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Background: The existence of specific microbial profiles for different periodontal conditions is still a matter of debate.
The aim of this study was to test the hypothesis that 40 bacterial species could be used to classify patients, utilising
machine learning, into generalised chronic periodontitis (ChP), generalised aggressive periodontitis (AgP) and periodontal
health (PH). Method: Subgingival biofilm samples were collected from patients with AgP, ChP and PH and analysed for
their content of 40 bacterial species using checkerboard DNA–DNA hybridisation. Two stages of machine learning were
then performed. First of all, we tested whether there was a difference between the composition of bacterial communities
in PH and in disease, and then we tested whether a difference existed in the composition of bacterial communities
between ChP and AgP. The data were split in each analysis to 70% train and 30% test. A support vector machine
(SVM) classifier was used with a linear kernel and a Box constraint of 1. The analysis was divided into two parts.
Results: Overall, 435 patients (3,915 samples) were included in the analysis (PH = 53; ChP = 308; AgP = 74). The vari-
ance of the healthy samples in all principal component analysis (PCA) directions was smaller than that of the periodon-
tally diseased samples, suggesting that PH is characterised by a uniform bacterial composition and that the bacterial
composition of periodontally diseased samples is much more diverse. The relative bacterial load could distinguish
between AgP and ChP. Conclusion: An SVC classifier using a panel of 40 bacterial species was able to distinguish
between PH, AgP in young individuals and ChP.

Key words: Plaque, oral health, prevention, periodontitis, mathematics

INTRODUCTION

Periodontitis is an oral disease driven by deregulated
inflammation induced by polymicrobial communities
that form on subgingival tooth sites1. The gingival
sulcus and periodontal pocket form unique ecological
niches for microbial colonisation and the subgingival
microbiota drives the inflammatory process that leads
to periodontal tissue destruction1,2.
The existence of different forms of periodontitis is a

reality and, over the years, different classification sys-
tems have been suggested for these conditions3,4. In
1999, the World Workshop of the American Academy
of Periodontology (AAP) changed the term ‘adult peri-
odontitis’ to ‘chronic periodontitis’ (ChP) and intro-
duced the term ‘aggressive periodontitis’ (AgP) to

define a group of destructive periodontal diseases
with a rapid progression3,5. This put the emphasis on
the rate of disease progression, information rarely
available to clinicians6,7. Although the classification
systems have been continuously under debate, it is
generally well accepted that disease in younger
patients is different from that in adults, and one possi-
ble explanation for this difference is different micro-
bial profiles. If this is the case, a microbiological
examination might, in theory, help in the differential
diagnosis of AgP in young patients from the more
common ChP and would have the potential to help in
the diagnosis and treatment of these diseases7,8.
Since the 1950s, the microbiota of the periodontal

diseases has been studied, initially by culture methods
and afterwards by molecular techniques. The current
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knowledge about the microbiota associated with peri-
odontal health or disease has been largely impacted
by evaluation of the 40 bacterial species that comprise
the microbial complexes described by Socransky
et al.9–13. Studies using different diagnostic techniques
have defined four main periodontal pathogens – the
three species from the red complex (Porphyromonas
gingivalis, Tannerella forsythia and Treponema denti-
cola) and Aggregatibacter actinomycetemcomi-
tans10,12,14–16. In addition, several species belonging
to different complexes have been associated with peri-
odontal health, in particular those from the genera
Actinomyces, Streptococcus and Capnocytophaga16–
18. It is also important to note that there is moderate
evidence in the literature to support the existence of
newly identified periodontal pathogens or host-compa-
tible species19–22 but the role of these species as true
pathogens or as markers for periodontal stability are
yet to be established, especially by risk assessment
and interventional studies. Therefore, the 40 bacterial
species defined by Socransky et al.12 are still consid-
ered a suitable biological marker for studying the peri-
odontal microbiota associated with periodontal health
or disease. In addition, it has been shown that this set
of 40 probes would account for 55–60% of the bacte-
ria in subgingival biofilms16.
Machine learning is a discipline of computer science

aimed at developing algorithms able to learn from
tagged examples instead of performing a predefined
explicit routine23–26. Specifically, a cost function
related to the number of wrongly classified tagged
examples is minimised. These approaches are becom-
ing popular in a wide variety of biological applica-
tions23–26. A common biomedical application of
support vector machines (SVM) is the automatic clas-
sification of microarray gene expression profiles23,24.
SVM applied on the gene-expression profile derived
from a tumour sample or from peripheral fluid was
shown to produce a diagnosis or a prognosis23–27. In
addition, other biological applications of SVMs
involve classifying protein and DNA sequences,
microarray expression profiles and mass spectra28.
Recently, Nakano et al.25 used SMV to diagnose mal-
odour from oral microbiota and methyl mercaptan
levels in saliva. They reported that SVM achieved
high accuracy, with sensitivity of 51.1% and speci-
ficity of 95.0%. This approach is useful where design
of an explicit algorithm is not feasible. Kebschull
et al.29 used an SVM approach to explore molecular
differences between ChP and AgP, but this method
has never been used to assess possible microbiological
differences between these two clinical conditions.
The aim of this study was to compare the subgingi-

val microbial profiles of AgP in young patients, in
patients with ChP and in periodontally healthy (PH)
subjects and to test whether patients’ periodontal

status could be classified using the 40 bacterial species
of the subgingival microbial complexes12. The hypoth-
esis tested was that this analysis could create a model
with the ability to differentiate between these clinical
conditions.

METHODS

Patient population

Patients who were PH or were diagnosed with gener-
alised ChP or generalised AgP were selected from the
database of the Department of Periodontology of
Guarulhos University. This study analysed data com-
piled from large clinical studies that evaluated the
subgingival microbiota of PH subjects and patients
with periodontitis. Those studies were conducted at
Guarulhos University (S~ao Paulo, SP, Brazil) from
2004 to 2015, and followed very similar protocols
for selection of participants, sample collection and
microbial analysis. The protocols of these studies
were approved previously by Guarulhos University’s
Ethics Committee in Clinical Research and the
research was conducted in full accordance with the
World Medical Association Declaration of Helsinki;
consent was given by the participants involved in the
study.

Clinical examination

The clinical examination was performed by trained
and calibrated examiners, as previously described10.
The intra-examiner variability in all clinical studies
was 0.13–0.21 mm for probing depth (PD) and 0.22–
0.31 mm for clinical attachment level (CAL).
Generalised AgP, generalised ChP and PH were

diagnosed based on the periodontal classification of
the American Academy of Periodontology3 and as
described in our previous report10.

Microbiological examination

Subgingival plaque samples were collected from nine
non-contiguous interproximal sites per patient, as
reported previously by Faveri et al.10 For AgP and
ChP groups, three sites at each of the following PD
categories were sampled: ≤3 mm; between 4 and
6 mm; and ≥7 mm. Subgingival plaque samples from
sites with PD ≤3 mm were collected from subjects in
the PH group. Counts of 40 bacterial species were
determined in each sample using the checkerboard
DNA–DNA hybridisation technique30,31 at the Labo-
ratory of Microbiology of Guarulhos University. Sig-
nals were evaluated visually by a calibrated examiner
who compared the signals with standards of 105 and
106 bacterial cells for the test species on the same
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membrane (k test = 93%). The mean counts of indi-
vidual bacterial species were averaged within each
patient and then across patients in each group. The
sum of the individual mean proportions were com-
puted for each microbial complex described by
Socransky et al.12

Normalisation and data analysis

The total concentration of each sample was nor-
malised to a value of 1. A principal component analy-
sis (PCA) was performed to visualise the data. Two
stages of machine learning were performed. In the first
stage, PH patients were compared with all patients
with periodontal disease. In the second stage, patients
with ChP and AgP were compared. The data were
split, in each analysis, to 70% train and 30% test. An
SVM classifier was used with a Box constraint of 1
and a linear kernel. The results are presented as a
receiver operating characteristics (ROC) curve and
their precision is estimated using the area under the
curve (AUC). Samples from the same patient were cat-
egorically divided to be either in the train or the test
set (i.e. no samples from the same patient were used
in both the train and the test set).
Note that we did not take into consideration the

total bacterial load that might have been affected by
the experimental design. Instead, we analysed the
proportion of each bacterial species relative to the
levels of the 40 species evaluated. The significance of
differences among groups was sought using the
Kruskal–Wallis test and the Mann–Whitney U-test.
The chi-square test was used to compare differences
in the distribution of gender.

RESULTS

Table 1 depicts the demographic characteristics and
clinical parameters of the study population. A cohort
of 435 patients were evaluated: 53 PH, 308 with gen-
eralised ChP and 74 with generalised AgP. The mean
age of individuals with generalised ChP was signifi-
cantly higher (45.1 � 5.9 years) than the mean age of
subjects with generalised AgP (27.1 � 3.1 years) and
PH subjects (35.1 � 9.5 years). No difference was
observed in the distribution of gender. The mean PD
and CAL and the percentage of sites exhibiting bleed-
ing on probing (BOP), gingival bleeding and suppura-
tion were significantly higher in the ChP and AgP
groups than in PH patients. PH individuals and
patients with AgP showed less visible plaque (28.1%
and 49.5%, respectively) than did patients with ChP
(84.6%, P < 0.05).
The results for the PCA showed that the variance of

the healthy samples in all PCA directions was much
smaller than that of the periodontally diseased

samples (Figure 1), suggesting that while healthy sam-
ples are characterised by a highly uniform bacterial
composition, the bacterial composition in periodon-
tally diseased samples is much more diverse. The
diversity can be observed in the two conditions stud-
ied here. Thus, the variability is within each periodon-
tally involved population. Given the clear difference
between the healthy and diseased populations, the
classification of samples based on the relative bacterial
load was tested. Indeed, a linear SVM supervised clas-
sifier produces an AUC of >0.95 on a test set between
the diseased and healthy conditions (Figure 2).
More importantly, the relative bacterial load could

distinguish between AgP and ChP with high accuracy.
While the difference between these two conditions is
smaller than that between health and disease, as can
be seen, for example, in the PCA based only on the
diseased samples (Figure 3), applying a linear SVM to
the two diseased conditions produced a sensitivity of
86%, a specificity of 79% and an AUC of 0.83 on a
test set (Figure 2). Thus, not only were the bacterial
profiles different between these two diseases, but also
this difference was enough to allow a clear distinction
between the two conditions. Specifically, a linear
SVM was applied to the first 20 PCA vectors (repre-
senting over 95% of the variability). The classifier
defines a clear direction in the bacterial load concen-
tration space with some bacteria correlated with each
of the two diseases (Figure 4). The species P. gingi-
valis followed by T. forsythia, Fusobacterium ssp.
polymorphum, T. denticola and Prevotella intermedia
were the five species most representative for ChP. This
means that these were the bacteria that could differen-
tiate between chronic and aggressive conditions,
favouring ChP. On the other hand, Fusobacterium nu-
cleatum.ssp.nucleatum, Capnocytophaga ochracea,
Veillonella parvula, Fusobacterium nucleatum.ssp.vin-
centii and Capnocytophaga gingivalis were the five
species most strongly directed towards AgP. It is note-
worthy that the values in Figure 4 do not represent
prevalence of the bacterial species but rather their
ability to differentiate between ChP (positive values)
and AgP (negative values).

DISCUSSION

The hypothesis tested in this study – that an SVM
classifier using a panel of 40 bacterial species could
differentiate between AgP and ChP – was confirmed.
The SVM analysis, including 435 patients and

3,915 samples, showed that the three red-complex
species (P. gingivalis, T. forsythia and T. denticola)
had a high weight in the classifying vector to a ChP
diagnosis. On the other hand, F. nucleatum ssp. nu-
cleatum, C. ochracea, V. parvulla, F. nuclea-
tum ssp. vincentii and C. gingivalis were the species
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that allowed classifying or directing the classification
towards AgP. These data are in agreement with previ-
ous studies showing that pathogens from the red and
orange complexes are more associated with the aetiol-
ogy of ChP9,12,32. Interestingly, other microorganisms
not normally associated with AgP were found to
allow differentiation towards this condition.
The SVM classifier system used in this study was

able to distinguish between generalised AgP and

generalised ChP with rather high accuracy. Although
the 40 bacterial species evaluated have been used suc-
cessfully as a biological marker to monitor disease res-
olution after several periodontal treatments33–35,
when this same microbial panel was analysed using
conventional statistical approaches in diagnostic stud-
ies, some failed to find major differences between ChP
and AgP microbial profiles10,13,36. Faveri et al.10

showed that the composition of the subgingival

Table 1 Demographic characteristics and full-mouth clinical parameters of the patients in experimental groups

Variables Experimental groups P-value*

Periodontally healthy Generalised aggressive
periodontitis

Generalised chronic
periodontitis

Number of patients 53 74 308
Age (years) 35.1 � 9.5A 27.1 � 3.1B 45.1 � 5.9C <0.001
Gender (male:female) 23:30 32:42 122:186 NS
Probing depth (mm) 1.9 � 0.5A 4.2 � 1.1B 4.1 � 1.3B <0.001
Clinical attachment level (mm) 0.7 � 0.4A 3.8 � 1.2B 3.8 � 1.1B <0.001
% Sites with:
Plaque 28.1 � 7.7A 49.5 � 14.2B 84.6 � 12.2C <0.001
Gingival bleeding 2.0 � 1.0A 33.2 � 12.9B 34.1 � 22.1B <0.001
Bleeding on probing 2.1 � 0.8A 46.1 � 14.2B 45.2 � 27.2B <0.001
Suppuration 0 � 0A 4.4 � 3.7B 3.29 � 4.1B <0.001

Values are given as number of patients, ratio (male : female) or mean � standard deviation.
The significance of differences among groups was assessed using the Kruskall–Wallis test (*). The significance of differences between pairs of
comparisons was determined using Dunn’s multiple comparison test and the significances are represented by different capital letters.NS, not sig-
nificant.
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Figure 1. Principal component analysis (PCA) projection of the three conditions (chronic periodontitis, aggressive periodontitis and periodontally
healthy). The diagonal plots are the distribution of the principal component weights. One can clearly see that the healthy state is very different from the
two other states. Each row is a different principal component. The plots below the diagonal are scatter plots of two principal component vectors. While
the healthy condition has a limited variance, the two other conditions have a large variance and mostly overlap. The plots above the diagonal are two-
dimensional distributions of the projections on the principal components, as presented by contours. One can clearly see a peak in the distribution repre-

senting the healthy state, which is very different from any of the disease states. This is also obvious in the separate blub in the contour plot.
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microbiota did not differ substantially among loca-
lised AgP, generalised AgP and ChP. Similar results
have been reported by other authors13,36. This could
be explained by differences in the way in which the
data were analysed, in the number of samples evalu-
ated or by the inability to distinguish AgP from ChP
clinically using the current classification systems for
these conditions7,37,38.

To our knowledge, this is the first report in which
AgP and ChP could be differentiated according to the
subgingival microbial profile. Previous clinical studies
and comprehensive reviews have not found major dif-
ferences between the microbiological and immunologi-
cal features of these two clinical conditions29,39,40.
Nonetheless, it is important to bear in mind that the
main inclusion criterion for patients in the two
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Figure 2. Receiver operating characteristic curve for chronic periodontitis (ChP) and aggressive periodontitis (AgP) versus healthy (dashed line) and for
ChP versus AgP (solid line) using a linear support vector machine. The train and test results are highly similar, showing that there is no over-fitting. The
values are above the diagonal showing that a meaningful differentiation can be obtained. The true-positive and false-positive values specified in the text

box are just one possible point along the curve.
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Figure 3. Similarly to Figure 1, when the healthy state is removed. Clear differences can be observed between the two disease states, but the difference
is smaller than between healthy and diseased, as observed in Figure 1. Note that here also, there is a clear separate cluster of aggressive periodontitis point

(see the third principal component analysis).
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periodontitis groups, in this study, was age, a parame-
ter that is not considered by the current classification
of the AAP3. In fact, many clinical researchers in peri-
odontology face the difficulty of selecting volunteers
based on characteristics that are not normally avail-
able to the clinician. This is even more critical for
AgP. The three common features of aggressive peri-
odontal diseases, according to the Consensus Report
of the AAP3,5, are: otherwise clinically healthy
patients; familial aggregation; and rapid attachment
loss and bone destruction. The first two characteristics
are also observed in patients with ChP, and the last
one is rarely available to the clinician. Determining
the rate of attachment loss while selecting patients
for cross-sectional studies is not feasible, leaving
researchers with the alternative for using age as a dis-
criminating factor, by estimating ‘rapid periodontal
destruction’ if the individual shows advanced disease
at an early age. This was the case of the database
used in the present study. Therefore, it might be more
accurate to state that the statistical model tested in
this study is more suitable for differentiating between
advanced periodontitis in adults and in young individ-
uals than between ChP and AgP.
Although we understand the infectious nature of

periodontitis, the microbial composition and the host

response components in relation to the aetiology of
the disease have yet to be fully understood41. The
efforts to catalogue microbial species associated with
disease and exposition of the interspecies interactions
in oral biofilm will contribute to our understanding of
how these microorganisms may act together and result
in either health or disease41. A recent review by
Nibali7 stated that as we aim to understand host-asso-
ciated factors and clinical differences between AgP
and ChP, with the hope of designing more effective
treatment protocols for these conditions, an interest-
ing insight could be given by studies comparing the
microbial composition of these diseases. The use of
advanced mathematical approaches evaluating many
samples from many patients, similar to the one used
in the current report, might shed further light on the
differences between those two clinical conditions.
Those methods could be applied in the future to dif-
ferentiate further between subgroups of the diseases
(e.g. generalised, localised) and might open new ave-
nues for using population science methods to explore
the potential of specific therapeutic interventions.
The results of the present study indicate that an

SVM classifier using a panel of 40 bacterial species is
able to distinguish between generalised AgP in young
patients and generalised ChP.
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Figure 4. Weights of linear support vector machine classifier for chronic periodontitis (ChP) versus aggressive periodontitis (AgP). Positive weights
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weight represents the contribution of the specific bacterium to the classification. It is noteworthy that the values in Figure 4 do not represent prevalence

of the bacterial species but rather their ability to differentiate between ChP (positive values) and AgP (negative values).
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