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Background and Objective: Periodontitis is currently diagnosed almost entirely on
gross clinical manifestations that have been in situ for more than 50 years without
significant improvement. The general objective of this study was, therefore, to

evaluate whether mid-infrared spectroscopy can be used to identify disease-specific
molecular alterations to the overall biochemical profile of tissues and body fluids.

Material and Methods: A total of 190 gingival crevicular fluid samples were
obtained from periodontitis (n = 64), gingivitis (# = 61) and normal sites

(n = 65). Corresponding infrared absorption spectra of gingival crevicular fluid
samples were acquired and processed, and the relative contributions of key
functional groups in the infrared spectra were analysed. The qualitative assessment
of clinical relevance of these gingival crevicular fluid spectra was interpreted with
the multivariate statistical analysis-linear discriminant analysis.

Results: Using infrared spectroscopy, we have been able to identify four molecular
signatures (representing vibrations in amide I, amide II/tyrosine rings and
symmetric and asymmetric Po; stretching vibrations of phosphodiester groups in
DNA) in the gingival crevicular fluid of subjects with periodontitis or gingivitis
and healthy control subjects that clearly demarcate healthy and diseased peri-
odontal tissues. Furthermore, the diagnostic accuracy for distinction between
periodontally healthy and periodontitis sites revealed by multivariate classification
of gingival crevicular fluid spectra was 98.4% for a training set of samples and
93.1% for a validation set.

Conclusion: We have established that mid-infrared spectroscopy can be used to
identify periodontitis-specific molecular signatures in gingival crevicular fluid and
to confirm clinical diagnoses. Future longitudinal studies will assess whether
mid-infrared spectroscopy represents a potential prognostic tool, recognized as
key to advancement of periodontics.
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ulism, periodontitis has been associ-
ated with increased risk of multiple
systemic illnesses, including vascular
diseases and diabetes (2). Therefore,
the prevention or treatment of local
inflammatory disease (periodontitis)

Periodontitis is an infectious disease of
the tissues surrounding the teeth,
occurring in about 50% of the popu-
lation and resulting in significant
debilitation for about half of these
persons (1). A leading cause of edent-

may be an important factor in the
control of systemic inflammatory con-
ditions.

Periodontitis is currently diagnosed
almost entirely on gross clinical mani-
festations: signs of gingival inflamma-
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tion such as redness and bleeding on
probing, periodontal pocketing and
loss of periodontal attachment or
alveolar bone (3). These clinically
based diagnostic parameters have been
in situ for more than 50 years, but do
not reliably identify  susceptible
individuals or distinguish between
progressing lesions and lesions that
represent the consequences of histori-
cal disease activity. The American
Academy of Periodontology, in part-
nership with Centers of Disease
Control, has recognized that the
development of improved surveillance
and prognostic tools is key to
advancement of periodontics (4-7).
Indeed, considerable efforts are
underway to develop biochemical and
microbiological diagnostic and prog-
nostic tools (8,9).

Gingival crevicular fluid is an
inflammatory exudate with constitu-
ents derived from a number of sources,
including serum, the connective tissue
and the epithelium through which
gingival crevicular fluid passes on its
way to the gingival crevice, in addition
to inflammatory cells and bacteria
present in the tissues and crevice (9).
Over 65 biologically active components
have been identified in gingival crevic-
ular fluid. Explored diagnostic and
prognostic plaque or gingival crevicu-
lar fluid markers for periodontitis
include the presence of the following:
(1) specific bacteria (including Por-
phyromonas gingivalis and Aggregatib-
actinomycetemcomitans)  (10);
(2) their products [e.g. volatile sulfur
compounds (11) or specific proteases
(12)]; (3) biomarkers involved in the
disease process but produced by the
host [e.g. matrix metalloproteinases
(13), neutrophil elastase and alkaline
phosphatase (9,14)]; (4) biomarkers of
tissue damage (e.g. hydroxyproline/
collagen fragments) (9,15); and
(5) other markers of the inflammatory
process such as prostaglandin E, and
interleukin-1 (9). However, despite the
complex nature of periodontal dis-
eases, which involves a multifaceted
immune and inflammatory reaction to
a polymicrobial flora, and the inter-
individual variation in inflammatory
responses (16,17), such potential bio-
markers are generally studied individually

acter

and rarely in small numbers. This may
explain why the predictive value of
potential biomarkers studied to date
has not been sufficient for routine
clinical use (9).

Infrared spectroscopy (IRS) mea-
sures transitions in vibrational levels
on infrared (IR) absorption and reveals
disease-specific alterations to multiple
biologically  significant  molecules.
Infrared spectroscopy has recently
emerged as a powerful modality for the
diagnosis of disease (18-21). Infrared
spectroscopy analysis of gingival cre-
vicular fluid, unlike prior biochemical
analyses, measures the total contents of
gingival crevicular fluid and should
prove a powerful diagnostic and
prognostic tool for periodontal dis-
eases. Therefore, we employed IRS to
characterize gingival crevicular fluid
from healthy, gingivitis and perio-
dontitis sites and determined specific
spectral signatures that clearly demar-
cate healthy and diseased tissues. The
long-term goal is to develop a simple,
reagent-free, user-friendly, rapid and
minimally invasive prognostic tool for
inflammatory periodontal diseases.

Material and methods

Subjects

Thirty patients [mean age (£ SD),
544 £ 16.6 years; 14 females] with
chronic moderate to severe perio-
dontitis, attending the Graduate Perio-
dontics Clinics at the University of
Manitoba, participated in the study.
The research protocol was approved by
each of the Research Ethics Boards of
the University of Manitoba and by the
Institute for Biodiagnostics, National
Research Council of Canada. In-
formed, written consent was obtained
from each individual prior to collection
of samples. Periodontitis sites were
defined as those with periodontal
probing depth > 5 mm and clinical
attachment loss >3 mm, with or
without bleeding on probing. Gingivi-
tis sites were defined as those with
periodontal probing depths < 3 mm
and bleeding on probing. Healthy sites
were defined as those with periodontal
probing depths < 3mm and no

bleeding on probing and positioned
contralateral, or nearest to contra-
lateral, to the diseased site. Both heal-
thy and diseased sites were chosen
from the same patients. All gingival
crevicular fluid samples were collected
prior to clinical measurements from
64 periodontitis sites, 61 gingivitis sites
and 65 normal sites. All clinical
parameters were assessed and gingival
crevicular fluid samples obtained by
the same examiner (X.M.X.).

Collection of gingival crevicular fluid

Gingival crevicular fluid samples were
collected from healthy, gingivitis and/
or periodontitis sites within an indi-
vidual essentially as we have previously
described (22). Briefly, sites were iso-
lated with cotton wool in order to
minimize the risk of salivary contami-
nation. Sites to be sampled were gently
air-dried, following the removal of
supragingival plaque with a curette.
A strip of perio-paper was then
inserted into the gingival crevice until it
met with light resistance. The strip was
removed after 30 s, and the volume
of gingival crevicular fluid measured
using a precalibrated Periotron 6000
(IDE Interstate, Amityville, NY,
USA). The perio-paper strip was then
placed into a sterile 2 mL conical tube
containing 80 pL ice-cold saline. The
tube was then vortexed for 30 s and
centrifuged (10 min, 800 g) with the
strip placed slightly above the fluid
meniscus. Any samples obviously con-
taminated by saliva or blood were
rejected.

Acquisition of infrared spectra

Samples were prepared for spectro-
scopic measurements by drying gingi-
val crevicular fluid onto a silicon wafer
demarcated into 96 circular wells
(5§ mm diameter) by an adhesive plastic
mask (23). Infrared spectra of such
films were recorded with a Bruker
Vector 22 spectrometer (Bruker
Optics, Billerica, MA, USA) equipped
with a high-throughput sampling
accessory and a home-built wafer
mount. The high-throughput sampling
accessory allows for the automated,
sequential acquisition of spectra for



95 films and a blank well used for the
background measurement distributed
on the silicon wafer with the same
spacing as a 96-well microtiter plate.
Spectra were acquired at a nominal
resolution of 4 cm™', with 256 scans
co-added per spectrum and for back-
ground measurement. Absorbance
spectra were converted into second
derivative spectra using the Savitzky—
Golay algorithm with a nine-point
window for the multivariate statistical
analysis. The band integrations of the
relative components of each spectrum
were calculated using GRAMS/32 AT soft-
ware (Thermo Scientific, Waltham,
MA, USA). This software integrates
and computes the area of selected peaks
in a user-interactive mode by defining
two end-points on the bottom trace of
the spectrum. To make it consistent and
comparable, the end-points for each
band area integration were predefined
to avoid artificial errors.

Multivariate statistical analysis of
infrared spectra

Linear discriminant analysis (LDA) is
known as a supervised method because
the class identity of each sample is
supplied to the classification algorithm
and used in establishing boundaries to
distinguish among groups of spectra in
different classes (23,24). Taking the
spectra and the corresponding diagno-
ses (class designations) as input, it
explicitly chooses the boundaries that
best separate the classes. Class assign-
ment of any given spectrum comprises
computing its distance from all class
centroids (representative class average
spectra) and allotting it to the class
whose centroid is nearest. To properly
assess the predictive value of this clas-
sification procedure, the spectra were
split into a training set, which was used
as the basis to identify discriminatory
patterns, and an independent test set to
assess the accuracy of the trained
algorithm in classifying samples of
unknown origin. Approximately two-
thirds of the samples were designated
the training set and the remaining one-
third the test set, as we have previously
described (25). The training set for
periodontitis and control groups com-
prised 27 periodontitis and 35 control
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samples, and the test set comprised
16 periodontitis and 12 control sam-
ples. Similarly, the training set for
gingivitis and control groups consists
of 25 gingivitis and 33 control gingival
crevicular fluid samples, while 15 gin-
givitis and 14 control gingival crevicu-
lar fluid samples were used for the test
set.

Results

Clinical characteristics

The clinical characteristics of the sites
from recruited subjects are presented in
Table 1.

Infrared spectral features of gingival
crevicular fluid samples

Several major differentiating IR bands
were visualized in the spectral range of
900-1800 cm™' (Fig. 1). The two
prominent absorptions at 1652 and
1542 cm™" arise from C=O stretching
(amide I band) and N-H bending
(amide II band) vibrations of peptide
groups (20,21). The bands at 1087 and
1240 cm™" are Po; stretching vibra-
tions of phosphodiester groups in
DNA, while the band at 1740 cm™
originates from lipid ester C=O groups
(20,26). The lipid ester intensity in the
gingival crevicular fluid from peri-
odontitis sites was much lower than
that in healthy gingival crevicular fluid.
A cluster of CH, and CHj stretching
vibrations, mainly attributing to gingi-
val crevicular fluid lipids, were found in
the spectral range of 2800-3100 cm™".
Other distinguishing spectral features
included the proteinaceous amide B
band at 3050 cm™' and the amide A
band at 3290 cm™' (20,27). Thus,
disease-specific cellular and molecular
alterations to the composition of
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gingival crevicular fluid are clear, most
obviously the increased intensity of the
1652 cm™! amide I band at inflamma-
tory sites (gingivitis and periodontitis)
compared with healthy crevices.

While much of the mean gingival
crevicular fluid spectra of the inflam-
matory and control groups appears
superficially similar, we used Fourier
self-deconvolution to narrow effective
bandwidths, enhance resolution and
increase available discriminatory data
(26; Fig. 2), which revealed important
discriminatory features, such as the
DNA band at 1713 em™! characteristic
of base-paired DNA strands (28). By
integrating the three major DNA
sensitive bands (the bands at 1087 and
1240 cm™" arising from symmetric and
asymmetric Po, stretching vibrations
of phosphodiester groups in DNA and
the 1713 cm™ band) we can see that
gingival crevicular fluid DNA concen-
trations in diseased sites are increased
compared with healthy sites. The
increased DNA content in the inflam-
matory gingival crevicular fluid samples
might suggest a provocative condition
during the inflammatory condition,
with active enrolled leukocytes, bacteria
and shedding epithelial cells in the
gingival crevicular fluid samples.

Increased protein (amide I at
1652 cm™") and lipid signals (symmet-
ric CH, stretching vibration at 2853
cm™! from the fatty acyl chains) are
also evident at diseased sites (Fig. 3).
The integrated area of the =CH band
at 3012 em™" is used as an index of the
relative concentration of double bonds
in lipid structures from unsaturated
fatty acyl chains (linolenic, arachi-
donic, etc.) arising from lipid peroxi-
dation (27,29). Interestingly, lipid
oxidation is increased in the inflam-
matory groups, as evidenced by the
olefinic =CH band at 3012 cm™,

Table 1. Periodontal health among subject groups

Clinical parameters

Group Probing depth Clinical attachment loss
Healthy sites (n = 65) 2.06 £ 0.74 2.64 + 1.06

Gingivitis sites (n = 61) 2.60 + 0.54% 3.49 £+ 1.22%
Periodontitis sites (n = 64) 6.00 £ 1.41%f 6.46 + 1.42%7

*p < 0.01 compared with healthy sites; fp < 0.01 compared with gingivitis sites.
The clinical data are expressed as means + SD.
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Fig. 1. Mean mid-infrared spectra of gingival crevicular fluid samples from healthy, gingi-
vitis and periodontitis sites. The shaded bands represent the infrared bands originating from
molecular signatures from lipid, protein and nucleic acid in gingival crevicular fluid samples.
sPO3, symmetric PO5; asPO3, asymmetric PO5.

which provides further evidence of the
importance of lipid peroxidation in
periodontal  disease  pathogenesis
(30,31). The lipid ester band arising
from C=0 group at 1740 cm™', how-
ever, decreased in the periodontitis

group.

Linear discriminant analysis

Qualitative analyses were used to cor-
relate observed spectral differences of
gingival crevicular fluid from inflam-
matory groups (gingivitis and perio-
dontitis) and normal control samples.
Linear discriminant analysis was the
classifier of choice because of its
robustness and speed. Four protein-
and DNA-specific spectral regions
selected by the optimal regional selection
algorithm for best differentiation of
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Fig. 2. Relative DNA contributions are increased in diseased gingival crevicular fluid groups. The shaded areas highlight DNA-specific
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base vibration after Fourier self-deconvolution. Also shown are histograms representing the integrated area (relative DNA content) in the
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Fig. 3. Relative concentration of protein and lipid components derived from gingival crevicular fluid IR mean spectra after Fourier self-
deconvolution procedure. The histograms represent the integrated area (relative protein, lipid and lipid peroxidation content) in the spectra
from the three groups. The differences in protein and lipid content of gingival crevicular fluid from diseased and healthy sites are apparent.
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Fig. 4. Linear discriminant analysis of the normal and periodontitis groups. The shaded areas
identify four signature spectral regions selected by the optimal regional selection algorithm as
contributing most significantly to the differentiation of the normal and periodontitis groups by
linear discriminant analysis. SPO3, symmetric PO5; asPO5, asymmetric PO;.

diseased and control groups by LDA
are presented in Fig. 4. In the first step,
62 gingival crevicular fluid spectra
from two groups (control and perio-

dontitis) were used as a training set,
whereby the LDA algorithm was
trained to recognize and predict the
spectral features characteristic of

control and periodontitis samples.
Training and prediction was optimized
using the leave-one-out method of
cross-validation (23,24). Sixty-one of
the 62 spectra were split into control
and periodontitis samples and used to
train the algorithm to recognize fea-
tures characteristic of each group. The
trained algorithm was then used to
classify the 62nd spectrum (not used in
the training) based upon the presence
or absence of these characteristic fea-
tures. This process was then repeated
with a different spectrum omitted from
the training set until the LDA was
performed 62 times. The validation set
(29 control and periodontitis gingival
crevicular fluid spectra) was then pre-
sented to the model blindly to probe
the predictive accuracy. The ability of
the LDA procedure to adequately
predict periodontitis was impressive, as
shown in Table 2.

A similar approach was employed to
classify gingival crevicular fluid from
gingivitis and healthy control sites, as
shown in Table 3. The overall accuracy
for the classification of gingival



350 Xiang et al.

Table 2. Diagnostic accuracy of periodontitis based on IR spectra of gingival crevicular fluid

Accuracy (%)

Positive predictive

Specificity (%) value (%)

Training set
Control 26 1 96.3

Periodontitis 0 35 100
Validation set
Control 11 2 84.6

Periodontitis 0 16 100

100 100
96.3 97.2
100 100
84.6 88.9

Overall accuracy was 98.4% on the training set and 93.1% on the test set. Diagnosis of
periodontitis was determined by linear discriminant analysis of the infrared spectra. Bold
numbers indicate accurate classifications. Underlined numbers indicate inaccurate classifi-

cations.

Table 3. Diagnostic accuracy of gingivitis based on IR spectra of gingival crevicular fluid

Accuracy (%)

Positive predictive

Specificity (%) value (%)

Training set

Control 32 1 97.0

Gingivitis 4 21 84.0
Validation set

Control 12 2 85.7

Gingivitis 6 9 60.0

84.0 88.9
97.4 95.5
60.0 66.7
85.7 81.8

Overall accuracy was 91.4% on the training set and 72.4% on the test set. Diagnosis of
periodontitis was determined by linear discriminant analysis of the infrared spectra. Bold
numbers indicate accurate classifications. Underlined numbers indicate inaccurate classifi-

cations.

crevicular fluid samples as control or
gingivitis was 91.4% for the training
set and 72.4% for the validation set.
This suggests that the gingivitis-specific
molecular alterations to gingival cre-
vicular fluid are less profound than in
periodontitis, as would be expected.

Discussion

Gingival crevicular fluid is composed
of serum and locally generated mate-
rials, including breakdown
products, bacterial components and
products, and inflammatory and im-
mune mediators. Thus, gingival cre-
vicular fluid contains a wealth of
information on periodontal disease
processes. A major attraction of gin-
gival crevicular fluid as a diagnostic
marker is the site-specific nature of the
sample. This allows sophisticated
analyses of gingival crevicular fluid
components to be linked to clinical
assessment at the site of sample col-
lection. Owing to the complexity of the
pathogenic tissue alterations associated
with periodontitis, which are reflected
in gingival crevicular fluid composi-

tissue

tion, we had hypothesized that IR
spectroscopy could reliably differenti-
ate diseased and healthy periodontal
sites. We have been able to show that
even in unprocressed spectral data
(Fig. 1), subtle differences in spectral
band intensity and positions arising
from the three major components, i.e.
lipid, protein and DNA, can be seen in
gingival crevicular fluid from healthy,
gingivitis and periodontitis groups.

A more sophisticated means with
which to extract the relevant biological
information hidden in raw infrared
spectra is to assess the relative contri-
butions of key functional groups by
integrating the band areas, which usu-
ally provide more information about
concentrations than band intensities.
Indeed, as is clearly demonstrated in
Figs 2 and 3, we are able to reliably
analyze and compare specific gingival
crevicular fluid components among
disease groups. For example, the pro-
tein concentration in both disease
groups is higher than in control sam-
ples, in agreement with prior reports of
increased total protein levels in perio-
dontitis gingival crevicular fluid (32),

and a significant correlation between
total gingival crevicular fluid protein
concentration and disease severity (33).
Many gingival crevicular fluid proteins
have been extensively explored as
potential diagnostic markers that
define periodontal inflammation. They
include inflammatory mediators, par-
ticularly cytokines and matrix metal-
loproteinases, and tissue breakdown
products, such as fibronectin, collagen
fragments and hydroxyproline, which
should reflect the extent of underlying
tissue destruction. Our results suggest
that the total protein signal is elevated
in periodontal disease, which is con-
sistent with our spectral observations.

Infrared spectroscopy is increasingly
recognized as an alternative modality
for accurate determination of lipid per-
oxidation in various biological samples
(29,34,35). Increased oxidative stress is
the consequence of enhanced produc-
tion of reactive oxygen species and/or
attenuated reactive oxygen species
scavenging capacity, resulting in tissue
damage reflected in increased lipid per-
oxidation. Loss of unsaturation during
lipid peroxidation reactions was com-
pensated by the presence of double
bonds in the lipid peroxidation products
such as malondialdehyde, lipid alde-
hydes and alkyl radicals. It is well
recognized that lipid peroxidation
markedly increases during periodontal
inflammation (36-38). For instance, the
malondialdehyde contents of chronic
apical periodontitis tissues are higher
than in healthy tissue of the same
individuals (39). Tsai et al. (31) recently
reported that the total amount of gin-
gival crevicular fluid lipid peroxidation
correlated positively with several clini-
cal disease parameters, indicating that
the more severe the inflammation of the
periodontal tissue the higher the level of
lipid peroxidation. Furthermore, peri-
odontal oxidative stress may even have
systemic consequences, with higher
blood lipid peroxidation concentrations
noted in a rat model of periodontitis
compared with periodontally healthy
control animals (40). Several studies
have also demonstrated that IR spec-
troscopic analysis of the integrated area
in the 3030-2990 cm™' region, repre-
senting the olefinic band arising from
the unsaturated lipids, can be employed



to assess lipid peroxidation in various
biological samples (29,35,41). In keep-
ing with such prior reports, our spectral
data show that significant disease-
related changes occur in the lipid
content of gingival crevicular fluid,
indicative of increased oxidative stress
(see Fig. 3).

We have previously shown that by
using the DNA-specific signals
embedded in the IR spectra of the
leukocytes, one can precisely diagnose
leukemia and predict leukocytic apop-
tosis (20,24,29). We can now apply this
newly developed technology to the
study of periodontal diseases. Gingival
crevicular fluid contains a diverse
population of cells, which include
bacteria, desquamated epithelia and
transmigrating leukocytes (42,43). The
increased DNA component in gingival
crevicular fluid from gingivitis and
periodontitis sites, relative to healthy
control sites, is likely to be due to a
combination of an inflammation-driven
increase in leukocyte migration into the
gingival crevicular fluid, particularly
neutrophils, an increase in epithelial
turnover, reflecting ongoing tissue
remodelling, and the inflammatory
stimulus itself, i.e. plaque bacteria.

Periodontal disease is clearly multi-
factorial, yet previous attempts to use
gingival crevicular fluid analysis as a
diagnostic tool have generally relied
on the measurement of only one or
two specific gingival crevicular fluid
components. Since IR spectroscopy
measures the composite molecular
content of gingival crevicular fluid,
then assuming that molecular altera-
tions do occur during the disease
process, the chance for IR spectros-
copy to distinguish various stages of
periodontitis should be promising, in
contrast to previous one-dimensional
biochemical approaches. This hypoth-
esis is supported by our LDA studies,
which consider multiple components in
the gingival crevicular fluid as the basis
to designate individual spectra as
healthy or diseased. The accuracy of
this LDA approach in diagnosing
periodontitis was 98.4% for the train-
ing set and 93.1% for the validation
set. However, the overall accuracy for
the gingival crevicular fluid spectral
classification between control sampless
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and gingivitis was 91.4%, and for the
training set 72.4%. This discrepancy
might reflect fundamental pathological
differences between periodontitis and
gingivitis, with irreversible tissue dam-
age the hallmark of periodontitis. Also,
the changes in three major components
(protein, lipid and DNA; Figs 2 and 3)
in the gingival crevicular fluid from the
periodontitis group were much higher
than in the gingivitis group. Such
molecular data were readily picked up
by LDA, leading to optimal diagnostic
accuracy for the periodontitis group
(93.1%) but only an acceptable level
for the gingivitis group (72.4%).

In addition to high accuracy, there
are several other advantages to IR
spectroscopic screening and diagnosis
of periodontitis. Infrared spectroscopy
is reagent free and requires only small
sample volumes. The gingival crevicu-
lar fluid samples are essentially
unprocessed and the process is readily
automated. Infrared spectroscopy is
straightforward, and minimal training
is required of operators following
automation. Gingival crevicular fluid
samples are easily collected by clini-
cians, with sample collection targeted
to specific sites or to a representative
set of teeth.

In summary, these studies show that
we have established the appropriate IRS
technology and the proof of principle
that IRS can be used to identify disease-
specific molecular signatures in gingival
crevicular fluid cross-sectionally. Lon-
gitudinal studies are required to ascer-
tain whether IRS is a suitable prognostic
tool, long-sought by the periodontal
community (4-7).
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