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ABSTRACT

Fourier transform infrared (FTIR) spectroscopy is a powerful diagnosis technique and has been
used to identify patterns of molecular changes based on vibration modes. The objective of this
study was to evaluate inflammatory fibrous hyperplasia (IFH) lesions and oral normal mucosa
(NM) initially with histopathological exam and then using micro-FTIR spectroscopy to analyse the
samples. Eleven IFH and 11 NM samples were analysed at five different points to cover the larg-
est area possible by the micro-FTIR technique. Bands were observed between 970 and
which corresponded to different structural components like collagen, lipids, fatty
acids, proteins and amino acids. Spectral bands were more intense mostly for IFH lesions, includ-
ing collagen bands, which are an important component of inflammatory fibrous hyperplasia.
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This study demonstrated that differentiation in the inflammatory tissue was observed in FTIR

spectral differences, in terms of biochemical composition.

1. Introduction

Advances in diagnostic techniques including Fourier-
transform infrared (FTIR) spectroscopy have permitted
the rapid and efficient analysis of pathological tissues
and has received great attention from the medical
community for the high accuracy in monitoring the
structural changes in normal and pathological samples
(biological fluids, cells and tissues) [1-3].

This technique should therefore become a routine
diagnostic tool as it allows a real time and non-inva-
sive diagnosis. And, since time is a determinant factor
for the best prognosis of a disease, FTIR spectroscopy
can provide a clear, objective and rapid diagnosis for
many different diseases.

FTIR spectroscopy is based on the absorption of
infra-red light by vibrational transitions of covalent
bonds which provides information about all macromo-
lecules [4], as DNA, RNA, proteins and carbohydrates
present in the cells [5,6]. This means the technique
can give biochemical information directly linked to
biological properties. A benefit of this method is that
samples do not require any staining or preparation
and can be analysed as soon as removed; avoiding
loss of relevant biochemical information [7].

Tian et al. [8] proved that FTIR spectroscopy was an
efficient method for breast cancer diagnosis. The
accuracy of the technique was 94% and the authors
concluded that it can be considered an auxiliary tech-
nique for histopathological diagnosis. Teophilou et al.
[9] also used the technique for the differentiation of
benign versus malignant ovarian lesions. They classi-
fied the FTIR spectroscopy technique as an efficient
method to detect malignant tissues as well as to
determine the type of carcinoma.

Inflammatory fibrous hyperplasia (IFH) is one of the
most common injuries in clinical routines [10]. Its
occurrence is linked to chronic trauma of low intensity
in patients with complete dentures [11] and is a lesion
with no potential for malignant transformation.
However, it does require surgical removal, histopatho-
logical diagnostic confirmation and correct clin-
ical management.

Currently, histopathology is considered the gold
standard for diagnosis [12]. However, according to
Tian et al. [8] histopathology has many limitations,
since time is required for fixation, cutting, staining and
analysis by a pathologist. For these reasons, the
patient has to wait a considerable time for a final

CONTACT Lais Morandini Rodrigues @ lais.morandini@gmail.com e Instituto de Ciéncia e Tecnologia de Sao José dos Campos — UNESP, Departamento
de Biociéncias e Diagndstico Bucal, Av. Francisco José Longo, 777 Sao Dimas, 12245-000, Sao José dos Campos, Sao Paulo, Brazil

© 2018 Informa UK Limited, trading as Taylor & Francis Group


http://crossmark.crossref.org/dialog/?doi=10.1080/03091902.2018.1470691&domain=pdf
http://www.tandfonline.com

2 L. M. RODRIGUES ET AL.

Figures 1-3. (1) Parakeratinised stratified pavement epithelium with hyperplasia of epithelial cones and dense fibrous connective
tissue. (2) Presence of the moderate chronic inflammatory infiltrate. (3) Hydropic degeneration, acanthosis and inflammatory cells

like plasmocytes and lymphocytes.

diagnosis. Also, the diagnosis is subjective and based
upon the experience and knowledge of the patholo-
gist [8].

In medical science there are numerous lesions that
require additional procedures in order to be properly
diagnosed. Many of the methods used to diagnose
these lesions are not sufficient to reach a conclusive
diagnosis. New techniques are necessary to supple-
ment the final diagnosis and help clinicians find the
correct treatment for the benefit of the patient.

In dentistry, few studies involving FTIR spectroscopy
have been done due to unawareness of the new tech-
nique. In this way, the aim of this study was to evalu-
ate the effectiveness of FTIR spectroscopy as a
diagnostic tool for the diagnosis of oral mucosal IFH
lesions compared to normal oral mucosa.

2. Materials and methods

The study was approved by the Ethics Committee of
the Institute of Science and Technology, UNESP - Univ
Estadual Paulista, Sao José dos Campos, Sao Paulo,
Brazil, Protocol number 032/2010-PH/CEP. The research
was conducted in accordance with the guidelines of
the National Health Council. The patients received
detailed information about the study and agreed to
the collection of tissue samples.

2.1. Sample preparation

Biopsy specimens were collected from oral mucosa of
11 patients with a differential diagnosis of IFH at the
Department of Biosciences and Oral Diagnosis,
Institute of Science and Technology, Univ Estadual
Paulista - UNESP, Sao José dos Campos, Brazil.
Samples from normal mucosa (NM) were obtained
from the same patients with IFH during surgery, with
extension of the incision in at least 3mm to ensure an
injury-free area. All biopsies were excised with scalpel

in order to preserve intact the delimitation between
NM and IFH. Part of the lesion was sent to histopatho-
logical examination to confirm the final diagnosis of
IFH and the presence of injury-free area (NM).

The IFH samples that were analysed by FT-IR spec-
troscopy had 0.5cm in length and thickness of 2 mm
approximately, while NM had 2mm length and same
thickness. The samples were washed in 0.9% NacCl
(Aster®), transferred to properly identified and num-
bered cryogenic vials (Nalgene® and immediately
stored in a freezer (Thermo Scientific Ltd., Waltham,
MA) at —80°C.

The specimen remained thawing for approximately
3 min in saline solution (0.9% NaCl, Aster®) and then
was transferred to a platinum substrate with clinical
tweezers. These set were immediately analysed on
micro-FTIR spectrometer for the collection of spectral
data using an  attenuated total reflection
(ATR) accessory.

2.2. Histopathological analysis

For histopathological analysis, the samples were fixed
in 10% formalin and were stained with haematoxylin
and eosin (H&E) to reveal the tissue structures of
the samples.

Histological analysis of NM specimens showed a
normal-appearing mucosal lining, lamina propria with
collagen fibres arranged in parallel and cellular compo-
nents characteristic of NM. IFH samples (Figures 1-3)
exhibited parakeratinised stratified squamous epithe-
lium, hyperplasia of the basal layer, formation of epi-
thelial cones and dense fibrous connective tissue. In
general, all IFH lesions exhibit the same pattern of
alterations. The inflammatory infiltrate varied from
moderate to intense, as well as the amount of colla-
gen matrix. The samples were analysed by at least two
different pathologists.



2.3. FTIR spectroscopy

FTIR spectra were acquired in a Varian 660/610 spec-
trometer equipped with an germanium attenuated
total reflection (ATR) accessory. The samples were
placed on a platinum plate and positioned on micro-
scope FTIR. The ATR tip was positioned to touch the
samples with a slight pressure to ensure complete
contact with germanium crystal. Spectral data were
the result of 400 scans, with a spectral resolution of
4cm™" covering the spectral window 900-1800cm™".
A background spectrum was also recorded in air (800
scans) and automatically compared with the sample
spectrum by the software. Between each analysis of
the samples the crystal was thoroughly cleaned with
70% ethanol to avoid cross contamination and inter-
ferences in the spectra. The spectra were collected in
five different locations to ensure the complete analysis
of the samples. Ultimately, 55 IFH and 55NM spectra
each were obtained from 22 samples. Considering the
different steps involved, the total time for each sample
analysis was approximately five minutes.

2.4. Spectral analysis

All collected spectra were stored by the equipment
control software and converted to ASCIl format. FT-IR
spectra were converted to csv format and then base-
line was corrected by FITyK® software. The different
pre-processing and data analysis steps were performed
using Matlab (Mathworks Inc., Natick, MA). Processed
using baseline correction (rubber-band) followed by
vector normalisation (VN).

2.5. Data analysis

Principal components analysis (PCA) is a method of
multivariate analysis broadly used with datasets of
multiple dimensions [13-15]. It allows the reduction of
the number of variables in a multidimensional dataset,
although it retains most of the variation within the
dataset. The order of the principal components (PCs)
denotes their importance to the dataset. PC1 describes
the highest amount of variation, PC2 the second high-
est, and so on [16,17].

PCA scatter plot groups similar datasets (spectra)
according to the loadings of the PCs and can be used
to distinguish different datasets (samples). The load-
ings represent the variance for each variable (wave-
number) for a given PC. Analyzing the loadings of a
PC can give information about the source of the vari-
ability inside a dataset, in the case of spectroscopy,
derived from variations in the molecular components
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contributing to the spectra. PCA was employed in this
study to differentiate the spectroscopic signatures of
the two samples analysed, IFH and NM.

Linear discriminant analysis (LDA) used for classifica-
tion and discrimination purposes between groups was
performed using Minitab software. The LDA technique
is a supervised analysis, as the classes already have a
pre-defined identity. A sample classified in a group is
the closer observation of the Mahalanobis distance to
the centre of the group, characterised by average. For
each group there is a distance which is known as lin-
ear discriminant function. Thus, samples giving a
smaller distance for the linear discriminant function
will be classified as belonging to it. To avoid errors in
the classification of samples in each group, the leave-
one-out cross-validation technique was applied at
the LDA.

This technique is used to generate a new classifica-
tion function, where the Mahalanobis distance is recal-
culated for each sample. In this case, a sample is
always omitted and is calculated as a new classifica-
tion function to see if the data are still the same
groups previously classified. Thus, all samples will have
their recalculated Mahalanobis distance, reducing
error rates.

3. Results

The mean spectra and standard deviation of the
groups could be observed in Figure 4(A). Bands corre-
lated with vibrational modes and structural compo-
nents are shown in Table 1, assigned to each peak
observed. The frequencies of the bands shows qualita-
tive features about the nature of the chemical bands,
their structures and molecular environment. Bands cor-
responding to polysaccharides, nucleic acids, collagen,
amides, lipids, protein, amino acids and fatty acids
were observed.

After spectra normalisation, mean and standard
deviation were calculated and box plots were con-
structed for NM and IFH samples. Figure 4(B) shows
discrimination between samples and correlation
between bands that present greater variations by sim-
ple analysis of the box plots (Red line - NM, Black Line
- IFH). The spectral bands are numbered (Table 1) in
order to establish the analysis of differences between
the two groups. It is possible to notice that there are
differences in the intensity of bands related to IFH
samples, which mostly showed higher intensity than
the bands of NM tissue. However in some instances
the peaks present the same intensity and sometimes
the intensity was higher in NM samples, as in the
peaks 1743, 1643 and 1544cm™' which corresponds
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Figure 4. (A) Mean spectra and the standard deviation of the groups. (B) Discrimination between samples and correlation between
bands that present greater variations by simple analysis of the box plots: Red line - NM, Black Line - IFH. (C) PCA analysis show well
defined discrimination between the two groups, NM spectra are in blue and IFH in red. (D) The loading corresponding to the PC 1.

Table 1. Correlation between bands, vibrational modes, structural components and ANOVA.?

Band (cm™") Vibrational mode Structural component ANOVA (p < .05)
1. 970 Symmetric stretching mode of dia- Phosphorylated proteins or cellular <.05
nionic phosphate monoesters nucleic acids — DNA.
2. 1080 Phosphate vibration Collagen and phosphodiester groups <.05
Symmetric of nucleic acids.
phosphate [PO; (sym)] stretching
Glycogen
3. 1163/4 C-0 stretching band Collagen <.05
4.1172 Stretching vibrations of nonhydrogen- Collagen <.05
bonding C-OH groups
CO stretching
5. 1240 Vgs POy Collagen <.05
6. 1312 Amida Ill Protein <.05
7. 1398 CH; symmetrical deformation - <.05
8. 1454 Asymmetric methyl deformation - <.05
9. 1553 CO stretching - <.05
Amide Il band mainly stems from
the C-N stretching and C-N-H
bending vibrations weakly coupled
to the C=0 stretching mode.
10. 1643 Amide | band (arises from C=0 - <.05
stretching vibrations)
11. 1743 C=0 stretching mode Lipids <.05

“Diem et al. [24]; Movasaghi et al. [25]

to lipid, amide | and Il bands. All these results indicate
the presence of alterations in different molecules
that are associated with the characteristics of the
IFH process, including collagen, a typical feature of
IFH injuries.

The coupling of FTIR spectroscopy with multivariate
analysis such as PCA is a powerful combination to

highlight and interpret the variation in the data sets
collected. For instance, when comparing the MN spec-
tra to the IFH spectra based on an unsurprised
method such as PCA, it is interesting to whiteness the
normal well defined discrimination between the two
groups (Figure 4(C)). NM spectra are in blue and IFH in
red. While the PC 1 represents 85.5%, PC 2 only



Table 2. Confusion matrix of PCA-LDA results.

Histology
IFH NM
Spectroscopy
IFH 70 0
NM 10 45
Sensitivity (%) 87.5
Specificity (%) 100

accounts for 5% and it is obviously not contributing in
grouping the spectra. The loading corresponding to
the PC 1 (Figure 4(D)) give an overview of the different
wavenumbers involved in the separation observed
between the two groups with main features at 970,
1080 and 1172cm™’, respectively assigned to nucleic
acids, glycogen and collagen. Although, the discrimin-
ation between the two groups is well pronounced, a
few of the IFH spectra remains not recognised as
pathological and is grouped with the NM spectra. This
can be explained by the presence of heterogeneity in
the biopsies with some that can present different
pathological process of inflammation or due to the
experimental set up. The ATR measurement remains
the delicate operation and the correlation of the meas-
urements with precise location on the biopsies is diffi-
cult. Therefore, it should be considered that few of the
repetition have been performed close to the lesion
border where the tissue is normal. It is one of the
main reasons to have performed recording on five dif-
ferent locations to cover as much as possible of the
biopsies surface. Ultimately, in order to get classifica-
tion rates in terms of sensitivity and specificity, a
supersized alternative, PCA-LDA, has been employed.
Using a cross validation sequence leaving a part of the
data out at each interaction, the classification of the
spectra can be calculated and a confusion matrix was
constructed, as displayed in Table 2. The sensitivity
was 87.5% and specificity was 100%, demonstrating
the approach deliver good accuracy for the detection
of IFH tissues.

4. Discussion

The study demonstrated the diagnostic capability of
FTIR spectroscopy to effectively differentiate between
inflammatory and NM samples, indicating the nature
of the molecular changes. Analysis of spectral band
intensity showed important differences between
groups in all bands analysed, particularly with regard
to collagen important feature found on IFH lesion,
when the tissue is analysed by H&E.

Differently from Fernandez et al. [18], who con-
structed tissue microarrays from archival specimens
with prostate cancer samples and applied FTIR
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microspectroscopic imaging to provide both structural
detail and spectral information indicative of tissue bio-
chemistry, in our study fresh tissues (ex vivo) were ana-
lysed to evaluate effectiveness of the technique (FTIR
spectroscopy) without H&E staining, for a future appli-
cation in vivo and in real time.

IFH is characterised by cell proliferation in an organ
or tissue, including the oral cavity and may be caused
by low-intensity chronic mechanical irritation [19,20].
In the oral cavity, the lesion is characterised histo-
pathologically by an increase in the number of inflam-
matory cells [21] and the connective tissue becomes
more fibrous mainly due to an increase in collagen
production, with maintenance of the morphofunctional
pattern of the tissue.

In this respect, we believe that the increase in the
fibroblastic cells, which are responsible for collagen
production, the increase in their capacity of replication
and the presence of inflammatory cells (lymphocytes)
leads to an increase in the amount of DNA molecules,
which is evidenced by an increase in intensity of
bands at 970 and 1080cm ' in IFH samples.

Although the inflammatory component (lympho-
cytes) of IFH is not the most prominent component of
the lesion and its amount may vary, it is important to
consider that lymphocytes may interfere in the inter-
pretation of normal or malignant spectra, presenting
false-positive or false-negative results [22]. The inter-
pretation of the data of inflammatory component
allows the creation of a spectral database that may
eventually contribute to the in vivo diagnosis.

The significance of infra-red spectral signature of
human lymphocytes is extensively documented in the
literature, notably delivering useful information to
assess the effectiveness of immunotherapies [4] and
possible correlation with survival rates [23] in patients
diagnosed with carcinoma.

The band at 1080cm™' can also be attributed to
glycogen [24,25]. It is known that this molecule is
linked to the production of energy. When needed,
glycogen is broken down through the process of gly-
colysis, generating pyruvate, which is then metabol-
ised to form acetyl-CoA. This molecule fuels the citric
acid cycle with the accompanying production of ATP
molecules [26]. In their study, Weisberger and Fischer
[27] showed that alteration of glycogen metabolism
and phosphorylation of related proteins can be the
underlying causes of keratinisation in oral mucosa,
while Goltz et al. [28] attributed the increase of glyco-
gen to increased cell differentiation in carcinoma. This
is an important property for the classification of the
disease. In our case, we believe that an increase in
the quantity of this molecule can be associated with
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the increase of the cellular proliferation, which are
fibroblastic cells and the increase of the production
and secretion of collagen, which requires an extra
charge of energy.

Another marked feature of IFH is the presence of
significant amounts of collagen fibre bundles in con-
nective tissue [20] as a result of an increase in fibro-
blast numbers, since these cells produce the
extracellular matrix, that means an excessive depos-
ition of collagen and increase in the clinical volume of
these lesions [29]. Observing the data obtained in this
study, histopathological findings are confirmed by
deposition of collagen fibres replacing the connective
tissue. Collagen was observed in bands at 1081 and
1240cm™" in which its intensity is higher for the IFH.
An opposite pattern was found by the authors
Bodanese et al. [30] who observed decreased collagen
bands in basal cell carcinoma in the spectroscopic
characterisation that was attributed to its degradation.

The bands at 1500 and 1600cm ™' correspond to
amide | and Il and are related to the presence of pro-
tein (peptides). The amide | band is mainly associated
with C=0 stretching of peptide groups and the
amide Il bands are associated with C-N stretching and
N-H angular deformation, both from peptide groups
too [31,32]. The same is observed for amide Il bands,
with deformation of the CO-NH group. The band in
1743cm ™' is related to the lipid. In fact, the compos-
ition of plasmatic cell membrane bilayers is compound
of phospholipids with associated proteins. The increase
in intensity of the bands above mentioned indicates
the maintenance of cell integrity in NM, which is dif-
ferent from hyperplastic epithelium in which cells have
morphologic changes and deformations.

The aim of the study was specifically to demonstrate
that ATR-FTIR has enough sensitivity to detect molecular
variations in inflammatory process. There is a consensus
among the authors who studied the spectroscopy tech-
niques and there are no limitations in its application.
Some studies with biofluids like saliva and blood have
shown the presence of water-related bands that may
interfere with the results, but this limitation has been
solved by drying the samples before analysis, as
observed in the studies of Rodrigues et al; Bottoni
et al.; Khaustova et al. and Petibois et al. [33-36].

The main benefit for spectroscopy technique appli-
cation: is in vivo and real-time tissue analysis without
surgical removal. In terms of the effectiveness, FTIR
spectroscopy can be considered much more accurate
than the histopathological examination, which
although is considered the gold standard diagnosis, is
subjective because depends on the evaluation of the
pathologist who may have different opinions about the

same pathological process. Also, complementary tests
are sometimes required, e.g. immunohistochemistry, to
confirm the diagnosis. This all takes time and in some
cases, time is crucial for good prognosis. Furthermore,
surgical procedure in some individuals may cause
stress and sometimes it is necessary to use medications
(tranquilisers) in order to perform the procedure. For
all these reasons is extremely interesting to study optic
biopsy techniques for in vivo and real-time application.

Ultimately the identification of specific spectral
markers in IFH lesions suggest that the technique is
able to detect the delimitation of the lesion to guide
the surgeons and ensure that adequate margins have
been applied during the excision of the pathological
area. This is a crucial observation especially for lesion
with high recurrence as malignant lesions which
require precise evaluation of the security margins to
ensure the entire lesion has been removed and conse-
quently improve prognostic for the patients.

FTIR spectroscopy was able to discriminate normal
tissue from IFH based on the superficial molecular
information collected from the ATR tip. Considering
the recent developments made in IR fibre optics and
ATR probe, the present study demonstrated the feasi-
bility to transfer the methods to in vivo guidance of
the surgeons during tissue resection [37]. We highlight
the diagnostic potential of FTIR spectroscopy based on
the effectiveness of the technique to characterise the
vibrational properties in the IFH samples studied.

5. Conclusion

FTIR spectroscopy is efficient in providing molecular
data of inflammatory processes, permitting the quanti-
tative and qualitative analysis of the molecular com-
position of normal and pathological tissues by
revealing the vibrational modes of functional groups
that are important for the differentiation between
them. The technique allowed analysis of molecular
changes observed in inflamed tissue and effective
characterisation, showing that the technique can be
an important tool in clinics.
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