑆(𝑇) > 𝑐 , 𝑆(𝑇 + 1) < 𝑐 , where 𝐻(𝑖), 𝑖 = 0,1, … , 𝐿  – 

histogram of halftone image. 𝑆(𝑡) = ∑ 𝐻(𝑖)𝐿
𝑖=1  – 

cumulative histogram, constan 𝑐 = 𝑤𝑖𝑑𝑡ℎ × (
𝑡𝑟

𝑟𝑒𝑠
+ 𝑘) , 

𝑤𝑖𝑑𝑡ℎ  – image width, tr – approximate width of the 

pigment layer (20 μm), 𝑟𝑒𝑠 =
𝑑

ℎ𝑒𝑖𝑔ℎ𝑡
– axial resolution, 

𝑑 and ℎ𝑒𝑖𝑔ℎ𝑡 – the depth of the spectral OCT cubes and 

the height of the image, respectively. Non-negative 

constant 𝑘 is determined experimentally, the larger it is, 

the more pixels will remain in the image after 

binarization [22]. 

The fifth step is to remove the photoreceptor layer, 

which in some OCT images also contains high-value 

pixels. Two-stage processing is performed. To preserve 

the contour of the pigment layer, it is necessary to restore 

the gaps, for this the middle line of this contour is 

calculated and the gaps are connected by interpolation. 

Further, to eliminate the photoreceptor layer, a 

morphological erosion operation is applied, and clusters 

of pixels less than a fixed value are eliminated. 

In the first step, to preserve the contour of the pigment 

layer, the gaps are filled, the midline of the contour is 

determined and the gaps are connected by interpolation. 

Then, in the second step, a morphological “erosion” 

operation is applied to remove the photoreceptor layer 

and pixel clusters below a given value are eliminated. 

These steps are repeated in the second iteration, resulting 

in a final image of the midline of the pigment layer 

together with the drusen. To smooth the irregularities, the 

obtained line is approximated by a cubic spline (see 

Fig. 3). 

In drusen segmentation on OCT images, we establish 

a baseline “normal” pigment layer by fitting a third-order 

polynomial to the retinal pigment epithelium line. By 

aligning this polynomial with the data, we define the 

“normal” line. The discrepancy between this line and the 

one affected by drusen indicates their presence. We then 

filter out clusters of pixels smaller than 70 pixels or less 

than 8 pixels in height to refine the segmentation. 

Referencing Fig. 3 provides a visual aid for this process.

 

   

(a) (b) (c) 

   

(d) (e) (f) 

Fig. 3 Main stages of druse extraction: a) removal of background region from OCT, b) OCT binarization with preliminary 

removal of nerve fiber layer, c) approximated pigment layer with druse, d) result of 3rd order polynomial fitting to estimate 

“healthy” pigment layer, e) result of downward shift of “normal” pigment layer, f) result of druse extraction algorithm 

operation. 
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2.2 Methods of Assessing the Signs of 

Reflexivity of the Druse 

To assess the reflexivity of drusen, we used the following 

features: median of the brightness function, mean 

brightness value, dispersion of object brightness, and 

transparency coefficient. Two classes were 

distinguished: low-reflective drusen (L-subtype and 

С-subtype patternless), second – medium-reflective and 

high-reflective drusen (H- subtype и С- subtype 

patterned). 

1. Median of the luminance function: 𝐼𝑚𝑒𝑑𝑖𝑎𝑛 = 𝐼𝑁+1

2

, 

where 𝑁  – number of object points, 𝐼𝑁+1

2

– brightness 

function value 
𝑁+1

2
 element of the sorted array of 

brightness values of all points of the object. 

2. Average brightness value: 

𝐼 =
1

𝑁
∑ 𝐼𝑗

𝑁
𝑗=1 , (1) 

where 𝐼𝑗  – brightness function at point 𝑗. 

3. Brightness variance of the object: 

𝜎 =
1

𝑁
∑ (𝐼𝑗 − 𝐼)̅2𝑁

𝑗=1 . (2) 

4. Transparency factor: 

𝐾 =
𝐼−𝐼𝑐

𝐼
. (3) 

The transparency of an object is determined using the 

probability distribution of the brightness function. 

A transparent object is characterized by a positive shift 

of the mean brightness value 𝐼  relative to the median 

𝐼𝑐 = (𝐼𝑚𝑖𝑛 + 𝐼𝑚𝑎𝑥) 2⁄ : 𝐼 > 𝐼𝑐. The formula for an opaque 

object 𝐼 < 𝐼𝑐.  

3 Result and Discussion 

3.1 Experimental Studies on the Accuracy of 

the RPE Extraction Algorithm. 

The Euclidean distance between the coordinates of the 

points of the contour defined by the algorithm and the 

contour of a layer manually selected and confirmed by an 

expert physician is used: Euclidean distance between two 

points 𝐴(𝑥1, 𝑦1)  and 𝐵(𝑥2, 𝑦2)  is determined as 

following Eq.: 

𝑑𝑖𝑠𝑡(𝐴, 𝐵) = √(𝑥1 − 𝑥2)2 + (𝑦1 − 𝑦2)2. (4) 

Due to the fact that the contour extends from left to 

right over the entire width of the OCT image, the 

comparison of contour points with the same vertical 

coordinate is performed as follows: 

𝑑𝑖𝑠𝑡(𝐴, 𝐵) = |𝑦1 − 𝑦2|.  

Thus, to evaluate the accuracy of retinal pigment 

epithelium segmentation, the following ratio is 

calculated, which determines the average Euclidean 

distances of all contour points by averaging it over all 

OCT images on which the algorithm is tested: 

𝑚𝑒𝑎𝑛(𝑋, 𝑌) =
1

𝑇
∑ (

1

𝑛
∑ |𝑋𝑡

𝑖 − 𝑌𝑡
𝑖|𝑛

𝑖=1 )𝑇
𝑡=1 , (5) 

where 𝑋 – pigment layer contour (coordinate set𝑥 and 𝑦), 

highlighted by the algorithm, 𝑌 – layer contour manually 

selected and confirmed by a physician, 𝑋𝑡
𝑖, 𝑌𝑡

𝑖  – vertical 

coordinates of contour points with horizontal coordinate𝑖 
images 𝑡  for algorithm and manual segmentation, 

respectively, 𝑛  – image width, 𝑇  – number of OCT 

images. To estimate how much on average the deviation 

of contours differs from the mean value 𝑚𝑒𝑎𝑛(𝑋, 𝑌) the 

metric used is standard deviation: 

𝑠𝑡𝑑(𝑋, 𝑌) = √1

𝑇
∑ (

1

𝑛
∑ |𝑋𝑡

𝑖 − 𝑌𝑡
𝑖| − 𝑚𝑒𝑎𝑛(𝑋, 𝑌)𝑛

𝑖=1 )
2

𝑇
𝑡=1 . (6) 

To create OCT images, the Zeiss CIRRUS HD-OCT 

5000 device was used with the following main features: 

 Maximum resolution: 5 μm. 

 Transverse resolution: 15 μm. 

 Scan frequency up to 27,000 A-scans per s. 

 Scan sizes: 6 mm × 6 mm (macular and optical cube). 

 Scanning depth: about 2 mm (in fabric). 

 Image depth: 8 bits in grayscale. 

The Python programming language was used for the 

software implementation. The developed software uses 

the following libraries: OpenCV, NumPy, SciPy, 

Matplotlib, Scikit-Learn. The average time for 

segmentation is 0.218 s, for obtaining features and 

assigning to a subclass is 0.022 s. 

For the developed algorithm, averaging was 

performed on 120 OCT-images whose size was 

1024×625 pixels. All images were filtered with a median 

filter with a window size of 3. The average segmentation 

error of the pigment layer contour in pixels, in μm, as 

well as the average error with respect to contour length 

are presented in Table 1. 

Table 1 Pigment layer segmentation accuracy error. 

 

Mean 

deviation ± 

standard 

deviation, 

pixels 

Mean 

deviation ± 

standard 

deviation, 

µm 

Error in 

relation to 

the length 

of the 

pigment 

layer, % 

Values 2.18 ± 1.98 7.79 ± 7.07 0.25 ± 0.23 

3.2 Experimental Investigations of the 

Algorithm for Druse Extraction 

The following metrics are used to evaluate the spatial 

coincidence of sets: Dice coefficient and Intersection 

over Union (IoU) [23]: 
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Table 2 Statistical characteristics of features. 

Measure Median Average value Dispersion 
Transparency 

factor 

Mean of the feature, 

class 1 
107.44 99.41 2577.2 −0.10 

Mean of the feature, 

class 2 
135.45 145.02 2189.06 0.17 

Root mean square of 

feature, class 1 
14.01 15.49 709.04 0.12 

Root mean square of 

feature, class 2 
31.89 49.58 684.21 0.28 

 

  

(a) (b) 

  

(c) (d) 

Fig. 4 Histograms of features distribution for two classes of druse, where (1) the first is druse with low-reflective, 

(2) the second is druse with medium- and high-reflective: a) median value, b) average value, c) transparency coefficient, 

d) variance. 

𝐷𝑖𝑐𝑒 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 =  
2|𝐴 ⋂ 𝐵|

|𝐴|+|𝐵|
, (7) 

𝐼𝑜𝑈 =  
|𝐴 ⋂𝐵|

|𝐴 ⋃ 𝐵|
, (8) 

where A – set of druse pixels selected by the algorithm, 

B – set of drusen pixels manually selected and confirmed 

by the doctor. For the developed algorithm, averaging 

was performed on 60 OCT images with a size of 

1024×625 pixels, the following results were obtained: 

0.79 Dice coefficient and 0.66 Intersection over Union. 

3.3 Experimental Studies of the Separability of 

Features for Describing Patterns of 

Heterogeneity of Druse Structures 

Fig. 4 shows the histograms of the distribution of features 

in the following classes of drusen − L-type and C-type 



N.Yu. Ilyasova et al.: Recognition of Drusen Subtypes on OCT Data for the... doi: 10.18287/JBPE24.10.030307 

J of Biomedical Photonics & Eng 10(3) 2024   30 Sep 2024 © J-BPE 030307-6 

(low-reflective), patternless and C-type without pattern 

(medium- and high-reflective drusen). These histograms 

showed the separability of the classes for each of the 

reflexivity features. The histogram data allow us to draw 

preliminary conclusions about the separability of these 

classes for each of the reflexivity features. Namely, 

dispersion has a weak separability in contrast to other 

attributes. 

Table 2 presents statistical characteristics of the 

reflexivity features calculated for 2 classes: L-type and 

C-type (low-reflective), the second one without pattern 

and C-type without pattern (moderately reflexive and 

highly reflexive drusen). The plots of class object 

locations in three-dimensional feature spaces are 

presented in Fig. 5. 

Studies have shown that classifiers based on the 

construction of a linear separating boundary are feasible 

for druse classification. 

After segmentation of the drusen themselves, they 

should be classified into classes: low-reflective, medium-

reflective, and high-reflective. Logistic regression was 

considered as a binary classifier. The training sample was 

created from OCT images and enlarged to 120 objects by 

an augmentation (transformation and rotation) 

procedure. Due to the limited amount of OCT data, 

classification accuracy was evaluated on two test 

samples. The first sample consisted of drusen extracted 

by the algorithm from the OCT images. The second 

sample consisted of drusen from the training sample, 

where 80% were used for training the classifier and the 

remaining 20% for validation. 

The accuracy of druse classification was determined 

based on the comparison of the obtained results of 

OCT-image analysis using the proposed algorithm and 

independent experts. The following metrics were used to 

determine the accuracy of object classification by 

patterns: 

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =  
𝑇𝐶1+𝑇𝐶2

𝑇𝐶1+𝑇𝐶2+𝐹𝐶1+𝐹𝐶2
, (9) 

𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 =  
𝑇𝐶1

𝑇𝐶1+𝐹𝐶1
, (10) 

𝑅𝑒𝑐𝑎𝑙𝑙 =  
𝑇𝐶1

𝑇𝐶1+𝑇𝐶2
, (11) 

F1-score = 2
𝑃𝑟𝑒𝑠𝑖𝑐𝑖𝑜𝑛×𝑅𝑒𝑐𝑎𝑙𝑙

𝑅𝑒𝑐𝑖𝑠𝑖𝑜𝑛+𝑅𝑒𝑐𝑎𝑙𝑙
, (12) 

where 𝑇𝐶1, 𝑇𝐶2 – number of objects correctly classified 

as first and second class, respectively, 𝐹𝐶1, 𝐹𝐶2 – number 

of objects incorrectly classified as first and second class, 

respectively [24]. 𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦  shows how many objects 

were classified correctly. 𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛  measures how 

many of the objects classified as, for example, first class, 

are actually first class. 𝑅𝑒𝑐𝑎𝑙𝑙  makes it possible to 

understand how many objects that should have been 

classified as, for example, first class, were actually 

classified that way. 𝐹1-𝑠𝑐𝑜𝑟𝑒  represents the average 

𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 и 𝑅𝑒𝑐𝑎𝑙𝑙. 
The classification accuracy for the two data sets for 

the reflexivity features is presented in Table 3. 

The classification accuracy metric (accuracy) is 95% 

and 98% for the subsample of augmented data and data 

extracted by the developed algorithm and respectively. 

Also, the F1-score metric reaches values of 90% and 

97% on these samples. 

From the Table 3 we can see that logistic regression 

has quite good classification accuracy values, so we can 

say that these algorithms can be used for localization and 

recognition of druse subtypes. 

 

  

(a) (b) 

Fig. 5 Location of objects of two classes in the three-dimensional space of reflectivity features, where the first class is low-

reflective drusens (blue), the second class is medium-reflective and high-reflective druses (red). Comparison by a) dispersion, 

median, transparency coefficient, b) average brightness, median, transparency coefficient. 
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Table 3 Accuracy of classifying patterns of heterogeneity of drusen structures by shape, where class 1 is low-reflective 

and class 2 is high-reflective, on two data samples. 

Data Accuracy 

Precision Recall F1-score 

Class 1 Class 2 Class 1 Class 2 Class 1 Class 2 

OCT image data extracted 

by the algorithm 
0.98 0.96 0.98 0.95 0.96 0.95 0.97 

20% of augmented data 0.95 0.91 0.90 0.90 0.91 0.90 0.90 

 

4 Conclusion 

Thus, the article presents a technology for the extraction 

and determination of drusen subtypes on OCT images for 

the detection of AMD. The developed technology 

includes several stages: segmentation of the pigment 

layer, isolation of drusen and their classification by 

structural patterns, which brings it closer to a real 

diagnostic system. It is more than just automating 

calculations, it is a tool that can help doctors make 

clinical decisions. The results of each stage were 

experimentally investigated. It is shown that 

segmentation of the pigment layer has an error of 

7.79 ± 7.07 μm, while segmentation of drusen using Dice 

coefficient and Intersection over Union metrics equal to 

0.79 and 0.66, respectively. Classification of drusen by 

reflectivity gives high results: 98% Accuracy and 

97% F1-score, even with unbalanced classes. In general, 

on the generated sample including all classes, Accuracy 

rates of 95% and F1-score of 90% are achieved. 

It can be said that the technology allows to effectively 

perform classification analysis of drusen on OCT-

images, to further reduce the labor intensity of 

examination, to increase the informativeness of diagnosis 

in patients with early and intermediate stages of AMD 

and to conduct monitoring in the process of dynamic 

follow-up of patients. 
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