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Abstract: In this exploratory study, we searched for associations between the two most common
diseases of the oral cavity—dental caries and periodontal diseases—taking into account additional
factors, such as personalized clinical pictures (the individual risk factors of the patient), based on the
method of a multivariate data analysis of the molecular changes in the composition of human gingival
crevicular fluid (GCF). For this purpose, a set of synchrotron Fourier-transform infrared spectroscopy
(FTIR) spectra of gingival crevicular fluid samples from patients with different demographics, levels
of dental caries development and periodontal diseases, and the presence/absence of concomitant
chronic diseases were obtained and analyzed. Using a set of techniques (v-, F-, Chi-square tests;
a principal component analysis (PCA); and the hierarchical clustering of principal components
(HCPCs)) implemented in the R package FactoMineR allowed us to assess the relationship between
the principal components (PCs) and characteristics of the respondents. By identifying the features
(vibrational modes in the FTIR spectra) that contribute most to the differentiation of the spectral
dataset, and by taking into account the interrelationships between the patients’ characteristics, we
were able to match specific biological markers (specific molecular groups) to the two factors of
interest—two types of oral pathologies. The results obtained show that the observed changes in the
quantitative and qualitative composition of the modes in the infrared (IR) spectra of the GCF samples
from patients with different dental caries developments and periodontal diseases present confirm the
difficulty of identifying patient-specific spectral information. At the same time, different periodontal
pathologies are more closely associated with other characteristics of the patients than the level of
their caries development. The multivariate analysis performed on the spectral dataset indicates the
need to take into account not only the co-occurrence of oral diseases, but also some other factors. The
lack of this consideration (typical in lots of studies in this area) may lead to misinterpretations and
consequently to a loss of data when searching for biological markers of certain oral diseases.

Keywords: synchrotron FTIR; gingival crevicular fluid; personalized clinical picture

1. Introduction

The prevention of oral diseases is of great importance due to the large influence of
dental status on all spheres of human social activity at every age [1,2]. It has been proven
that dental caries and periodontal diseases are the most widespread non-infectious human
diseases, leading to negative consequences for people’s quality of life, including teeth
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loss [3,4]. Therefore, the early diagnosis of the initial forms of these diseases is one of the
top-priority research areas [5-7].

An analysis of the results of works where the processes occurring in the oral cavity
are considered at the molecular level allows us to reasonably assert that the healthy state
of dental tissue is determined by a strictly defined balance in the organ-mineral complex
of the tooth and pulp, biofilm formed on the tooth surface, oral fluids, and periodontal
tissues [8-10]. At the same time, the state of the dental biofilm is the main biological
determinant affecting the development of dental caries and periodontal diseases [11-14].
Therefore, the development of methods for the early screening of both types of diseases can
be based on the molecular identification of specific compounds in the oral fluids conjugated
with the organo—mineral complex of the teeth and periodontal tissues [15-19]. In this regard,
gingival crevicular fluid (GCF) is the most attractive bioanalyte, whose composition, in
the presence of inflammation in the body, may contain specific cells, components of serum,
connective tissue, epithelium, and microbial flora [18,20-22]. Therefore, the molecular
content of GCF represents a promising source of biomarkers [21-25] that may prove to
be a source of important information, for example, for the assessment of the expression
of genes encoding superoxide dismutase 1 (SOD1), glutathione peroxidase 1 (GPX1), and
thioredoxin 1 (TXN1) in the saliva and gingival tissue of patients with periodontitis [26]
or to determine the concentrations of selected non-enzymatic antioxidants in the gingival
fluid and saliva of patients diagnosed with periodontitis [26].

It should be noted that molecular changes in the composition of bioanalytes during
the development of oral pathologies also depend on individual human parameters (age,
sex) [4,27-29] and patients’ personalized clinical pictures (state of dentition, periodontal
tissues, and anamnesis) [17,18,30,31]. However, the currently used analytical tests for
screening oral pathologies (dental caries and periodontal diseases) [21,32-35] are based
on data sampling with averaging over a group of patients, which does not allow for a
personalized view of the disease course to be obtained. Moreover, long-term studies
have shown that, although the two major oral diseases sometimes seem unrelated, dental
caries shows different, although sometimes controversial, associations with periodontal
disease [3,4]. Recent studies have demonstrated a small positive relationship between the
clinical and microbiological indicators of both oral diseases [7,12-14]. But to understand the
nature of this relationship and these disease interactions, the development of new strategies
is needed to reveal the changes in the GCF’s composition in terms of the development level
of oral pathologies, taking into account the patient’s personalized clinical picture [16,27,36].

Such a classification can be obtained using molecularly sensitive diagnostic meth-
ods, reflecting years of actual experience in disease research, and the detection of specific
biomarkers characteristic of caries and periodontal disease development. In this context,
Fourier-transform infrared (FTIR) spectroscopy, which allows for the extraction of biochem-
ical information on the composition of the analyte, is the optimal method to study GCF
characteristics [19,24,36,37]. FTIR spectroscopy is the golden standard in studies of the
molecular composition of samples of a biological nature. As was previously shown, using
IR spectroscopy it is possible to determine glucose levels, prediabetes [31,38], the level of
periodontitis [39], oncologic markers [40], and predispositions to caries, as well as perform
the monitoring of its development [16]. An advantage of FTIR spectroscopy is that, due
to the fact that this method is non-invasive, it does not affect the object under study, thus
there appears to be a possibility of studying the changes in the molecular composition of
oral cavity fluids during the development of a pathology, including those that depend not
only on the primary structure of the protein molecules composing the fluid but on their
secondary structure as well, i.e., on their spatial structure [41].

The combination of synchrotron radiation and FTIR spectroscopy methods allows one
to achieve the best spectral and lateral resolution exceeding (by an order of magnitude)
the level of laboratory FTIR instruments, which is extremely important for the analysis of
samples collected in macro quantities [42—-46].
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Given the multifactorial nature and complexity of both diseases, in order to identify
associations between them, it is necessary to search for the structure in the collected
data, using the methods of multivariate analysis, to identify the factors that influence the
variation in the spectra, including the periodontal state and a stage of caries development,
anamnesis and demographic characteristics [4,7,10,47,48].

It should be noted that when predictive models for diagnosing the development of oral
diseases based on the analysis of the spectral information (the molecular spectra of various
analytes) do not usually take into account the effect of associated factors (information about
the patients) [49-52]. This, in turn, may affect the interpretation of the obtained results.
Considering that oral diseases are usually associated with other pathologies, demographics,
etc., a simultaneous search for relationships of spectral features with patients’ personalized
factors is necessary [19,53-55].

Therefore, the aim of our paper is the search for associations between the two most
common types of oral diseases (dental caries and periodontal diseases) taking into account
patients” personalized information, based on identifying the changes in the molecular
composition of GCF using synchrotron molecular FTIR spectroscopy and multidimensional
data analysis techniques.

The novelty of our research is that we applied the multivariate data analysis techniques
with the use of a set of functions directed at the ascertainment of the relationships for
new combined variables (components) with these or those factors related to patients’
personalized clinical pictures. These methods have not yet been widely applied for an
exploratory analysis of spectral datasets, however, they are well documented [56] and
have been used for the ascertainment of the latent structure in datasets in different areas of
knowledge. An advantage of the applied methodology is in the fact that it is implemented
in the form of the publicly available libraries and replicable. A specific feature of our work
is the use of exclusively open instruments for the data analysis written in R, a free software
environment for statistical computing and graphics.

2. Results and Discussion
2.1. FTIR-Spectroscopy

Figure 1 shows a selection of infrared spectra of GCF samples in the wave number
ranges of 3400-2800 cm ! and 1800-870 cm ™. These regions of the spectrum were chosen
as the main absorption bands are located there, for which the change of intensities depend-
ing on the caries development stage, periodontal status and personal history of a patient
was recorded.

Figure 1 shows the averaged spectra characteristic of the samples from the patients
with a specific periodontal status, caries development stage and personal history. Each
of the individual spectra in the selection (see FTIR technique) contained the same set of
absorption bands corresponding to the characteristic molecular bonds. A slight dispersion
of the intensity of the main vibrational modes was observed for the spectra in the samples,
which is clearly related both to the patients’ individual characteristics and the conditions of
the FTIR experiment. The preliminary use of multivariate data analysis methods allowed
us to take this dispersion into account in further analysis. The investigation of molecular
composition features was performed using the averaged spectra.

The results obtained show (see Figure 1) that GCF has a unique FTIR spectrum pattern,
and three regions can be conventionally distinguished in the spectra in which the main
absorption bands are located: 3400-2800 cm !, 1800-1200 cm ! and 1200-870 cm .
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Figure 1. FTIR spectra of the gingival crevicular fluid samples from the patients with varying stages

1 and

of caries development, periodontal status and personal history in the ranges of 3400-2800 cm ™~
1800-870 cm ™. Information about the patients is coded in the sample names in the following order:

gender, age, caries development stage, periodontal status and anamnesis.

The group of vibrational bands localized in the FTIR spectra between 3400 and
3150 cm ™! refers to the presence of Symmetric N-H str molecular groups of proteins
in GCF samples [15,37,57-60]. The maxima in the range of 3100-2800 cm ™! refer to the pres-
ence of lipid and fatty acid molecular groups in the CH,, CHs samples [29,58,61]. It should
be noted that the relative intensity of these vibrational bands in the spectra obtained from
the healthy group is small [37], but it changes significantly in the presence of pathology. In
addition, as it was shown earlier, asymmetric and symmetric valence vibrations associated
with lipids -CH, and -CHj, and located in the region of 2800-3100 cm ™! of the GCF IR
spectra allow discriminating the patients with different periodontal diseases [55]. It is well
known that lipid oxidation is markedly increased during periodontal inflammation [55],
which is reflected in the intensity of the Olefinic band = CH of around 3000 cm 1.

At the same time, it is necessary to note the presence of an absorption band in some
FTIR spectra of GCF in the region of 1765-1725 cm~! (Figure 1). In accordance with the
data reported in [16,37,48,57,59,62], this mode represents the >C=0 vibrations and can be
associated with the ester carbonyl group. Note that the presence of esters in a human dental
hard tissue during dental caries was shown earlier in a number of works [39,63,64]. Their
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authors pointed to the fact that esters are more frequently found in a carious tissue than in
an intact one [65].

The group of the vibrational modes in the region of 1710-1190 cm~! belongs to
proteins, amino acids and CH,/CHjs bonds of various molecules. The following bands
attributable to proteins can be distinguished in this group: Amide I (C=0O stretch vibr. in the
region 1725-1590 cm~!), Amid IT (N-H bend and C-N stretch in the region 1590-1500 cm™1)
and Amid III (C-N stretch, N-H bend in the region 1350-1190 cm~!), which under certain
conditions are potentially significant for the diagnosis of various pathologies [41,66—69]. A
detailed examination of the spectra in Figure 1 shows that the profile of Amide I, Amide II,
and Amide III bands is transformed, which is associated with the changes in the secondary
structure of the proteins that make up GCF [15,24,30,36,48,58]. The changes in the spatial
and conformational structure, in the presence of concomitant factors, may be associated
with different pathological processes in the human body.

The variations of CH,/CHj3 groups located in the region of 1480-1350 cm~! [70] are
associated with the Amino acid side chains, lipids & Proteins Fibrinogen/methyl bending
of the amino acid side chains, lipids and proteins [30,71,72]. GCF contains a significant
amount of serum and cellular structures, nucleic acids, including Deoxyribonucleic acid
(DNA) and Ribonucleic acid (RNA). Tajmir et al. in their work [73] showed that human
serum albumin, interacting with nucleic acids under certain conditions, changes and the
characteristic factor of this process is the rearrangement of the vibrational band in the IR
spectrum in the region of 1220-1210 cm~!. Modern studies of inflammatory processes
of a bone tissue show that this spectral region also displays the oscillations attributed to
antibodies to nuclear antigens (ANA) [52].

The vibrational band in the region of 1160-1152 cm ™! can be attributed to carbohy-
drates [30,59,72]. An increase in the level of carbohydrates in the oral fluid, as it was shown
in our previous work [16], can be considered as a sign of the carious process development.

The group of the vibrational bands in the spectra, located in the range of 1130-850 cm !,
belongs to molecular bonds related to the phosphates, glycerophosphates and phospho-
lipids [60,74], as well as carbohydrates and the DNA derived structures. This group of the
vibrational bands shows significant rearrangements depending on the type of pathology
(see Figure 1). Consistent with the findings reported in [55], the bands at 950 cm~! and
1190 cm ! are significant markers for the differentiation of various periodontal diseases.

The results of analyses of similar vibrations and intensity ratios between them in the
IR spectrum of GCF are in good agreement with the findings reported in [75].

The analysis of the spectral selection presented in Figure 1, taking into account the
information about the participants, allows one to state that the intensity and spectral
position of vibrational modes active in the GCF spectra whose association with molecular
groups is given above change. This occurs due to the shifts in the GCF composition and
transformation of lipids, carbohydrates proteins and the DNA structures content in the
presence of periodontal inflammatory processes, caries development stage, chronic diseases
stage. Moreover, the presence of inflammation and caries is also related to the changes
in the concentration of cytokines, enzymes and metabolites in GCF. These findings are
consistent with the results of the previous studies with the use of FTIR [15].

All these changes in the GCF composition are reflected in the spectral response and
result in the conformational changes (transformation) of the secondary structure of proteins,
lipids, and DNA. At the same time, significant shifts of IR vibrations bands related to lipids,
proteins and acids may occur. Thus, it is clearly seen that at different stages of caries
development (Figure 2), as well as under different periodontal conditions (Figure 3), the
main amide bands Amid I and Amid II, which provide the information both about the
protein content and their secondary structure, demonstrate not only a transformation of
the profile, but also of the spectral position. A similar fact has been previously observed in
our studies devoted to the shifts in the composition of the dental biofilm [61,76].
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Figure 2. Amide profiles in the FTIR spectra of gingival crevicular fluid of the patients with different
stages of caries development. Information about the patients is coded in the sample names in the
following order: gender, age, caries development stage, periodontal status and anamnesis.
Amidel ; ;
2 :
i * Amide I
i —— FYHHH .
] —— FOCHH
z
w2
o=
1]
5
[ : ‘l/ ; 1 g o ) i 1 : ]
1800 1760 1720 1680 1640 1600 1560 1520 1480

5l
Wavenumber, cm

Figure 3. Amide profiles in the FTIR spectra of gingival crevicular fluid of the patients with a different
periodontal status. Information about the patients is coded in the sample names in the following
order: gender, age, caries development stage, periodontal status and anamnesis.

2.2. Multivariate Analysis

In order to understand and classify the changes occurring in the FTIR spectra of GCF
samples and to identify oral disease associations taking into account the personalized
clinical picture of the patients, the collected spectral dataset was processed using a set of
multivariate analysis techniques.

The proposed set of multivariate analysis methods allows one to take into account,
firstly, the interrelation of various characteristics of the participants, and secondly, to
establish the links between the patients’ biological markers and states which can be further
used to build more accurate and biologically justified predictive models for the diagnostics
of oral diseases in future research. In the existing body of research aimed at classifying the
spectra and constructing predictive models using multivariate analysis methods [77,78],
two groups of participants—healthy and ill ones—are typically considered, and the target
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function of the classifier is to determine the class of the sample (healthy/diseased), while the
relationship between comorbid pathologies and the participants” individual characteristics
are usually not taken into account. Although, for example, authors of [78] observed
differences in salivary metabolites among the dentition stages, which may be related both
to physiological and social behavioural changes during the prepubertal period even in the
healthy respondents.

The use of multivariate analysis techniques to process the FTIR spectra is necessary
to identify subtle differences in the spectral dataset that are not obvious when only the
absorption profile is analyzed due to the large number of overlapping oscillations. At
the initial stage, the entire spectral range in which the vibrational modes identified in the
molecular analysis step are located was initially used to extract some valuable information
and to facilitate the interpretation of the dataset.

At the first step of the analysis, we estimated the variance of the features (intensities
in the wave numbers) by calculating their coefficient of variation (Figure 4).

Coefficient of variation

3200 3000 2800 1800 1600 1400 1200 1000
Wavenumbers, cm’

Figure 4. Coefficient of variation of the features (intensities in the wave numbers).

The mean value of the coefficient of variation in the dataset is ~74.06%, with a standard
deviation of ~58.54%. The median value of the coefficient of variation is ~52.69%, with
the highest values of this coefficient (over 100%) observed in the ranges from 1172 to
950 cm~ 1. This is due to the fact that the group of oscillatory bands experiences significant
transformations in their intensity depending on the type of pathology.

To investigate the relationship between the categorical variables reflecting the stage
of caries development, periodontal status and some other characteristics (anamnesis, age,
gender), a number of statistical tests were performed using R package lsr. Those included
the Chi-square test to assess the presence of an association between the categorical variables,
and the Cramer test to assess the strength of such associations (if any). The analysis showed
that the factor Caries (factor_Caries, i.e., caries development stage) was not associated with
the other categorical variables in our dataset. At the same time, the factor Periodontal
status (factor_Periodontitis) was associated with Health status (factor_Anamnes, p = 0.0182)
and Age (factor_Age, p = 0.034).

A visual representation of the relationship between all the categorical variables describ-
ing the patients is shown in Figure 5, where the Cramer test value is indicated numerically
and the Chi-square test p-value is colored.
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Figure 5. Correlations between the factors describing the patients’ characteristics (the Cramer’s
test value is given in the center of the squares; a color bar represents the significance level of the
Chi-square test).

In addition to the analysis of the association between the factors, we also analyzed the
association between the factor levels using Pearson correlation coefficient. The values of
the correlation coefficients between all the levels of all the factors are presented in Figure 6
(calculation of the correlation coefficients and visualization of the correlation matrix was
carried out using the R package ggcorrplot). Note that we calculated the correlations
between all the pairs of variables.

Note that both types of the analyses are complementary: a full correlation analysis of
factor levels assumes that they are treated as independent variables (as most regression
models do), unlike the Cramer’s V-test.

Thus, the analysis performed (Figures 5 and 6) showed a complex picture of the inter-
relations of the patients’ characteristics in our dataset. Thus, in the absence of a relationship
between factor_Caries and factor_Periodontitis, there is a correlation between the individ-
ual levels of these factors: a negative correlation between Multiple Caries and Periodontal
Health, a positive correlation between Multiple Caries and Light Periodontitis. We witness
the important role of factor_Age: there is a moderate positive correlation between the
young age (Age_Young) and absence of caries (Caries_Healthy), and a strong positive
correlation between the level of periodontal status Periodontal_Healthy and general health
(level Anamnesis_Healthy).

There is also a strong positive correlation between multiple caries (Caries_Multiple)
and gastrointestinal illnesses (Anamnesis_Gastrointestinal), and a moderate correlation
between light periodontitis (Periodontitis_Light) and gastrointestinal illnesses (Anamne-
sis_Gastrointestinal). The patient’s health (Anamnesis_Healthy) is correlated positively
with periodontal health (Periodontal Healthy). There is also a positive correlation between
the general health (Anamnesis_Healthy) and the absence of dental caries (Caries_Healthy).
Light periodontitis (Periodontitis_Light) is positively correlated with multiple pathologies
(Anamnesis_Multiple).
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Figure 6. Correlation matrix of the relationship between all the levels of all the factors describing
the patients characteristics: gender, age, caries development stage, periodontal status, anamnesis.
The factor Age has two levels: Young (patients of 25—44 y.0.) and Old (patients of 45-60 y.o.). The
factor Caries has following levels: Healthy, Initial, Multiple and Fissure. The factor Periodontitis has
following levels: Healthy, Gingivitis, Light and Moderate. The factor Anamnesis has levels Healthy,
Gastrointestinal, Cancer and Multiple.

In general, various periodontal pathologies are more strongly correlated with the other
patients’ characteristics than caries development stage.

The established correlations require a detailed analysis of the pattern of the relation-
ships between certain characteristics of the spectra of the GCF samples and the patients’
characteristics. To assess the main sources of variation in the data, a multivariate analysis
was performed, namely principal component analysis (PCA) with the subsequent estab-
lishment of the relationship between the identified principal components (PCs) and the
characteristics of the spectra and the patients. The intensities in the spectra at the given
wave numbers for each sample were considered as active variables, while characteristics of
the patients (presented as factors and their levels) were used as supplementary categori-
cal variables not involved in the analysis but used for the interpretation (supplementary
qualitative variables).

At the first stage of the analysis, the number of the principal components was deter-
mined. There are different approaches to PCs number determination. According to the
Kaiser Criterion, the components with eigenvalues greater than 1 should be considered for
further analysis. In our analysis, the first 7 components, which together explain 99.84% of
the variation, meet these criterion (Figure 7).
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Figure 7. Percentage of the variation explained by first 10 principal components.

A common empirical practice for choosing the number of the components is the elbow
rule, that is, cutting off those followed by a decrease in the percentage of explained variation
in the screeplot plot [79]. “Elbow” means that the remaining variation is distributed among
a lot of components and is irrelevant to obtain a “low-dimensional” representation of
the data.

For further analysis we selected the first 5 components based on the two criteria
described above.

For the categorical variables, an anova model with one factor is done for each dimen-
sion; the coordinates of the individuals are explained by the categorical variable. An F-test
is conducted to see whether the variable has an influence on the dimension, and t-tests
(with contrast sum alpha_i = 0) are conducted category by category. The v-test is used to
detect contribution of a given variable in the category.

The analysis was performed using R package FactoMineR.

The factor Caries is shown to be associated with the PC 1 (i.e., the most important)
(R? =0.209, p < 0.05).

The v-test indicates an association of Caries_Healthy level with the PC 1 (v-test =1.94,
p < 0.05).

PCA (1st and 3rd components) with the visualization of the differences in the samples
location by the factor Caries is presented in Figure 8.

As Figure 8 shows, for the first component, there is a separation between the caries-
healthy participants (Caries_Healthy) and the individuals with different stages of caries
development. Thus, the presence/absence of caries is the main source of variation in
our dataset.

Factor_Anamnesis has the highest R? value for PC 2 (0.41, p < 0.05). The v-test indicates
a close association of the Anamnesis_Cancer (v-test = 2.64, p = 0.004) with the PC 2. This
observation indicates the need to consider aggravating medical history in dental research.
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Figure 8. PCA (Ist and 3rd components) with the visualization of the differences in the samples
location by the factor Caries.

Factor_Periodontitis has the highest R? value for PC 4 (0.4064, p < 0.05), as well as
factor_Age (0.2348, p < 0.05) and factor_Caries (0.205, p < 0.05), which confirms the complex
interrelationship of these factors previously shown when analyzing the interrelationships
of the patients” characteristics.

For factor_Periodontitis, the v-test shows the strong association between PC 4 and
Periodontal_Gingivitis level (v.test = —2.247, p = 0.0193). The v-test confirms the association
of both levels of the factor_Age with PC 4 (v.test = —1.99 for Age_Old and v-test = —1.99
for Age_Young respectively, p = 0.041). For factor_Caries, no association of its individual
levels with the PC 4 was recorded.

Factor_Periodontitis explains the highest percentage of variation (R®> = 0.778,
p < 0.00001) for PC 5, as well as factor_Anamnesis (R? = 0.499, p = 0.018) and factor_Age
(R? = 0.228, p < 0.05). The v-test confirms the association of both factor_Age levels with
PC 5 (v-test = —1.99 for Age_Old and v-test = 1.99 for Age_Young respectively, p < 0.05),
strong association of PC 5 with Periodontitis_Moderate (v-test = —3.53, p < 0.00001), Anam-
nesis_Healthy (v.test =2.0798, p < 0.05) and Anamnesis_Cancer (v.test = —2.53, p < 0.001).

The PCA (PC 4 and PC 5) with the visualization on factor_Periodontitis is shown in
Figure 9.
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Figure 9. PCA (PC 4 and PC 5) with samples colored by periodontal status of patients (fac-
tor_Periodontitis).

Figure 9 clearly shows the clusters of the samples by the patients with various pe-
riodontal pathologies, which indicates that it is promising to build predictive models
(classifiers) aimed at diagnosing different types of periodontal diseases using appropriate
biomarkers. It is likely that the biomarkers of different periodontal pathologies are more
pronounced at the spectral level than the different stages of caries development, where the
healthy/diseased opposition is observed.

The dimdesc function of FactoMineR packages allowed us to calculate the correlation
coefficient between a variable and a dimension with follow-up significance test.

Loadings (i.e., standard coordinates) are not calculated by FactoMineR (it returns the
principal coordinates), so we calculated them by dividing the coordinates of the variables
on a dimension by this dimension’s eigenvalue’s square root.

Figure 10 shows the component loadings, i.e., the correlations of features (intensities in
the wave numbers) with the selected components, and the corresponding PC associations
with the corresponding factor levels.
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Figure 10. Loading plots for the principal components PC 1-5 and their relationships with factor
levels.

In Figure 10, the loading plots are presented for each PC. They visualize the set of
maxima that make the main contribution to the observed differences in the GCF samples
with respect to the patient’s personalized picture. Also, in the PCA loading plots, for each
PC its relationship with the factor levels is highlighted and, for the significant maxima, the
corresponding functional molecular groups are indicated based on the literature data.

As we have shown previously, factor Caries is associated with the PC 1. At a sig-
nificance level of p < 0.05, the intensities in the range of 1220-1200 cm ™! correlate with
this component, which corresponds to the PO?- asymmetric stretching observed for the
phosphodiesters and nucleic acids molecules [15,19,24,37,48]. Tajmir et al. in [73] showed
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that human serum albumin interacts with nucleic acids under certain conditions. In this
case, a rearrangement of the vibrational band in the region of 1220-1210 cm ™! is observed
in the IR spectrum. Modern studies of inflammatory processes of a bone tissue suggest that
this spectral region also shows antibodies to nuclear antigens (ANA) [52].

Regarding the individual levels of factor Caries, all the detected relationships are
related to the Anamnesis_Healthy. The most significant relationships between PC 1 associ-
ated with a given factor level and features were found for the intensities in the range of
1280-1200 (p < 0.01), which corresponds to the maxima of the Amid III band (C-N stretch,
N-H bend in the region 1350-1190 cm™1).

The v-test statistics indicates the relationship between Periodontitis_Moderate level
and PC 5, and the correlation test implemented in the dimdesc function shows the relation-
ship between the intensities in the range of 2931-2844 cm ™! and this component, which
corresponds to the symmetric and asymmetric stretching of the C-H groups CHjz, CHj
attributed to the lipids and the fatty acids chains [15,24,37,48].

In addition to the above analysis, using FactoMineR, dist values were calculated,
which provides some insight into the proximity of the samples in the spectral space for all
of the 5 PCs. The results of this analysis are summarized in Table 1.

Table 1. Distance of the samples in a 5-dimensional space.

Factor Factor Level Dist
Male 2.09
Gender Female 7.33
Young 5.52
Age old 6.90
Healthy 29.19
. Initial 17.43
Dental caries Fissure 7.26
Multiple 3.90
Healthy 3.728241
. Gingivitis 7.590230
Periodontum Light 11.756492
Moderate 20.138446
Healthy 5.064526
. Gastrointestinal 9.235628
Anamnesis Multiple 14.845186
Cancer 30.593537

This analysis reflects the main source of variation in the dataset identified earlier:
the contrast between the patients with different stages of caries development and patient
without caries. We can see that the healthy patients are located separately from the group
of the individuals with fissure and multiple caries. A separate group of the individuals
with initial caries is observed, which indicates the prospect of searching for the biomarkers
of the initial stages of caries.

The second most important source of variation in the dataset is the contrast between the
oncology patients and those with different pathologies. An important source of variation
in the data is the presence of a serious stage of periodontal disease. We note a rather
pronounced gradation of the samples by their distance in space depending on the stage
of this type of pathologies, which indicates the prospect of building predictive models for
diagnosing this pathology in future research.

At the final stage, a cluster analysis on principal components was performed to assess
the proximity of the molecular composition of the GCF samples in a multidimensional
space. The method implemented in the FactoMineR package—Hierarchical Clustering on
Principal Components (HCPC)—was used for this purpose. The number of clusters was
selected based on the inertia loss criterion, as recommended by the package developers [80].
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As shown in Figure 11, the revealed clusters are not related to the factors, which may
indicate that different characteristics of the molecular composition of the GCF samples
are interrelated.

Factor map

|
cluster 1 I

o | v
(o] : - |
cluster 3 |
|
|
o _] |
< |
|
|
o |
N - |
|
|
[

B
F¥ HQ!iH LRlo Gﬂcfﬁg\}l] -

FYFHH EYHHH1®

-20
I

I I I
40 -20 0 20 40 60

Dim 1 (55.24%)

Figure 11. Hierarchical clustering on principal components.

However, it is necessary to note the association of cluster 1 and 3 with the first
component (v-test = —3.09, p < 0.001; v-test = 2.96, p < 0.001, respectively), the association
of cluster 2 with the second component (v-test = 4.03, p = p < 0.0001). For the second cluster,
the highest v-test values were observed for the features in the range of 1100-1150 cm !,
associated with the vs PO?- band, the carbohydrates, phosphates and the DNA derived
structures [30,59,72] (test values are positive). The above facts obviously need further
investigation.

We tested the clustering results using the latest Projection-Based Clustering pack-
age [81], which implements newly developed clustering methods that allowed us to esti-
mate the presence of the cluster structure and apply non-linear dimensionality reduction
methods prior to the clustering. We tested various methods and combinations of dimen-
sionality reduction and clustering methods implemented in the package, and in the most
cases all the samples were combined into one cluster, except for the FOCHC sample which
formed a separate one. The reasons for this difference between the samples need further
investigation.

The studies of the changes in the GCF molecular composition using FTIR revealed
some differences in the biochemical profiles of the patients with different levels of caries
development stage and periodontal status, as well as in the presence of comorbidities.
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At the same time, the main changes observed in the GCF composition analysis are
related to the functional groups correlated with the symmetric and the asymmetric stretches
of the C-H groups CHj3, CH, attributable to the lipids and the fatty acids chains, >C=0
carbonyl ester group (ester carbonyl), the changes in the structure of the amide bands
Amid I, Amid II, Amid III, symmetrical and asymmetrical vibrations of PO?- referred to
the phosphodiesters, nucleic acids, antibodies to nuclear antigens, and molecular bonds
referred to the phosphates, as well as carbohydrates and the DNA derivatives of the
structures in the low-frequency range.

It should be noted that the FTIR spectra of GCF are rather complex due to the large
number of overlapping bands of the major components and compounds which appear
in GCE.

3. Methods and Objects of Research
3.1. Experimental Design

Seventeen participants were selected for the study, from whom the gingival fluid
samples were subsequently collected. The ethical approval for the study was obtained from
the Ethics Committee of the N.N. Burdenko Voronezh State Medical University, and an
informed consent was obtained from all the participants.

All of the study participants were of Caucasian race, men and women aged 25-60 years.
At the time of the experiment, they were not taking any antibiotics, medications, did not
smoke or drink alcohol. The clinical examination of the oral cavity for the study of the par-
ticipants was performed in accordance with all the World Health Organization (WHO) rules
and the recommendations provided by the Dental Clinic of the N.N. Burdenko Voronezh
State Medical University. During the examination, the presence or absence of dental caries,
periodontal diseases, and clinical picture (demographics and medical history) confirmed
by entries in the personal medical record was registered for each patient. The classification
of carious lesions was based on The International Caries Detection and Assessment System
(ICDAS), and the patients were divided into the following groups: healthy, initial (ICDAS
1-2), fissure (ICDAS 2), multiple caries (ICDAS 3—4). The classification of periodontal
status and disease severity was performed using the system recommended by the Center
for Disease Control and Prevention/American Academy of Periodontology CDC-AAP
Periodontitis classification. The patients were divided into the following groups: Healthy,
Mild (gingivitis), Moderate (periodontitis, light and medium).

The respondents for the study were selected in such a way as to account for different
combinations of the factors describing them (different demographics, caries development
stages, periodontal status, presence/absence of concomitant chronic diseases).

3.2. Dataset Description

Table 2 presents a set of information about the study participants: demographics,
caries development stage, periodontal status and medical history.

Table 2. Participants” information. The participants were divided into two groups with respect
to their age: young (25-44 y.o.; Y) and old (45-60 y. o.; O) as recommended by the WHO [82,83].
The caries status was classified into healthy (H), initial (C), multiple (M), and fissure caries (F).
Further, the participants were divided into groups with a healthy periodontal condition (H), with
gingivitis (G), light and moderate periodontitis (L and M, accordingly). Finally, the clinical picture
column (anamnesis) indicates the absence (H) or the presence of comorbidities such as gastrointestinal
illnesses (G), cancer (C) or multiple diseases (M).

Name of Caries Periodontal .
Sample Participants Gender Age Status Status Anamnesis
1 FYHHH F Y H H H
2 FYCHH F Y C H H

3 FYCHH F Y C H H
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Table 2. Cont.
Sample P:rl'?ircrilli:rfts Gender Age g::tls: Pe;i; ig:tal Anamnesis
4 FOCHH F @) C H H
5 MYCGG M Y C G G
6 MOCLH M o C L H
7 FOCMC F (@) C M C
8 FYCHG F Y C H G
9 MYCLH M Y C L H
10 FYCHM F Y C H M
11 FOMLG F (@) M L G
12 MOMLG M o M L G
13 FOMHC F (@) M H C
14 FOMLM F (@) M L M
15 FOMLG F o M L G
16 FYMLM F Y M L M
17 FYFHH F Y F H H

3.3. Collection of Gingival Fluid

Gingival fluid samples were collected at the Dental Clinic of the N.N. Burdenko
Voronezh State Medical University between 10 a.m. and 12 a.m. to minimize the circadian
rhythm. No stimulation was used during the gingival fluid collection. The collection
was performed using microcapillaries that we had developed and successfully tested
earlier [37,84].

Taking into account the experience described in a number of works where the capillary
effect was used for sampling of macro-amounts of bioanalyte [85], in this study special tips
were prepared for the GCF sampling. The microcapillary, 500 microns in diameter, was
filled with homogenized fine potassium bromide (KBr) powder, which was sealed with
a non-woven filter. Potassium bromide is an inert adsorbing agent for the investigated
fluid and its choice as a filler is based on the absence of any absorption bands in a wide
spectral range of IR-spectrum. During the gingival fluid collection, the microcapillary was
connected to a sterilized syringe, which in turn was connected to a vacuum pump that
allowed the collected fluid to flow into the microcapillary.

Prior to the collection of the GCF samples, the participants cleaned the oral cavity
with a toothbrush and rinsed with clean water. Thirty minutes following the cleaning
procedure and drying of the oral cavity with dry air from an oil-free compressor, the GCF
was collected using a microcapillary. The timing was chosen based on the fact that GCF is
released into the sulcus at a rate of ~3 uL/h in the absence of pathology, and in the presence
of inflammation this value represents the concentration of metabolites in the serum which
increases in volume as the inflammation progresses to ~44 uL/h [20]. To isolate the area of
gingival fluid intake, the patient’s teeth on the vestibular and oral sides were covered with
sterile cotton rolls.

Following the collection, the microcapillaries were immediately placed in sterile boxes
and stored at —25 °C at a thermo container “SafePack”. The samples were transported to
the Korean synchrotron and analyzed within 7 days after the collection.

3.4. FTIR-Spectroscopy

FTIR spectra were obtained using the Infrared Synchrotron Radiation Beamline at
PAL (Pohang, Republic of Korea), which provides a higher brightness and flux in the mid-
infrared region, which allowed us to perform the reliable measurements of the GCF samples
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collected in microscopic volumes. A setup based on a Bruker Vertex 80/v vacuum FTIR
spectrometer was used. All the synchrotron FTIR spectra were recorded within a spectral
range of 3800-700 cm ! using 4-cm~! spectral resolution. Each sample (microcapillary
contents) was divided into 5 parts, and the spectra were obtained from each part and
subsequently averaged. Blackman-Harris 3-Term apodization, Mertz phase correction, and
zero-filling factor of 2 were set as default acquisition parameters using OPUS 8 software
suite (Bruker Optik GmbH, Ettlingen, Germany).

A MIRacle™ Single Reflection ATR with a ZnSe prism was used to analyze a small
volume of the gingival fluid samples.

3.5. Spectra Processing

Spectra processing was performed at the Department of Solid-State Physics and
Nanostructures (Voronezh State University). The standard initial processing of the FTIR
data of GCF and potassium bromide powder involved smoothing the curves with a second-
order Savitsky-Golay polynomial function (25 points). Further, the spectrum of potassium
bromide powder was subtracted from the IR spectra of the gingival fluid samples to
eliminate its possible effect on the features of spectral curves. The baseline correction was
carried out by means of the OriginPro 2018 software package using the asymmetric least
squares method for the data in the range from 3800-700 cm~! with a threshold value of
0.01 and an asymmetric factor of about 0.001.

In this paper, we analyzed only the FTIR bands in the 3400-2800 cm~! and
1800-870 cm ! regions.

3.6. Multivariate Analysis of Spectral Data

Following the preliminary processing, the spectral data array was subjected (Psycholin-
guistic Textual Modelling Lab, Voronezh State Pedagogical University) to an exploratory
analysis using the principal component analysis (PCA) with the subsequent analysis of
the relationship between the extracted components and the factors that may influence the
variation in the spectral dataset.

The use of PCA allowed us to reduce the dimensionality of the data, creating new
variables—“principal components” (PC), which are a combination of the original variables
and are a type of synthetic variables [86,87]. Multivariate analysis methods are robust in
the sense that they provide a moderate trade-off between the large volume of initial data
and its final aggregation. In this regard, PCA [57,86,88,89] is probably the most widely
used multivariate statistical technique.

The spectral intensities at the given wave numbers were used as the features (variables),
and the frequency position of the vibrational modes in a multidimensional space was
analyzed, taking into account the patient’s personalized information. The dataset was a
matrix of the spectral data from 17 samples.

Each specimen in the dataset represented the FTIR spectrum of a GCF sample. Subse-
quent analysis was performed in the bands of 3400-2800 cm ™! and 1800-870 cm ™.

A multivariate statistical analysis of the spectral data was implemented using the
FactoMineR [56] and factoextra [90] R packages. They allowed us to analyze the relationship
between the PCs and the metadata (the participants’ characteristics). The analysis and the
visualization of the relationship between the characteristics of the participants were carried
out using the R packages ggcorrplot and Isr. The tidyverse R package was also used to
preprocess the data.

The participants’ characteristics were represented as categorical variables with differ-
ent number of the factor levels. Gender and age were considered as binary factors, the other
respondents’ characteristics (related to their caries and periodontal status and anamnesis)
were treated as multicategorical factor variables.

To investigate whether there was a relationship between the categorical variable of
interest and the other categorical ones, we used the Chi-square test. The more significant it
is (i.e., the smaller the p-values), the more doubtful is the hypothesis of the independence
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of variables (when conducting a chi-squared test of independence, the null hypothesis is
independence, not dependence) [80].

To investigate the level of association between the factors, we used the Cramer’s V
test calculated using the Isr package.

Further, a correlation analysis was conducted to examine the relationship between
the levels of the factors. In this way, the relationships between the respondents” different
characteristics were investigated.

FactoMineR helps one to interprete the results of PCA. The catdes function of the
FactoMineR package was used to analyze the relationship between the selected components
and factors (see [91] for a detailed description of the function). The dimdes function of
the FactoMineR was used to describe the selected components. For a supplementary
categorical variable (i.e., one not participating in the analysis but used for the description),
it performs a one-way analysis of variance with the coordinates of the individuals on the
axis accounted for by means of the categorical variable. Then, for each category of the
categorical variable, a student ¢-test is used to compare the average of the category with the
general one (using the constraint Pi «i = 0, we test oi = 0). Then the p-value associated with
this test is transformed into a normal quantile in order to take into account the information
that the mean of the category is less or greater than 0 (we use the sign of the difference
between the mean of the category and the overall one). This transformation named a v-test
was introduced by Lebart, Morineau, and Piron [92].

For a quantitative variable, FactoMineR calculates the correlation coefficient between
the variable and the coordinates of the individuals on the axis (Fs(i)). The correlation
coefficients are calculated for all the variables, dimension by dimension. Then, FactoMineR
performs tests for assessing the significance of each correlation coefficient and sorts the
variables from the most correlated to the less correlated ones. Each dimension is then
described by the variables. This is particularly useful for interpreting the dimensions when
there are a lot of variables.

To identify the features that contribute to the components the most, the loadings were
also calculated. Thus, we have established the associations between the variables (i.e., the
intensities of the spectra at certain wave numbers) and the patients’ characteristics. In the
analysis, the variables were not subjected to standardization, as they had already been
processed before (see the section on the spectra processing).

In the final step, a cluster analysis on principal components was performed using
the FactomineR package, which produces a more robust cluster solution than that on raw
data [80].

4. Limitations

A significant limitation of our study is a small sample size and the pooling of the
infrequently repeated factors in a single respondent. However, one should note that our
study is an exploratory one and it is directed at revealing the latent interrelations between
the patients’ different characteristics which can be a source of biases in further studies
and should thus be taken into account while determining the subgroups in a follow-up
subgroup analysis.

5. Conclusions

In our exploratory study we sought to search for the associations between the two most
common diseases of the oral cavity—dental caries and periodontal pathologies, taking into
account an additional factors which describe personalized clinical picture (individual risk
factors of the patient) based on the methods of multivariate data analysis of the molecular
changes in the composition of human gingival crevicular fluid.

We examined the latent interrelations between different factors related to the patients
that might have an effect on the spectral characteristics of the gingival crevicular fluid
samples and therefore unless considered might result in various biases.
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For this purpose, a set of synchrotron infrared spectra of the GCF samples from
the patients with different demographics, stages of dental caries development, periodon-
tal pathologies and the presence/absence of concomitant chronic diseases was obtained
and analyzed.

For the first time, using advanced multivariate data analysis techniques, an association
between the stages of dental caries development and periodontal status has been studied,
taking into account the patient’s personalized clinical picture.

By identifying the features (the vibrational modes in the FTIR spectra) that contribute
to the differentiation of the spectral dataset the most, and by taking into account the
interrelationships of the patients’ characteristics, we have been able to match the specific
biological markers (specific molecular groups) to the two factors of interest—two types of
oral pathologies—for the first time.

The revealed changes in the quantitative and qualitative mode composition in the
FTIR spectra of the GCF samples from the patients with different dental caries development
stages and in the presence of periodontal diseases confirm the difficulty of identifying
patient-specific spectral information. At the same time, different periodontal pathologies
are more closely associated with the patients’ other characteristics than the stages of
caries development.

The performed multivariate analysis of the spectral dataset indicates the need to take
into account not only the co-occurrence of oral diseases, but also some other factors. If not
considered (which is typical of lots of studies in this area) they may lead to misinterpretation
and consequently the loss of data when searching for the biological markers of certain
oral diseases.

A code in R to reproduce our analysis is available by request. The methodology
proposed in the paper can be applied by other researchers in their preliminary exami-
nations for performing the predefined subgroup analysis before conducting large-scale
clinical examinations.

The future direction of this study involves the construction of the classifiers based
on the obtained data using the Partial Least Squares Discriminant Analysis (PLS-DA)
algorithm which is specially designed to classify multivariate data even under conditions
of a small sample size and is resistant to collinearity. The subject of the classification will be
presence/absence of caries and periodontal status. An error analysis of the classifier output
will be performed taking into account additional information about the study participants.
This algorithm will be implemented in two variants—without and with pre-selection of
the features.
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