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Abstract

The number of studies that aims to apply host- or microbe-derived biochemical bio-

markers to periodontal disease diagnosis has increased significantly during the last

three decades. The biochemical markers can reflect the presence, severity, and activ-

ity of periodontal diseases; however, heterogeneities in applied laboratory methods,

data presentation, statistical analysis, and data interpretation prevent the translation

of candidate host- or microbe-derived biochemical biomarkers to clinical assay valida-

tion. Here, we propose a roadmap for making the research outcomes comparable and

re-analysable with the ultimate goal of translating research to clinical practice. This

roadmap presents reporting recommendations for host- or microbe-derived biochem-

ical biomarker studies in periodontology. We aim to make essential elements of the

research work (including diagnostic criteria, clinical endpoint definitions, participant

recruitment criteria, sample collection and storage techniques, biochemical and

microbiological detection methods, and applied statistical analysis) visible and

comparable.
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Clinical relevance

Scientific rationale for study: Defining novel host- or microbe-derived biochemical biomarkers for

diagnosis and treatment planning is a rising trend in periodontal medicine. However, the hetero-

geneity in study designs, methods, data presentation, and lack of validation prevent their utiliza-

tion in clinical practice.

Principal findings: We propose a roadmap for making the research outcomes comparable and re-

analysable with the ultimate goal of translating research to clinical practice.

Practical implications: Implementing the proposed seven-point biochemical biomarker-research

roadmap into periodontal research will guide the publication of the results, interpretation of the

outcomes with wide audiences, and utilization of biomarkers in clinical practice.

1 | INTRODUCTION

The primary goal of periodontal treatment is to reduce morbidity and

repair function of the dentition and enhance the quality of life by

objectively diagnosing an individual's periodontal health condition and

well-being. An accurate periodontal diagnosis requires objective and

comprehensive documentation of clinical signs and symptoms, usually

obtained by direct clinical measurements. Oral clinical measurements
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aim to define the function and survival of the dentition and have been

used since the dawn of modern dentistry. While clinical measure-

ments are considered the gold standard in dental practice, their abili-

ties to diagnose the periodontal disease at its early phases,

prognosticate disease progression, or estimate treatment outcomes

have shortcomings. For example, bleeding on probing (BOP), a widely

used marker of gingival inflammation, may occur in the absence of the

disease (Lang et al., 1991), and its sensitivity, specificity, and fre-

quency are dependent on multiple factors (Karayiannis et al., 1992;

Lang & Tonetti, 1996). Baseline pocket depth (PD) levels may have

prognostic value in tooth loss (Petsos et al., 2021) or further attach-

ment loss (Claffey et al., 1990); however, there is no information on

the use of PD scores in the prediction of attachment gain or regenera-

tion. In addition, the sensitivity of clinical measurements is low. More-

over, the change of symptoms over time may cause diagnostic

uncertainties requiring a long-term and well-calibrated follow-up.

These limitations of clinical indices can be improved with biomarkers.

Biomarkers are objective and quantifiable determinants of normal

biological or pathogenic processes and can be measured accurately

and reproducibly (Biomarkers Definitions Working Group, 2001). Bio-

markers can be roughly divided into three groups: biomarkers of expo-

sure, biomarkers of effect, and biomarkers of susceptibility. A

biomarker of exposure in infectious diseases is usually a pathogen (its

presence or increased abundance) or its virulence factor (e.g., lipopoly-

saccharide, protease). A biomarker of effect is a part of the host

response (e.g., proinflammatory cytokines, enzymes, degradation end

products) resulting from the exposure to an exogenous agent. Finally,

a biomarker of susceptibility defines individual factors that determine

the severity of host response to exogenous agents (e.g., gene poly-

morphisms, gene copy-number defects) (Chen et al., 2011). Diag-

nostic biomarkers guide physicians in discriminating the group of

diseased individuals from the healthy ones, whereas monitoring

and prognostic biomarkers improve their treatment planning

towards personalized medicine and provide essential data for risk

of disease recurrence during the maintenance phase of treatment

(McLeod et al., 2019).

Periodontal diseases present unique advantages and challenges in

searching for host- or microbe-derived biochemical biomarkers. Peri-

odontitis is a chronic inflammatory disease of the tooth-supporting

tissues with an infectious origin and degenerative pathogenesis. Deg-

radation of periodontal tissues is mainly the outcome of a biological

process regulated by uncontrolled cytokine/chemokine expression

and enzyme activation (Kurgan & Kantarci, 2018). Diagnosis of peri-

odontal diseases requires the use of clinical measurements (BOP, PD,

and clinical attachment loss) and radiographic determinations (alveolar

bone loss). These clinical indices have been used widely in dental

clinics for decades. Indeed, they are now presented as part of the

American Academy of Periodontology and the European Federation

of Periodontology guidelines in classifying periodontal health and dis-

ease (Caton et al., 2018). However, the clinical and radiographic indi-

ces indicate a disease only after it occurs and have limited prognostic

capacity.

Diagnosing periodontal health and determining the disease stages

with non-invasive and accurate methods has been a long-term goal in

periodontal research and clinical practice. Technological advance-

ments during past decades have expanded the search for biochemical

biomarkers of periodontal diseases. Various cytokines or enzymes

(gingipains of Porphyromonas gingivalis, interleukin-1β, and matrix

metalloproteinase-8) in saliva and the gingival crevicular fluid (GCF)

are now available as candidate biomarkers of periodontal disease initi-

ation and progression (U. K. Gürsoy et al., 2022). As a circulating fluid,

the non-invasively collected saliva contains biomarkers that are useful

to discriminate the periodontitis cases from periodontally healthy con-

trols in a population, diagnose the initiation, healing, and recurrence

of periodontitis at an individual level (personalized medicine), classify

the extension of periodontal disease, identify oral infection in a non-

dental setting, and provide information about the overall health of the

patient (Arias-Bujanda et al., 2019). As an exudate, GCF reflects

changes in the periodontal status at the site level, which can be used

to predict post-treatment healing response and monitor periodontal

regeneration (Arias-Bujanda et al., 2020).

The recent advancements have also significantly decreased costs

in –omics and other high-throughput technologies, which produce

open-ended data, and boosted the number of host- or microbe-

derived biochemical biomarker research publications. Thus, the list of

potential biochemical biomarkers for assessing the disease processes

is growing. On the other hand, systematic reviews and meta-analyses

of diagnostic markers of periodontal diseases have repeatedly demon-

strated limited evidence of the validity of current analytes as reliable

host- or microbe-derived biochemical biomarkers (Arias-Bujanda

et al., 2019, 2020; Ghassib et al., 2019), suggesting several issues in

design, execution, interpretation, validation, and translation of candi-

date biochemical markers.

2 | BIOCHEMICAL BIOMARKERS OF
PERIODONTAL DISEASES: FROM
DISCOVERY TO CHAIRSIDE

Bringing a host- or microbe-derived biochemical biomarker from

bench to chairside requires four main steps: (1) descriptive (including

hypothesis-free –omics and high-throughput methods for discovery)

and mechanistic studies defining biochemical biomarker candidates

and their roles in disease; (2) validating the power of the biochemical

biomarker candidate in independent populations; (3) assay develop-

ment for fast and reliable detection of the target of interest; and

(4) clinical validation of the assay (Pavloum et al., 2013). The lack of

confirmative or validating evidence in periodontal biomarker research

has many reasons, including heterogeneities in diagnosis criteria, clini-

cal endpoint definitions, participant recruitment criteria, sample col-

lection, storage techniques, biochemical and microbiological detection

methods, and applied statistical analyses. The heterogeneities in

applied methods prevent the inclusion of published reports into the

meta-analyses. Ignorance of the importance of high-quality reporting
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by dental researchers is also an important handicap. The lack of com-

parable methodologies, lack of transformation of population-based

data to the single individual level, and increased poor reporting delay

the development of chairside assays and their use in clinical and non-

clinical settings.

3 | GUIDELINE FOR BIOCHEMICAL
BIOMARKER STUDIES IN PERIODONTAL
MEDICINE

Here we propose a seven-point roadmap to serve as the foundation

for making the research outcomes comparable and re-analysable with

the ultimate goal of translating research to clinical practice. These

seven criteria are shown as a checklist in Table 1. This checklist will

function as a roadmap (Figure 1) to guide and encourage researchers

to implement the essentials of host- or microbe-derived biochemical

biomarker research into the study design and serve as a guide to

report the crucial features of their research work. A similar trend

exists in other medical fields where reporting recommendations for

biochemical biomarker studies are being published (Sauerbrei

et al., 2018).

The seven-point roadmap is explained below. Genetic susceptibil-

ity markers, which aim to predict the risk of disease onset, are not

included in this work, as evidence on the application of such surro-

gates are scarce. Indeed, the dynamics of the genetic and biochemical

biomarkers vary in body fluids, and their translational value in

prediction, diagnosis, and prognosis differs. Nevertheless, predicting

the occurrence of periodontitis by detecting the genetic variations has

been in the interest of various research groups for the last decades.

Indeed, genome-wide association studies have produced some evi-

dence that periodontitis is associated with susceptibility alleles

(Schaefer, 2018). However, these studies have been of limited predic-

tive value. The main reason behind this outcome is the interplay

between the internal and external risk factors where genetic back-

ground acts as one of the determinants of periodontal disease initia-

tion and development not being due to an individual risk allele alone

(Nibali et al., 2017). For the same reason, commercialized genetic tests

have failed to bring generalized and additional benefit to the early

diagnosis of periodontitis or the prognosis of treatment outcomes.

Likewise, the definition of microbiological biomarkers is limited to

microbe-derived biochemical markers found in periodontal and oral

fluids and does not include species-level analyses of microbial com-

munities of the oral microbiome.

3.1 | Definition of health and disease

A universally accepted definition of disease and health need to be

implemented. Associating the host- or microbe-derived biochemical

biomarker levels solely with clinical indices (i.e., PD, BOP%) without

a clear diagnosis or applying self-defined disease definitions

(PD > 4 mm at more than one site) has been commonly done in bio-

marker research. However, these approaches have limited the compa-

rability of outcomes with other studies. In line with the most recent

classification of periodontal diseases (Papapanou et al., 2018), the def-

initions for disease versus health need to be universally adopted. Con-

sidering that the current classification may evolve with time and that

population-based studies may require different disease definition

criteria than observational analytical studies, presenting clinical

parameters (PD, clinical attachment level, and BOP%) of the study

groups based on the standardized case definitions will be beneficial

(Holtfreter et al., 2015).

3.2 | Variation or change of the candidate
biochemical biomarker between health and disease

Host- or microbe-derived biochemical biomarkers are used to detect

pathogenic processes and follow the response to a therapeutic or

medical intervention. The change in concentrations of a candidate

biochemical biomarker during the development of the disease should

return to the levels associated with normal (healthy) values after peri-

odontal treatment. Therefore, implementing an intervention to the

study design is critical in demonstrating the post-treatment response

of host- or microbe-derived biochemical biomarker levels. Universally

accepted endpoints of periodontal therapy (shallow periodontal

pockets [≤4 mm] that do not bleed on probing in patients with

full-mouth bleeding scores <30%) are crucial in creating comparable

data (Loos & Needleman, 2020).

TABLE 1 Checklist for periodontal biochemical biomarker
research

Check points Description

Page number/

lines

Biology Biological specificity of tested

analyte and sample material

Clinical

definitions

Definitions of primary outcome

variables (disease and health)

Recruitment Recruitment cohort

Sampling Sample storage and handling

Freeze–thaw cycles

Analyse Description of applied method

(incl. Catalog number company)

Use of internal controls and

number of replicates

LOD, percentage of samples (for

each study group separately)

under LOD values and

substitution methods

Statistics Cut-off, sensitivity, and specificity

values

Interpretation Implementation of the

confounders into statistical

analyses (univariable and

multivariable analyses)

Abbreviations: LOD, limit of detection; Catalog number.
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3.3 | Biological characteristics of a candidate host-
or microbe-derived biochemical biomarker

The severity, prevalence, and treatment response of periodontal diseases

are affected by local (e.g., smoking) and systemic (e.g., systemic diseases

and conditions) factors. The same factors also affect the concentrations

of biochemical biomarker candidates (e.g., interleukin-1β, lactate dehy-

drogenase, matrix metalloproteinase-8) either directly or indirectly

(U. K. Gürsoy et al., 2009; M. Gürsoy et al., 2010). The extracellular

release of the analyte, its enzymatic degradation by the host or bacterial

proteases, and its half-life in the sample medium will significantly affect

the study outcomes. Therefore, the analyte's cellular source, its role in

the pathogenesis of periodontal diseases, its relation to periodontal risk

factors and exposure profiles, and its stability in samples need to be care-

fully determined during the study planning and data interpretation.

3.4 | Participant recruitment

Characteristics of the study participants will determine the outcomes.

For example, the recruitment of study groups from different sources,

which may actually reflect a more homogenous cohort not necessarily

representative of the general population (e.g., periodontitis patients

from dental clinics and periodontally healthy controls from dental stu-

dents), will produce significant variations in group characteristics

(Sedgwick, 2015). Descriptive characteristics of the study population

(e.g., socioeconomic status, gender distribution, age, smoking, diabe-

tes, body mass index) need to be presented in a baseline table to bring

confounding and nuisance variables to the front. Recruitment bias,

which may directly (e.g., age) or indirectly (e.g., educational level)

affect the study outcomes, needs to be addressed in the

interpretation and discussion. A rationale for sample size needs to be

defined. The flow of patients and the reasons for drop-outs should be

given in a flow chart for clarity. Indeed, authors need to follow vali-

dated checklists (i.e., STROBE) or guidelines (Holtfreter et al., 2015).

3.5 | Sample handling and sample-specific
characteristics

Sample type (e.g., resting vs. flow GCF), collection method (e.g.,

stimulated vs. unstimulated saliva), and storage conditions (e.g., �20

vs. –70�C) are usually presented in all biochemical biomarker studies.

However, other important factors such as repeated freeze–thaw cycles

or biological functions of applied enzyme inhibitor cocktails, which sub-

stantially affect sample protein concentrations and activations, are rarely

discussed. Biological fluids have different matrices (Chiu et al., 2010).

Sample dilutions may lead to unpredicted variations in antigen–antibody

interactions, which may be analyte- and matrix-specific and thus induce

non-linear changes in protein concentrations (Browne et al., 2013). If

sample dilution was applied, dilution factor and dilution buffer need to

be clearly given, and their possible effects must be discussed.

Researchers are highly advised to follow the guidelines and recommen-

dations for clinical biomarker preservation and assessment (Vaught &

Henderson, 2011; Dakappagari et al., 2017). Finally, the selected sample

material must fit with the intended purpose of the study.

3.6 | Detection methodology

Advanced laboratory detection methods for host- or microbe-derived

biochemical biomarkers have been developed over the last decades.

F IGURE 1 A road map from hypothesis to biomarker validation, assay development, and clinical application with critical questions
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However, comparative analyses of methods are limited. For example,

antibody- or bead-based assays that are widely used rely on standard

curves with different mathematical formulae and antibody-specific

performances. In addition, antibody-based platforms present strong

batch effects. Proteomics also has a strong batch effect, which intro-

duces noise that reduces the statistical power and decreases the valid-

ity of the conclusions (Čuklina et al., 2021). Therefore, a direct

comparison of the outcomes is usually inaccurate. Furthermore,

depending on the assay of choice, the concentrations of target

analytes may be left under the limit of detection (LOD), especially in

periodontally healthy groups. Thus, LOD levels, the percentage of

samples left under LOD levels, and the missing data substitution

methods need to be presented (Whitcomb & Schisterman, 2008).

3.7 | Statistics and data interpretation

Applied statistical methods must be specified for each variable clearly.

Rather than simply reporting an observed difference by stating “a sta-

tistical significance was observed (p < .05)”, actual p-values for each

comparison need to be presented. Statistical difference between dis-

ease and control groups in the concentration of biomarker candidates

is not enough to define the tested marker as a biomarker. A cut-off

must be defined to produce comparable thresholds for disease and

health. Indeed, by presenting the sensitivity and specificity values of

the given cut-off value, the effect of covariates (age, systemic dis-

eases, and smoking) on the diagnostic power of biomarkers will

become visible (Subtil & Rabilloud, 2014). A common practice is to

define subgroups during the statistical analysis. At the same time, such

subgroups have usually been not a part of the original study design

and not considered during the power analysis. As a result, poorly

defined and performed subgroup analyses may lead to false positives

or false negatives due to inadequate power (Burke et al., 2015).

4 | SUMMARY

The seven criteria and the checklist we presented are intended for

host- or microbe-derived biochemical biomarkers of diagnosis and

prognosis. Here, our aim was not to evaluate the advantages and the

disadvantages of site-specific or patient-specific biomarkers over each

other. Site- and patient-specific biomarkers and their contribution to

precision medicine have been discussed elsewhere (Steigmann

et al., 2020). Periodontology has been a pioneer in biomarker research

in dental medicine. As a result, there has been an overflow in the

number of published articles on host- or microbe-derived biochemical

biomarker research, which has presented a wealth of information on

the biological mechanisms underlying health and disease in periodon-

tal tissue responses. It is time to translate the associations into clinical

use. We proposed implementing a seven-point biochemical

biomarker-related roadmap into periodontal biomarker research to

guide publication, interpretation, and utilization in clinical practice.

Utilizing the proposed roadmap into periodontal biomarker research

will improve data quality, validation, reproducibility, and, most impor-

tantly, help researchers utilize their research outcomes in clinical

practice.
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