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Abstract: Periodontitis is among the most common health conditions and represents a major pub-
lic health issue related to increasing prevalence and seriously negative socioeconomic impacts.
Periodontitis-associated low-grade systemic inflammation and its pathological interplay with sys-
temic conditions additionally raises awareness on the necessity for highly performant strategies
for the prevention and management of periodontitis. Periodontal diagnosis is the backbone of a
successful periodontal strategy, since prevention and treatment plans depend on the accuracy and
precision of the respective diagnostics. Periodontal diagnostics is still founded on clinical and radio-
logical parameters that provide limited therapeutic guidance due to the multifactorial complexity of
periodontal pathology, which is why biomarkers have been introduced for the first time in the new
classification of periodontal and peri-implant conditions as a first step towards precision periodontics.
Since the driving forces of precision medicine are represented by biomarkers and machine learning
algorithms, with the lack of periodontal markers validated for diagnostic use, the implementation of
a precision medicine approach in periodontology remains in the very initial stage. This narrative
review elaborates the unmet diagnostic needs in periodontal diagnostics, the concept of precision
periodontics, periodontal biomarkers, and a roadmap toward the implementation of a precision
medicine approach in periodontal practice.
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1. Introduction

With constant population growth and increased human lifespan, oral health strategies
that have massively decreased the rate of tooth loss have expectedly resulted in an outbreak
of periodontal diseases. Periodontitis represents a major public health problem [1] since
this highly prevalent chronic disease negatively affects oral and systemic health; it has
a negative impact on oral-health-related quality of life (OHRQoL) by causing impaired
function and esthetics, while representing a second main cause of tooth loss in adults,
collectively increasing health care costs [2-5]. For these reasons, immense efforts are contin-
ually invested in the improvement of periodontal strategies for prevention and treatment,
having as their objective a reduction of the global periodontal burden with all its negative
socio-economic impacts. Diagnosis represents the backbone of successful periodontal
treatment since the entire treatment plan, prognosis, and maintenance directly depend
on the quality and precision of periodontal diagnosis. The crucial importance of accurate
periodontal diagnostics extends far beyond clinical practice, since the quality and perfor-
mance of research studies aiming to improve periodontal management strategies indeed
hinge on the accuracy of the diagnostic indicators used. Since periodontal diagnostics is
still based on clinical and radiological parameters providing limited therapeutic guidance,
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the use of biomarkers has been introduced for the first time within the new classification of
periodontal and peri-implant conditions as a first step towards the adoption of precision
medicine concepts in periodontology [6]. Alongside this, the use of biomarkers in peri-
odontal research is officially the subject of recommendation within guidelines for clinical
research in the domain of oral and maxillofacial regeneration [7]. Unfortunately, there is
still no biomarker validated for diagnostic use in periodontology, and since biomarkers
are the driving force of precision medicine, the implementation of a precision medicine
approach remains substantially delayed.

This review elaborates the unmet diagnostic needs in periodontal diagnostics, the con-
cept of precision periodontics, periodontal biomarkers, and a pipeline for accelerated
implementation of the precision medicine approach in periodontal practice.

2. Challenging Aspects of Periodontal Diagnosis and Unmet Diagnostic Needs

Periodontitis is a chronic multifactorial inflammatory disease triggered by dysbiotic
biofilms and characterized by periodontal tissue destruction, clinically manifesting as
clinical attachment loss (CAL), the presence of periodontal pocketing, gingival bleeding,
and radiological signs of alveolar bone loss [3]. Technological progress in biomedicine,
particularly regarding high-throughput methods, highly sensitive diagnostic platforms,
and machine learning algorithms, together with tremendous progress in periodontal re-
search, has completely changed the face of periodontal pathogenesis and clearly revealed
the limitations of the standard clinical approach in providing highly reliable and patient-
specific diagnostic information. The human body relies on the principle of dynamic
homeostasis regulated by compiled mechanisms of positive and negative feedback [8], and
the new breakthrough technologies enable the objective portrayal of this principle, raising
awareness about the necessity of a comprehensive assessment of a diverse parameter panel
for reliable and patient-specific diagnosis. The previous periopathogen-centered theories
have been replaced by the key-stone pathogen hypothesis of periodontal disease, emphasiz-
ing the critical role of dramatic compositional changes within the periodontal microbiome
triggered by key-stone periopathogens, rather than individual periopathogens [9,10]. The
suppression of aggressive periodontitis from the classification of periodontal disease is the
best example, since highly sensitive molecular methods demonstrated that Aggreggatibac-
ter actinomycetemcomitans, initially considered a form-specific pathogen, was present in
less than 50% of aggressive periodontitis cases and showed a similar distribution between
healthy and diseased patients. In the context of periodontal treatment, advances in biofilm
research have revealed the complexity of biofilm structures, while the most prominent dis-
coveries with clinical relevance are the importance of targeting the primary and secondary
colonizers within preventive strategies. Additionally, the interference between biofilm-
embedded bacteria with standard antimicrobial treatments and routine antibiograms has
been demonstrated [11], emphasizing the need for anti-biofilm approaches and the use of
advanced methods for microbial sensitivity, such as culturomics.

Moreover, studies have demonstrated the inflammophilic character of pathogens [12],
providing new insights regarding pathological conversion between periodontal conditions
and the role of non-periodontal pro-inflammatory factors in periodontal pathology, while
announcing immunological dysbiosis as a critical determinant of periodontal diseases [13].
It is currently established that dysbiotic biofilms remain necessary but not sufficient to
trigger periodontal diseases, while reinforced interactions between a dysbiotic microbiome
and dysregulated inflammation are a hallmark of periodontal disease [14]. This particularly
facilitated the understanding, identification, and confirmation of periodontal risk factors,
such as the impact of viral and fungal species [15,16], systemic conditions, bad habits,
hormonal changes, aging, and many other factors relying on inflammatory processes
and their respective roles in local immunological breakdown and the deterioration of
periodontal conditions. Finally, it is considered that the immunophenotype plays an
important role in the severity of periodontitis [17], since it is considered that individuals
with an overreactive genetic predisposition excessively react even to small amounts of
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bacterial biofilms, and this is particularly associated with periodontitis Stage 3 (previously
called severe periodontitis) [6] that affects up to 20% of the population [18]. Periodontitis
Stage 3 is a special focus of public health and periodontal research since standard treatment
protocols frequently fail to arrest progressive periodontal destruction, while such patients
exhibit low-grade systemic inflammation [19,20]. When considering all these facts as a
whole, it is clear that the multifactorial complexity of periodontal pathology exceeds the
capacity of a standard clinical diagnosis in providing accurate diagnosis and requires
biomarker-supported diagnostics [21].

In the context of the aforementioned, the unmet diagnostic needs in periodontal
diagnostics and related requests for a precision approach are as follows:

Predictors and markers for periodontitis onset;
Markers for disease activity and progression;
Prognostic markers for the treatment of periodontitis;
Prognostic markers for tailored treatment.

3. Principles of Precision Periodontics

Precision medicine is grounded on a combination of clinical parameters and biological
markers reflecting the underlying biological processes; this enables highly reliable predic-
tion of periodontal disease susceptibility, early diagnosis, prognosis, and planning of the
most effective and safe treatment strategy meeting individual patient needs [22]. In vitro
diagnostics (IVD) affects about 60% of all medical decisions today, with a focus on unmet
diagnostic needs in the course of improving patient-specific diagnoses and providing
optimal treatment plans for high-standard healthcare deliverance. IVD is a critical source
of objective information concerning a specific disease profile and related aggravating/risk
factors to be accounted for in optimal prevention or disease management. Finally, IVD
reduces overall healthcare costs by preventing unnecessary disease occurrence and avoid-
ing unadapted management strategies. Thus, IVD empowers clinicians to base decisions
on highly specific and accurate diagnostic information and to customize a management
strategy to fit individual patient needs. Another hallmark of precision medicine is that such
an approach actually represents a point where a plethora of various biomedical fields—
such as genetics, microbiology, immunology, biochemistry, histology, and pathology—meet
clinical practice, by compiling the knowledge into a highly performant management strat-
egy. So, given the multifactorial nature of diseases targeted by precision medicine [23],
such an approach implies a comprehensive assessment of a broad panel of anamnestic,
clinical, and biological parameters that are implemented in a highly accurate diagnostic
information pool via machine learning algorithms [24,25]. Machine learning algorithms
have the capacity to cross-analyze unlimited numbers of clinical and biological parameters
while identifying a panel of critical determinants within highly specific patterns, which are
further integrated into accurate and interpretable diagnostic information [25].

4. Periodontal Biomarkers as a Fundament for Precision Periodontics

A biomarker is “a characteristic that is objectively measured and evaluated as an indi-
cator of normal biological processes, pathogenic processes or pharmacological responses
to a therapeutic intervention” [26]. Actually, biomarkers represent the extracted regula-
tors or byproducts of a target biological process that are measured in vitro, allowing for
objective measurement of the ongoing biological processes/effects in real time. Thanks to
outstanding progress in biomedical research, it is currently possible to measure practically
any element of a biological process regulated by complex intercellular communication
via active biological substances synthetized and released from the cells and tissues as an
outcome of genetical control mechanisms modulated in response to local and epigenetic
factors (Figure 1).
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Figure 1. The concept of biomarkers relies on the measurement of regulators or byproducts of the biological processes of
interest, starting from the cellular level, through intercellular interactions, to complex interplay within the tissues, organs,
and organic systems. Such a diagnostic concept provides objectively measurable diagnostic information on the target
biological processes in real time, compensating most common limitations of clinical parameters. With tremendous progress
in biomedical technologies, practically any component of a biological process is measurable.

The great advantage of periodontal marker assessment is the accessibility of diagnostic
specimens that can be obtained by lowly invasive and inexpensive procedures. Hence,
dental plaque as a diagnostic specimen for microbiological assessment can be easily col-
lected by means of sub-gingival swab using standardized precut methylcellulose filter
strips or using universal endodontic paper of higher caliber (>30) [27,28]. Furthermore, the
gingival crevicular fluid (GCF), the precious capillary fluid derived by serum transudation
into the gingival sulcus that, under pathological conditions, converts to inflammatory
exudate, qualitatively corresponds to a biopsy and has outstanding diagnostic capacity [29].
Another advantage of the oral environment is that even DNA-containing specimens for
genetic markers can be collected using a buccal swab without requiring venipuncture.
Finally, soft and bone tissue biopsies can be easily retrieved during routine non-surgical or
surgical procedures.

Biomarkers in periodontology can be classified based on the requested diagnostic
information and based on the biological type (Figure 2) appropriate for the clinical strategy
in order to provide diagnostic information specific to each clinical phase.



Medicina 2021, 57, 233 50f 11
PERIODONTAL BIOMARKERS
BASED ON REQUESTED DIAGNOSTIC INFORMATION
1. DIAGNOSIS 1. DISEASE PROGRESSION TREATMENT 1. TREATMENT
|DISEASE PREDICTORS ||2. PROGNOSIS 2. STAGING COMPLIANCE STABILITY
3. GRADING 3. GRADING (RE-ASSESSMENT) (EARLY) 2. RECURRENCE
| First visit | | PREVENTION

DISEASE
ONSET TREATMENT MAINTENANCE

BASED ON BIOMARKER TYPE

BIOMARKERS
STATIC DYNAMIC
1. GENETIC 1. BIOCHEMICAL
2. HISTOPATHOLOGICAL 2. MICROBIOLOGICAL

Figure 2. Biomarkers in periodontology.

Biomarkers in periodontology can be categorized as follows (Figure 2):

Predictive markers measured in healthy individuals in the disease prevention stage;
Diagnostic markers of disease onset;
Prognostic markers for the assessment of disease progression, stage, and grade in the
treatment planning phase;

e  Diagnostic markers and surrogate endpoints used to estimate patient compliance with
the administered treatment, stability of the therapy results, and disease activity in the
maintenance phase.

Predictive markers are used before disease occurrence for the identification of risk
factors and estimation of the overall patient risk, aiming at adjustment of the screening
protocol and related modification of risk factors for optimal disease prevention. For this
purpose, static markers are usually used; these do not change over time and are typically
genetic markers. Single-nucleotide polymorphisms (SNPs) are certainly the most studied
class of genetical markers in periodontology [30], presenting as variations in single base-
pair components of DNA that determine host responsiveness to environmental challenges,
such as infection. In brief, patients with specific immunophenotypes are considered to
be more prone to impaired elimination of periodontal pathogens and/or to inflammatory
overreaction to pathogens, resulting in excessive periodontal destruction. For this reason,
the cytokines and immunoreceptors responsible for pathogen recognition remain in the
spotlight of genetic studies. It has been proposed that SNPs in the IL1§3, IL1RN, FcyRIIIb,
VDR, and TLR4 genes may underlie susceptibility to more destructive forms of periodon-
titis, while polymorphisms in the IL1B, IL1RN, IL6, IL10, VDR, CD14, TLR4, and MMP1
genes might be responsible for general susceptibility to chronic periodontitis [31]. How-
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ever, inconsistencies in case definition, study design, and population restriction, as well as
small sample sizes, among the studies have substantially compromised the process of the
validation of genetic markers in periodontology.

Prognostic markers are measured when disease occurs; they do not need to change
over time, and they serve to estimate disease characteristics, stage, and grade, which are
indispensable for accurate prognostics of the progression pattern and responsiveness to
different treatment protocols. The most frequently used are genetic markers [32]. There-
fore, prognostic markers should guide the clinician in the process of treatment planning
to mitigate aggravating factors and minimize disease complications, in the selection of
a suitable treatment protocol, and in setting the maintenance regimen for optimal treat-
ment stability. Diagnostic markers comprise a wide group of indicators able to disclose
disease onset, disease activity, and related disease progression, usually represented by
fast-response biochemical and microbiological markers. A specific subset of diagnostic
markers includes surrogate endpoints intended for estimation of the patient’s compliance
to the administered treatment. These groups of biomarkers mostly comprise soluble in-
flammatory, soft tissue, and bone turnover markers (BTMs) [33,34]. The inflammatory
biomarkers in periodontology are represented by pro- and anti-inflammatory cytokines,
host-derived enzymes, and markers of oxidative stress. Since these markers are elevated
in both gingivitis and periodontitis, they are preferably used to estimate disease activity,
progression, and compliance with administered treatment. The most investigated mark-
ers in periodontology are IL-1(3, IFNy, and TNF« from the T-helper (Th)-1 sub-family;
IL-6, IL-4, and IL-10 from the Th-2 sub-family; IL-17 from the Th-17 sub-family; and IL-8.
In general, Th-1 and Th-17 markers are generally increased in active periodontitis and
usually decrease following treatment, while Th-2 markers seems to be slightly less specific
than Th-1 and Th-17 [35-38]. A disbalance between reactive oxygen species (ROS) and
antioxidants is a pathological characteristic of periodontal destruction that is frequently
exploited for diagnostic purposes in periodontology. The markers that show a specific
profile and good treatment responsiveness to periodontal treatment are malondialdehyde,
nitric oxide, total oxidant status, total antioxidant capacity, and 8-hydroxy-deoxyguanosine
measured in saliva, while GCF profiles are slightly less specific [39,40].

Soft tissue markers are used for monitoring soft tissue degradation and regenera-
tion, and matrix metalloproteinases (MMPs) and growth factors are the most repurposed
markers used in periodontology [34]. So far, MMP-8 remains the most promising soft
tissue marker in periodontology; however, further validation studies are required. BTMs
are considered the most important markers in periodontology to indicate inflammatory
osteoclastogenesis onset and activity within periodontitis onset and activity, respectively.
The system of receptor activator nuclear kappa B (RANK) is a major focus of BTM research
in periodontology since this receptor is located on pre-osteoclasts and mature osteoclasts,
with its ligand (RANKL) and respective antagonist (osteoprotegerin, OPG) also forming
the regulatory triad of pathological bone resorption [41]. Thus, the RANKL/OPG relative
ratio was proposed as a promising marker of periodontitis onset, but its diagnostic value
in the assessment of disease activity has not yet been established [33,42]. The pyridinoline
cross-linked carboxyterminal telopeptide of type I collagen (ICTP) is a byproduct of bone
type I collagen degradation that is a highly specific marker of bone resorption, significantly
increased in periodontitis and strongly correlated to clinical periodontal parameters; it is
modestly responsive in periodontal treatment, but with promising predictive capacity for
future alveolar bone loss [43,44]. Cathepsin-K, calprotectin, and osteocalcin also show a
promising capacity for periodontitis diagnosis and predicting treatment outcomes [45,46].
In the context of microbiological markers, the real-time polymerase chain reaction (RT-
PCR) assessment of Porphyromonas gingivalis, Prevotella intermedia, Tannerella forsythia,
Fusobacterium nucleatum, Treponema denticola, and Campylobacter rectus provides
the most accurate information about periodontitis, its progression [47], and its respon-
siveness to administered treatment [48], while the diagnostic value of Aggregatibacter
actinomycetemcomitans currently remains controversial.
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Histopathological markers are not routinely used in periodontal diagnosis, but they
may provide important information regarding the disease’s nature, pattern of progression,
and grade and related to the validation of biomarkers most suitable for everyday use in the
clinical setting.

5. Shift to Precision Periodontics: Where Are We Stuck, and How Do We Proceed?

New technologies for comprehensive biological profiling of patients have initiated
a switch to precision periodontics [49]; however, this remains in the very initial stage.
As mentioned above, the driving forces of precision medicine are validated biomarkers
and machine learning algorithms, and so far, in periodontology, there is no biomarker
validated for diagnostic use, while algorithms are predominantly exploited in observa-
tional studies (regression methods and clustering analyses) and rarely for diagnostic
purposes. The confusing aspect of the lack of diagnostic markers in periodontology and
implantology [34,50,51], despite so many reported biomarker studies, relates to a frequent
misinterpretation of biomarkers specifically validated for diagnostic use. Although a
biomarker as an indicator of a biological process can be used to study the characteristics of
physiological or pathological conditions and their respective responses to different factors
(such as treatment), biomarkers validated for diagnostic use need to comply with specific
diagnostic requests defined in rigorous guidelines for biomarker validation, varying for
each biomarker subgroup [26,52,53]. Biomarker validation studies aim to identify promis-
ing candidate markers to answer specific clinical requests, to standardize pre-analytical
protocols (sampling and storage) and analytical protocols (laboratorial methods), and
to provide highly accurate interpretation systems. Biomarkers validated for diagnostic
use need to have a highly reproducible diagnostics protocol with established accuracy,
sensitivity, specificity, false positive rate, false negative rate, and diagnostic range precisely
disclosed in the diagnostic information; so far, these kinds of diagnostic studies have been
scarce in periodontology and implantology [47,51,54]. Indeed, the available studies provide
robust information on candidate markers and their capacity to provide specific diagnostic
information in periodontal practice. In that context, future diagnostic studies designed
according to referent guidelines and to address the gaps observed in the reported studies
should easily progress and yield diagnostic markers for periodontal diseases.

Some common reasons for the lack of diagnostic markers in periodontology can be
summarized as follows:

High interstudy variability in clinical diagnostic criteria and case definition;

Small sample sizes;

Inappropriate study designs regarding candidate marker selection for specific diag-
nostic needs, clinical strategy, and data processing;

Variability in specimen collection and storage protocols (pre-analytical variability);
Variability in analytical methods (intra-analytical variability);

Interpretation and data reporting (post-analytical variability).

To address the most frequent limitations encountered in the reported studies, the first
step in accelerating the implementation of a precision periodontics approach concerns
the rigorous design of biomarker studies according to referent recommendations, starting
from the appropriate selection of candidate markers for requested diagnostic information.
Regarding microbiological markers, diagnostic focus should be directed to the assessment
of a panel of key-stone periopathogens, together with opportunists; this may provide
specific diagnostic information on shifts in microflora, recognized as a crucial diagnostic
indicator in distinguishing health from disease, disease progression, and responsiveness to
the performed treatment. It is thus expected that metagenomic and metatranscriptomic
methods, together with culturomics [55], will contribute to the identification of highly
specific microbiological markers for accurate diagnosis and prognosis of periodontal
disease. In the context of assessing quantitative changes, quantitative RT-PCR is the
method of choice, while quantitative omics-based methods are in a stage of development
as well.
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In the context of biochemical markers, proteomics is an analytical method that can
contribute to the identification of highly specific cytokine panels, and different multi-
plexing methods enable the assessment of a great range of protein profiles [51]. Finally,
the bone level represents the epicenter of the entire dental implant concept, and there is
no method more accurate for real-time assessment of ongoing bone processes than the
direct measurement of bone metabolism. The assessment of bone markers showed the
most promising diagnostic capacity among all investigated markers in a prior study [42].
BTMs are fast-response markers that reflect the nature and volume of the ongoing bone
processes, practically enabling the clinician to visualize the bone status at the molecular
level, far before clinical /radiological manifestations; this is valuable for early diagnosis
of the conversion of gingivitis into periodontitis, early assessment of patient compliance
with the administered treatment, and diagnosis of possible recurrence during mainte-
nance care. Finally, the majority of commercially available diagnostic assays are intended
for biological fluids available in larger volumes, which complicates the analysis of GCF,
requiring standardization and adjustment of analytical protocols. Special attention should
be paid to detailed reporting on analytical protocols to accelerate the optimization and
standardization of measurement protocols suitable for periodontal diagnostics. The ad-
vanced “omics” methods that can particularly contribute to the identification of new bone
markers are metabolomics, particularly regarding identification of the byproducts of bone
destruction for real-time assessment of changes in the bone level over time or in response
to treatment. Histopathological studies will contribute to biological definitions of the
grading criteria of periodontitis. Finally, the entire process of biomarker validation directly
depends on the quality of the clinical aspect of diagnostic studies. Hence, strict adherence
to the clinical diagnostic criteria and case definitions defined in the referent classification of
periodontal conditions is the ultimate precondition for accurate validation of periodontal
biomarkers. Further, studies aiming to validate surrogate endpoints for the assessment
of periodontal treatment outcomes should be first conducted according to guidelines for
standard periodontal treatment [52]. When considering such complex multifactorial pat-
terns of periodontal disease, combined assessment of clinical parameters with multiple
biomarkers expectedly provides more accurate diagnostic information [47], and the best-
performing methods for the identification of highly specific biomarker interactions with
clinical parameters and their implementation in interpretable fine-tuned clinical diagnoses
are machine learning algorithms [24,53]. A common reason for the gap between biomarker
research and implementation in clinical practice is also the lack of appropriate tools for
interpreting comprehensive panels [25]—another reason why future diagnostic studies in
periodontology should consider the integration of algorithms into the study design.

Precision periodontics undoubtedly represents the future of high-quality periodontal
care, so it is of paramount importance that future research studies strictly adhere to the
recommendations for the validation of biomarkers in order to accelerate the process of
their implementation in routine clinical practice. The coordinated collaborative work of
an interdisciplinary and international consortium could substantially accelerate the imple-
mentation process of precision periodontics, assuring high-quality, reproducible research
in larger pooled samples and subsequent fast implementation in clinical practice. More-
over, future studies should focus on the development of biomarker assessment protocols
applicable in everyday practice, such as point-of-care testing (POCT), which is still in the
developmental stage in periodontology [54,55]. Additionally, the social patterning aspect
of periodontal disease should not be neglected, and in this context, the development of
patient self-testing methods should be seriously considered as well.

Author Contributions: Conceptualization, M.R. and D.V.; methodology, M.R.; software, N.P. (Neda
Perunovic); validation, M.R., D.V.,, N.P. (Neda Perunovic) and N.P. (Natasa Pejcic); formal analysis,
M.R;; N.P. (Neda Perunovic); N.P. (Natasa Pejcic) and D.V.investigation, M.R.; N.P. (Neda Perunovic)
and N.P. (Natasa Pejcic) resources, M.R; data curation, M.R. Writing—Original draft preparation,
M.R. and D.V. Writing—Review and editing, M.R.; N.P. (Neda Perunovic); N.P. (Natasa Pejcic) and



Medicina 2021, 57, 233 9of 11

D.V. visualization, M.R.; supervision, D.V.; project administration, M.R.; funding acquisition, M.R.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Knight, E.T.; Thomson, W.M. A Public Health Perspective on Personalized Periodontics. Periodontol. 2000 2018, 78, 195-200.
[CrossRef] [PubMed]

2. Papapanou, PN.; Susin, C. Periodontitis Epidemiology: Is Periodontitis under-Recognized, over-Diagnosed, or Both? Periodontol
2000 2017, 75, 45-51. [CrossRef] [PubMed]

3. Papapanou, PN.; Sanz, M.; Buduneli, N.; Dietrich, T.; Feres, M.; Fine, D.H.; Flemmig, T.F; Garcia, R.; Giannobile, W.V,;
Graziani, F; et al. Periodontitis: Consensus Report of Workgroup 2 of the 2017 World Workshop on the Classification of Peri-
odontal and Peri-Implant Diseases and Conditions. J. Clin. Periodontol. 2018, 45, 5162-5170. [CrossRef]

4. Tonetti, M.S.; Van Dyke, T.E.; Working Group 1 of the Joint EFP/ AAP Workshop. Periodontitis and Atherosclerotic Cardiovascular
Disease: Consensus Report of the Joint EFP/ AAP Workshop on Periodontitis and Systemic Diseases. ]. Clin. Periodontol. 2013, 40,
524-529. [CrossRef]

5. Chapple, IL.C.; Genco, R.; Working Group 2 of the Joint EFP/AAP Workshop. Diabetes and Periodontal Diseases: Consensus
Report of the Joint EFP/AAP Workshop on Periodontitis and Systemic Diseases. | Clin Periodontol 2013, 40, S106-5112. [CrossRef]

6.  Tonetti, M.S.; Greenwell, H.; Kornman, K.S. Staging and Grading of Periodontitis: Framework and Proposal of a New Classifica-
tion and Case Definition. J. Clin. Periodontol. 2018, 45, S149-5161. [CrossRef]

7. Giannobile, W.V.; Nevins, M. Osteology Guidelines for Oral and Maxillofacial Regeneration: Clinical Research, 1st ed.; Quintessence
Publishing Co., Ltd.: London, UK, 2014; ISBN 978-1-85097-274-7.

8. Hall, J.E.; Guyton, A.C. Functional Organization of the Human Body and Control of the “Internal Environment”. In Guyton and
Hall Textbook of Medical Physiology, 13th ed.; Elsevier: Philadelphia, PA, USA, 2016; pp. 4-10. ISBN 978-1-4557-7005-2.

9. Hajishengallis, G.; Lamont, R.J. Beyond the Red Complex and into More Complexity: The Polymicrobial Synergy and Dysbiosis
(PSD) Model of Periodontal Disease Etiology. Mol. Oral Microbiol. 2012, 27, 409-419. [CrossRef] [PubMed]

10. Hajishengallis, G.; Darveau, R.P,; Curtis, M.A. The Keystone-Pathogen Hypothesis. Nat. Rev. Microbiol. 2012, 10, 717-725.
[CrossRef] [PubMed]

11. Jacqueline, C.; Caillon, J. Impact of Bacterial Biofilm on the Treatment of Prosthetic Joint Infections. J. Antimicrob. Chemother. 2014,
69 (Suppl. 1), 137-i40. [CrossRef]

12.  Hajishengallis, G. The Inflammophilic Character of the Periodontitis-Associated Microbiota. Mol. Oral Microbiol. 2014, 29, 248-257.
[CrossRef] [PubMed]

13. Hajishengallis, G. Immunomicrobial Pathogenesis of Periodontitis: Keystones, Pathobionts, and Host Response. Trends Immunol.
2014, 35, 3-11. [CrossRef] [PubMed]

14. Hajishengallis, G.; Chavakis, T.; Lambris, J.D. Current Understanding of Periodontal Disease Pathogenesis and Targets for
Host-Modulation Therapy. Periodontol. 2000 2020, 84, 14-34. [CrossRef] [PubMed]

15.  Wan, S.X,; Tian, J.; Liu, Y.; Dhall, A.; Koo, H.; Hwang, G. Cross-Kingdom Cell-to-Cell Interactions in Cariogenic Biofilm Initiation.
J. Dent. Res. 2021, 100, 74-81. [CrossRef] [PubMed]

16. Slots, J. Focal Infection of Periodontal Origin. Periodontol. 2000 2019, 79, 233-235. [CrossRef]

17.  Hernandez, M.; Dutzan, N.; Garcia-Sesnich, J.; Abusleme, L.; Dezerega, A.; Silva, N.; Gonzalez, FE.; Vernal, R.; Sorsa, T.;
Gamonal, J. Host-Pathogen Interactions in Progressive Chronic Periodontitis. J. Dent. Res. 2011, 90, 1164-1170. [CrossRef]
[PubMed]

18. Kassebaum, N.J.; Bernabe, E.; Dahiya, M.; Bhandari, B.; Murray, C.J.L.; Marcenes, W. Global Burden of Severe Periodontitis in
1990-2010: A Systematic Review and Meta-Regression. |. Dent. Res. 2014, 93, 1045-1053. [CrossRef] [PubMed]

19. Nibali, L.; D"Aiuto, E; Griffiths, G.; Patel, K.; Suvan, J.; Tonetti, M.S. Severe Periodontitis Is Associated with Systemic Inflammation
and a Dysmetabolic Status: A Case-Control Study. J. Clin. Periodontol. 2007, 34, 931-937. [CrossRef] [PubMed]

20. Slots, J. Primer on Etiology and Treatment of Progressive/Severe Periodontitis: A Systemic Health Perspective. Periodontol. 2000
2020, 83, 272-276. [CrossRef]

21. Taba, M,; Kinney, J.; Kim, A.S.; Giannobile, W.V. Diagnostic Biomarkers for Oral and Periodontal Diseases. Dent. Clin. N. Am.
2005, 49, 551-571. [CrossRef]

22. Korte, D.L.; Kinney, J. Personalized Medicine: An Update of Salivary Biomarkers for Periodontal Diseases. Periodontol. 2000 2016,
70,26-37. [CrossRef] [PubMed]

23. Delhalle, S.; Bode, S.EN.; Balling, R.; Ollert, M.; He, F.Q. A Roadmap towards Personalized Immunology. npj Syst. Biol. Appl.

2018, 4, 9. [CrossRef]


http://doi.org/10.1111/prd.12228
http://www.ncbi.nlm.nih.gov/pubmed/30198135
http://doi.org/10.1111/prd.12200
http://www.ncbi.nlm.nih.gov/pubmed/28758302
http://doi.org/10.1111/jcpe.12946
http://doi.org/10.1111/jcpe.12089
http://doi.org/10.1111/jcpe.12077
http://doi.org/10.1111/jcpe.12945
http://doi.org/10.1111/j.2041-1014.2012.00663.x
http://www.ncbi.nlm.nih.gov/pubmed/23134607
http://doi.org/10.1038/nrmicro2873
http://www.ncbi.nlm.nih.gov/pubmed/22941505
http://doi.org/10.1093/jac/dku254
http://doi.org/10.1111/omi.12065
http://www.ncbi.nlm.nih.gov/pubmed/24976068
http://doi.org/10.1016/j.it.2013.09.001
http://www.ncbi.nlm.nih.gov/pubmed/24269668
http://doi.org/10.1111/prd.12331
http://www.ncbi.nlm.nih.gov/pubmed/32844416
http://doi.org/10.1177/0022034520950286
http://www.ncbi.nlm.nih.gov/pubmed/32853527
http://doi.org/10.1111/prd.12258
http://doi.org/10.1177/0022034511401405
http://www.ncbi.nlm.nih.gov/pubmed/21471325
http://doi.org/10.1177/0022034514552491
http://www.ncbi.nlm.nih.gov/pubmed/25261053
http://doi.org/10.1111/j.1600-051X.2007.01133.x
http://www.ncbi.nlm.nih.gov/pubmed/17877746
http://doi.org/10.1111/prd.12325
http://doi.org/10.1016/j.cden.2005.03.009
http://doi.org/10.1111/prd.12103
http://www.ncbi.nlm.nih.gov/pubmed/26662480
http://doi.org/10.1038/s41540-017-0045-9

Medicina 2021, 57, 233 10 of 11

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Cohen Freue, G.V.; Meredith, A.; Smith, D.; Bergman, A.; Sasaki, M.; Lam, K.K.Y.; Hollander, Z.; Opushneva, N.; Takhar, M.;
Lin, D.; et al. Computational Biomarker Pipeline from Discovery to Clinical Implementation: Plasma Proteomic Biomarkers for
Cardiac Transplantation. PLoS Comput. Biol. 2013, 9, €1002963. [CrossRef]

Valdes, G.; Luna, ].M.; Eaton, E.; Simone, C.B.; Ungar, L.H.; Solberg, T.D. MediBoost: A Patient Stratification Tool for Interpretable
Decision Making in the Era of Precision Medicine. Sci. Rep. 2016, 6. [CrossRef]

Biomarkers Definitions Working Group. Biomarkers and Surrogate Endpoints: Preferred Definitions and Conceptual Framework.
Clin. Pharmacol. Ther. 2001, 69, 89-95. [CrossRef]

Canullo, L.; Radovanovi¢, S.; Delibasic, B.; Blaya, ].A.; Penarrocha, D.; Rakic, M. The Predictive Value of Microbiological Findings
on Teeth, Internal and External Implant Portions in Clinical Decision Making. Clin. Oral Implant. Res. 2017, 28, 512-519. [CrossRef]
Persson, G.R.; Samuelsson, E.; Lindahl, C.; Renvert, S. Mechanical Non-Surgical Treatment of Peri-Implantitis: A Single-Blinded
Randomized Longitudinal Clinical Study. II. Microbiological Results. J. Clin. Periodontol. 2010, 37, 563-573. [CrossRef]

Barros, S.P.; Williams, R.; Offenbacher, S.; Morelli, T. Gingival Crevicular Fluid as a Source of Biomarkers for Periodontitis.
Periodontol. 2000 2016, 70, 53-64. [CrossRef] [PubMed]

Perunovic, N.; Rakic, M.; Jankovic, S.; Aleksic, Z.; Struillou, X.; Cakic, S.; Puletic, M.; Lekovic, V.; Milasin, J. MMP-9-1562 C> T
(Rs3918242) Promoter Polymorphism as a Susceptibility Factor for Multiple Gingival Recessions. Int. |. Periodontics Restor. Dent.
2015, 35, 263-269. [CrossRef] [PubMed]

Laine, M.L.; Crielaard, W.; Loos, B.G. Genetic Susceptibility to Periodontitis. Periodontol. 2000 2012, 58, 37-68. [CrossRef]
Kornman, K.S.; Crane, A.; Wang, H.Y,; di Giovine, ES.; Newman, M.G,; Pirk, EW.; Wilson, T.G.; Higginbottom, F.L.; Duff, G.W.
The Interleukin-1 Genotype as a Severity Factor in Adult Periodontal Disease. J. Clin. Periodontol. 1997, 24, 72-77. [CrossRef]
[PubMed]

Rakic, M.; Lekovic, V.; Nikolic-Jakoba, N.; Vojvodic, D.; Petkovic-Curcin, A.; Sanz, M. Bone Loss Biomarkers Associated with
Peri-Implantitis. A Cross-Sectional Study. Clin.Oral Implant. Res. 2013, 24, 1110-1116. [CrossRef] [PubMed]

Buduneli, N.; Kinane, D.F. Host-Derived Diagnostic Markers Related to Soft Tissue Destruction and Bone Degradation in
Periodontitis: Biomarkers and Periodontal Disease. J. Clin. Periodontol. 2011, 38, 85-105. [CrossRef]

Vernal, R.; Dutzan, N.; Chaparro, A.; Puente, J.; Antonieta Valenzuela, M.; Gamonal, ]J. Levels of Interleukin-17 in Gingival
Crevicular Fluid and in Supernatants of Cellular Cultures of Gingival Tissue from Patients with Chronic Periodontitis. J. Clin.
Periodontol. 2005, 32, 383-389. [CrossRef] [PubMed]

Holmlund, A.; Hanstrom, L.; Lerner, U.H. Bone Resorbing Activity and Cytokine Levels in Gingival Crevicular Fluid before and
after Treatment of Periodontal Disease. J. Clin. Periodontol. 2004, 31, 475-482. [CrossRef]

Toker, H.; Poyraz, O.; Eren, K. Effect of Periodontal Treatment on IL-1beta, IL-1ra, and IL-10 Levels in Gingival Crevicular Fluid
in Patients with Aggressive Periodontitis. J. Clin. Periodontol. 2008, 35, 507-513. [CrossRef]

Stadler, A.F; Angst, PD.M.; Arce, RM.; Gomes, 5.C.; Oppermann, R.V.; Susin, C. Gingival Crevicular Fluid Levels of Cy-
tokines/Chemokines in Chronic Periodontitis: A Meta-Analysis. ]. Clin. Periodontol. 2016, 43, 727-745. [CrossRef] [PubMed]
Chen, M.; Cai, W.; Zhao, S.; Shi, L.; Chen, Y.; Li, X.; Sun, X.; Mao, Y.; He, B.; Hou, Y,; et al. Oxidative Stress-Related Biomarkers in
Saliva and Gingival Crevicular Fluid Associated with Chronic Periodontitis: A Systematic Review and Meta-Analysis. J. Clin.
Periodontol. 2019, 46, 608-622. [CrossRef]

Novakovic, N.; Todorovic, T.; Rakic, M.; Milinkovic, 1.; Dozic, L; Jankovic, S.; Aleksic, Z.; Cakic, S. Salivary Antioxidants as
Periodontal Biomarkers in Evaluation of Tissue Status and Treatment Outcome. J. Periodont. Res. 2014, 49, 129-136. [CrossRef]
[PubMed]

Theoleyre, S.; Wittrant, Y.; Tat, S.K.; Fortun, Y.; Redini, F; Heymann, D. The Molecular Triad OPG/RANK/RANKL: Involvement
in the Orchestration of Pathophysiological Bone Remodeling. Cytokine Growth Factor Rev. 2004, 15, 457—475. [CrossRef]
Belibasakis, G.N.; Bostanci, N. The RANKL-OPG System in Clinical Periodontology. J. Clin. Periodontol. 2012, 39, 239-248.
[CrossRef]

Al-Shammari, K.F,; Giannobile, W.V.; Aldredge, W.A.; Iacono, V.J.; Eber, R M.; Wang, H.L.; Oringer, R.J. Effect of Non-Surgical
Periodontal Therapy on C-Telopeptide Pyridinoline Cross-Links (ICTP) and Interleukin-1 Levels. ]. Periodontol. 2001, 72,
1045-1051. [CrossRef]

Giannobile, W.V. C-Telopeptide Pyridinoline Cross-Links. Sensitive Indicators of Periodontal Tissue Destruction. Ann. N. Y. Acad.
Sci. 1999, 878, 404-412. [CrossRef]

Afacan, B.; Cmarcik, S.; Giirkan, A.; Ozdemir, G.; [Than, H.A.; Vural, C.; Kose, T.; Emingil, G. Full-Mouth Disinfection Effects on
Gingival Fluid Calprotectin, Osteocalcin, and N-Telopeptide of Type I Collagen in Severe Periodontitis. J. Periodontol. 2020, 91,
638-650. [CrossRef]

Garg, G.; Pradeep, A.R; Thorat, M.K. Effect of Nonsurgical Periodontal Therapy on Crevicular Fluid Levels of Cathepsin K in
Periodontitis. Arch. Oral Biol. 2009, 54, 1046-1051. [CrossRef] [PubMed]

Kinney, J.S.; Morelli, T.; Oh, M.; Braun, T.M.; Ramseier, C.A.; Sugai, J.V.; Giannobile, W.V. Crevicular Fluid Biomarkers and
Periodontal Disease Progression. J. Clin. Periodontol. 2014, 41, 113-120. [CrossRef] [PubMed]

Cosgarea, R.; Eick, S.; Jepsen, S.; Arweiler, N.B.; Juncar, R.; Tristiu, R.; Salvi, G.E.; Heumann, C.; Sculean, A. Microbiological and
Host-Derived Biomarker Evaluation Following Non-Surgical Periodontal Therapy with Short-Term Administration of Systemic
Antimicrobials: Secondary Outcomes of an RCT. Sci. Rep. 2020, 10, 16322. [CrossRef] [PubMed]


http://doi.org/10.1371/journal.pcbi.1002963
http://doi.org/10.1038/srep37854
http://doi.org/10.1067/mcp.2001.113989
http://doi.org/10.1111/clr.12828
http://doi.org/10.1111/j.1600-051X.2010.01561.x
http://doi.org/10.1111/prd.12107
http://www.ncbi.nlm.nih.gov/pubmed/26662482
http://doi.org/10.11607/prd.2087
http://www.ncbi.nlm.nih.gov/pubmed/25738347
http://doi.org/10.1111/j.1600-0757.2011.00415.x
http://doi.org/10.1111/j.1600-051X.1997.tb01187.x
http://www.ncbi.nlm.nih.gov/pubmed/9049801
http://doi.org/10.1111/j.1600-0501.2012.02518.x
http://www.ncbi.nlm.nih.gov/pubmed/22708989
http://doi.org/10.1111/j.1600-051X.2010.01670.x
http://doi.org/10.1111/j.1600-051X.2005.00684.x
http://www.ncbi.nlm.nih.gov/pubmed/15811056
http://doi.org/10.1111/j.1600-051X.2004.00504.x
http://doi.org/10.1111/j.1600-051X.2008.01213.x
http://doi.org/10.1111/jcpe.12557
http://www.ncbi.nlm.nih.gov/pubmed/27027257
http://doi.org/10.1111/jcpe.13112
http://doi.org/10.1111/jre.12088
http://www.ncbi.nlm.nih.gov/pubmed/23710550
http://doi.org/10.1016/j.cytogfr.2004.06.004
http://doi.org/10.1111/j.1600-051X.2011.01810.x
http://doi.org/10.1902/jop.2001.72.8.1045
http://doi.org/10.1111/j.1749-6632.1999.tb07698.x
http://doi.org/10.1002/JPER.19-0445
http://doi.org/10.1016/j.archoralbio.2009.08.007
http://www.ncbi.nlm.nih.gov/pubmed/19782963
http://doi.org/10.1111/jcpe.12194
http://www.ncbi.nlm.nih.gov/pubmed/24303954
http://doi.org/10.1038/s41598-020-73054-8
http://www.ncbi.nlm.nih.gov/pubmed/33004857

Medicina 2021, 57, 233 11 of 11

49.

50.

51.

52.

53.

54.

55.

Harvey, A.; Brand, A.; Holgate, S.T.; Kristiansen, L.V.; Lehrach, H.; Palotie, A.; Prainsack, B. The Future of Technologies for
Personalised Medicine. New Biotechnol. 2012, 29, 625-633. [CrossRef] [PubMed]

Lagier, ].-C.; Dubourg, G.; Million, M.; Cadoret, E; Bilen, M.; Fenollar, F.; Levasseur, A.; Rolain, ].-M.; Fournier, P-E.; Raoult, D.
Culturing the Human Microbiota and Culturomics. Nat. Rev. Microbiol. 2018, 16, 540-550. [CrossRef]

Bostanci, N.; Belibasakis, G.N. Gingival Crevicular Fluid and Its Inmune Mediators in the Proteomic Era. Periodontol. 2000 2018,
76, 68-84. [CrossRef] [PubMed]

Sanz, M.; Herrera, D.; Kebschull, M.; Chapple, I; Jepsen, S.; Beglundh, T.; Sculean, A.; Tonetti, M.S.; EFP Workshop Participants
and Methodological Consultants. Treatment of Stage I-III Periodontitis-The EFP S3 Level Clinical Practice Guideline. J. Clin.
Periodontol. 2020, 47 (Suppl. 22), 4-60. [CrossRef] [PubMed]

Robin, X.; Turck, N.; Hainard, A.; Lisacek, E; Sanchez, J.-C.; Miiller, M. Bioinformatics for Protein Biomarker Panel Classification:
What Is Needed to Bring Biomarker Panels into in Vitro Diagnostics? Expert Rev. Proteom. 2009, 6, 675-689. [CrossRef] [PubMed]
Ji, S.; Choi, Y. Point-of-Care Diagnosis of Periodontitis Using Saliva: Technically Feasible but Still a Challenge. Front. Cell. Infect.
Microbiol. 2015, 5, 65. [CrossRef] [PubMed]

He, W,; You, M.; Wan, W.; Xu, F; Li, E; Li, A. Point-of-Care Periodontitis Testing: Biomarkers, Current Technologies, and
Perspectives. Trends. Biotechnol. 2018, 36, 1127-1144. [CrossRef] [PubMed]


http://doi.org/10.1016/j.nbt.2012.03.009
http://www.ncbi.nlm.nih.gov/pubmed/23091837
http://doi.org/10.1038/s41579-018-0041-0
http://doi.org/10.1111/prd.12154
http://www.ncbi.nlm.nih.gov/pubmed/29193353
http://doi.org/10.1111/jcpe.13290
http://www.ncbi.nlm.nih.gov/pubmed/32383274
http://doi.org/10.1586/epr.09.83
http://www.ncbi.nlm.nih.gov/pubmed/19929612
http://doi.org/10.3389/fcimb.2015.00065
http://www.ncbi.nlm.nih.gov/pubmed/26389079
http://doi.org/10.1016/j.tibtech.2018.05.013
http://www.ncbi.nlm.nih.gov/pubmed/30041883

	Introduction 
	Challenging Aspects of Periodontal Diagnosis and Unmet Diagnostic Needs 
	Principles of Precision Periodontics 
	Periodontal Biomarkers as a Fundament for Precision Periodontics 
	Shift to Precision Periodontics: Where Are We Stuck, and How Do We Proceed? 
	References

