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Abstract

Aim: To determine the accuracy of biomarker combinations in gingival crevicular fluid
(GCF) and saliva through meta-analysis to diagnose periodontitis in systemically healthy
subjects.

Methods: Studies on combining two or more biomarkers providing a binary classifica-
tion table, sensitivity/specificity values or group sizes in subjects diagnosed with peri-
odontitis were included. The search was performed in August 2022 through
PUBMED, EMBASE, Cochrane, LILACS, SCOPUS and Web of Science. The methodo-
logical quality of the articles selected was evaluated using the QUADAS-2 checklist.
Hierarchical summary receiver operating characteristic modelling was employed to
perform the meta-analyses (CRD42020175021).

Results: Twenty-one combinations in GCF and 47 in saliva were evaluated. Meta-
analyses were possible for six salivary combinations (median sensitivity/specificity
values): IL-6 with MMP-8 (86.2%/80.5%); IL-1p with IL-6 (83.0%/83.7%); IL-1p with
MMP-8 (82.7%/80.8%); MIP-1a with MMP-8 (71.0%/75.6%); IL-1B, IL-6 and MMP-8
(81.8%/84.3%); and IL-1B, IL-6, MIP-1a and MMP-8 (76.6%/79.7%).

Conclusions: Two-biomarker combinations in oral fluids show high diagnostic accuracy
for periodontitis, which is not substantially improved by incorporating more biomarkers.
In saliva, the dual combinations of IL-1p, IL-6 and MMP-8 have an excellent ability to
detect periodontitis and a good capacity to detect non-periodontitis. Because of the lim-
ited number of biomarker combinations evaluated, further research is required to corrob-
orate these observations.

KEYWORDS
diagnostic accuracy, meta-analysis, molecular biomarkers, oral fluids, periodontitis

Clinical Relevance
Scientific rationale for study: It is recognized that biomarkers may be essential in the early diagno-
sis of periodontitis. Because of the disease's complexity, combining more than one biomarker

may be appropriate.
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Principal findings: In saliva, IL-18 with MMP-8, IL-1f with IL-6 or IL-6 with MMP-8 as a first-line
screening tool would correctly identify 78%-81% of periodontitis patients and 85%-88% of

non-periodontitis subjects. These results did not change by combining these three biomarkers.

Practical implications: Dual associations of IL-1p, IL-6 and MMP-8 in saliva show their clinical

utility in diagnosing periodontitis.

1 | INTRODUCTION

Periodontitis is one of the most prevalent chronic diseases
(Kassebaum et al., 2014). In 2017, the age-standardized prevalence of
severe periodontitis was 9.8%, representing 796 million people
affected by this disease worldwide (Bernabe et al., 2020). These num-
bers are likely to continue to increase as the population ages (Tonetti
et al., 2017).

This disease reduces oral-health-related quality of life (Graziani &
Tsakos, 2020), and it has been linked to more than 50 systemic condi-
tions (Tsuchida, 2020), including diabetes, cardiovascular diseases
(Liccardo et al., 2019) and dementia (Asher et al., 2022). Therefore, an
accurate and prompt diagnosis of the periodontal condition is essen-
tial, because bone and soft-tissue loss may lead to aesthetic, func-
tional and systemic sequelae (Papapanou et al., 2018).

Clinical measures enable clinicians to assess the current extent and
severity of periodontitis and past tissue destruction, but they do not pro-
vide reliable data about the biological activity or future course
(Tsuchida, 2020). Furthermore, recording clinical measures is subjective,
as it is examiner-dependent (Preiano et al., 2020). Considering these limi-
tations, the current classification of Periodontal and Peri-implant Dis-
eases and Conditions has highlighted the potential use of biomarkers to
improve the early diagnosis of periodontitis (Tonetti et al., 2018).

The destruction of the periodontium is caused by a microbial dysbio-
sis that overactivates the host's immunological response
(Hajishengallis, 2014; Pan et al., 2019). This alters the expression of sev-
eral proteins or metabolites (Tsuchida, 2020), and molecular biomarker
profiles specific to each periodontal condition in oral fluids have been
demonstrated (Almehmadi & Alghamdi, 2018; Baima et al., 2021; Chen
et al., 2019; de Morais et al., 2018; Di Lenardo et al., 2019). This has
prompted the publication of many systematic reviews/meta-analyses on
the diagnostic accuracy of single molecular biomarkers in the gingival
crevicular fluid (GCF) (Arias-Bujanda et al., 2019) and saliva (Arias-
Bujanda et al., 2020; de Lima et al., 2016).

However, it has been recognized that, because of the complexity
of the disease and the combined action of different inflammatory/
tissue destruction components, it may be appropriate to combine
more than one biomarker (Almehmadi & Alghamdi, 2018; Bibi
et al., 2021; Zhang et al., 2009). To our knowledge, only one system-
atic review has evaluated the accuracy of biomarker combinations in
saliva to diagnose periodontitis (Sukriti et al., 2020). However, no
meta-analysis has been published in both oral fluids (GCF and saliva),
so further evidence is required to advance the topic.

Therefore, the objective of the present systematic review/meta-

analysis was to determine the diagnostic accuracy for periodontitis

derived from a combination of biomarkers, with at least one molecular

biomarker detected in GCF or saliva in systemically healthy subjects.

2 | METHODS

This systematic review was conducted according to the PRISMA-DTA
(Preferred Reporting Items for a Systematic Review and Meta-analysis
of Diagnostic Test Accuracy) statement (Mclnnes et al., 2018) and the
Cochrane Handbook for Systematic Reviews of Diagnostic Test Accu-
racy, version 1.0.0 (Deeks & Bossuyt, 2013).

The protocol was registered with the International Prospective
Register of Systematic Reviews (PROSPERO) and was assigned the
number CRD42020175021. A detailed description of the methods is
given in Appendix S1.1.

21 | Focused question

The formulated focused question was as follows: ‘In systemically
healthy subjects, does the expression of a combination of molecular
biomarkers in oral fluids (GCF or saliva) enable professionals to make
periodontitis diagnoses comparable to those produced with clinical

parameters?’

2.2 | Inclusion criteria

221 | Types of accuracy studies

The review encompassed all investigations that evaluated a combina-
tion of at least two molecular biomarkers in GCF, saliva or both (index
test) that provided a diagnosis in individuals with periodontitis
detected by conventional clinical parameters (reference standard). Eli-
gible study designs were cross-sectional or longitudinal with diagnos-
tic accuracy evaluation. Studies were excluded if they did not contain
a binary classification table (number of true positives, true negatives,
false positives, and false negatives) or adequate information to calcu-

late it (sample size and sensitivity/specificity values).

2.2.2 | Definitions of target and control conditions

Participants were patients without a specific diagnosis of a systemic

disease but had a clinical periodontal diagnosis. Target and control
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conditions were defined at the patient (GCF and saliva) or site level
(only GCF). At the patient level, the target condition was periodontitis
at any stage/degree of severity and extent. Patients diagnosed with
periodontal health and gingivitis were included as controls. At the site
level, the target condition consisted of periodontitis sites according to
the criteria considered by the authors, and the control condition was

healthy, gingivitis or <2 mm clinical attachment loss (CAL) sites.

223 | Index test(s) and reference standard

An index test was defined as two or more objectively quantifiable bio-
markers in GCF or saliva, at least one of them being a molecular
biomarker, which were mathematically combined in a predictive
model.

The reference standard was defined as the best method for
establishing the presence/absence of the target condition (Cohen
et al.,, 2016). This required diagnosing the periodontal condition based
on only clinical (probing pocket depth [PPD] or CAL) or clinical and
radiographic parameters (bone loss [BL]). The definition of periodontal
status was based either on previously established criteria
(Armitage, 1999; Caton et al., 2018) or on the criteria reported by the
author(s). Conversely, research that did not specify any reference
standard or where periodontal status was not assessed using at least
one clinical parameter (PPD or CAL) was excluded.

2.3 | Search methods for the identification of

studies

The searches were conducted using the electronic databases PUBMED
(MEDLINE), EMBASE, Cochrane Central Register of Controlled Trials and
Trial Protocols, LILACS, SCOPUS and Web of Science.

The search strategy employed in August 2022 adopted the rec-
ommendations of the Cochrane Group for Systematic Reviews of
Diagnostic Test Accuracy (Deeks & Bossuyt, 2013), which is detailed
in Appendix S1.2.

2.3.1 | Selection of studies applying a dual process:
Data mining and manual methods

R software (version 4.2.2) and packages downloaded from the Com-
prehensive R Archive Network Team (2022) were employed for the
management of the data detected through the searches (R Core
Team, 2022).

Computational analysis of the abstracts was performed as
described in Appendices S1.1 and S1.3 to guarantee research repro-
ducibility (Norman et al., 2018), using the tm (version 0.7-10) and NLP
packages (version 0.2-1) (Feinerer et al., 2008; Feinerer &
Hornik, 2022; Hornik, 2020). The automated data-mining process had
been previously validated, as explained before (Arias-Bujanda
etal, 2019, 2020).

The manual evaluation of articles with multiple published identifiers
(PMIDs), those with a single PMID without abstract or those without
PMID, besides full-text candidate papers, was performed by three inde-
pendent reviewers (T.B.P., AR.l. and 1.S.P.), who recorded the reasons for
exclusion. All disagreements were resolved by discussion and consulta-
tion with a fourth reviewer (L.T.). Agreement between reviewers was

assessed using the percentage of agreement and kappa statistic.

2.3.2 | Data extraction and management

Data from selected studies were independently extracted in triplicate
by three authors (T.B.P., A.R.l. and |.S.P.) using a standardized data col-
lection form. The information recorded from each paper was as fol-
lows: type of study, number and type of control and target conditions,
patient characteristics, reference standard characteristics, GCF and
saliva samples characteristics, type of biomarkers, detection technique
employed and diagnostic accuracy results.

24 | Assessment of methodological quality

Two reviewers (C.B.C. and P.C.B.) independently assessed the meth-
odological quality of the studies included using the critical review
checklist described in the revised Quality Assessment of Diagnostic
Studies (QUADAS-2) (Whiting et al., 2011). According to our previ-
ously published reviews (Arias-Bujanda et al, 2019, 2020), the
QUADAS-2 checklist was modified, removing the first question of the
‘index test” domain (Appendix S2.1).

2.5 | Qualitative analysis
The unit of analysis was each binary classification table of a combina-
tion of at least two biomarkers. The diagnostic accuracy of a bio-
marker combination was assessed by measuring the biomarkers'
capacity to detect the presence or absence of the target condition.
Precision estimates were expressed as sensitivity and specificity
values and their corresponding 95% confidence intervals for each bio-
marker combination (index test) and visualized using forest plots.
Other accuracy measures, including accuracy (ACC), positive predic-
tive value (PPV), negative predictive value (NPV), positive likelihood
value (LR+), negative likelihood value (LR—), diagnostic odds ratio
(DOR) and Youden's index (Youden, 1950) were calculated using the
data extracted from each article. The diagnostic accuracy parameters
were interpreted using the previously established guidelines defined
in Appendix S3.1.

2.6 | Quantitative analysis

Meta-analysis was performed when at least three diagnostic classifi-

cation tables were calculated for a GCF or salivary biomarker
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combination in at least two studies. Accuracy studies were included
regardless of the threshold value. Hierarchical summary receiver oper-
ating characteristic (HSROC) modelling was used to conduct the
meta-analysis using the HSROC package (version 2.1.9) (Schiller &
Dendukuri, 2019).

To produce direct evidence of the effectiveness of GCF and sali-
vary biomarker combinations subjected to meta-analyses (Leeflang &
Kraaijpoel, 2018), we considered the summary accuracy data obtained
using natural frequencies based on a hypothetical cohort of 1000
patients (Whiting et al., 2018). These frequencies were then con-
verted into percentage values regarding summary estimates of sensi-
tivity, specificity and different prevalences of periodontitis.

3 | RESULTS

3.1 | Study selection

We conducted 353 searches per database, which retrieved 16,716
articles, of which computational data-mining techniques deleted
89.7%, and the remaining 10.3% were assessed manually. Then,
438 papers were selected for full-text assessment, besides 13 that
were detected through citation searching. Subsequently, 428 articles were
excluded for different reasons (Appendix S4). Finally, 10 publications in
GCF and 13 in saliva—including 21 contingency tables in GCF and 70 in
saliva—were qualitatively evaluated (Altingdz et al., 2021; Arias-Bujanda
et al., 2018; Baeza et al., 2016; Baliban et al., 2013; Beighton et al., 1990,
1992; Ebersole et al, 2013, 2015; Ferrando et al, 2005; Gorglli &
Dogan, 2022; Grant et al., 2022; Hanioka et al., 2005; Huang et al., 2020;
In6ni et al., 2020; Kim et al., 2021; Kitamura et al, 1991; Nagarajan
et al, 2015; Nakashima et al, 1996; Ochanji et al., 2017; Rzeznik
et al, 2017; Tomas et al, 2017; Wu et al.,, 2018; Zhang et al., 2021).
Appendix S5 shows this flow-chart. The percentage of agreement and
kappa scores for title and abstract screening were 96.1% and 0.90, respec-

tively, and for full-text evaluation they were 99.3% and 0.96.

3.2 | Characteristics of diagnostic accuracy studies
in GCF and saliva

Twenty-one different combinations of biomarkers in GCF and 47 in
saliva were extracted. The combination of two biomarkers was the
most frequent (57.1% in GCF and 52.9% in saliva), whereas 47.1%
and 42.9% were formed by 3-5 and 5-10 biomarkers, respectively.
Regarding the type of biomarkers, 85.7% and 80.0% of the classifica-
tions in GCF and saliva comprised one or more inflammatory media-
tors. Protein groups comprising nine or more GCF biomarkers are
specified in Appendix Sé.

The mean age of patients with the target condition was above
40 years in 70% of GCF studies and 76.9% in saliva, whereas that for
the control subjects were between 30 and 45 years in 70% of GCF

studies and between 20 and 40 years in 61.5% in saliva.

The most frequent target condition in GCF was chronic periodon-
titis at different stages (76.2%), with Armitage's classification
(Armitage, 1999) being the most used (61.9%), followed by sites with
CAL =2 mm in chronic periodontitis patients (14.3%). In saliva, it was
periodontitis at different stages (74.3%), being the new classification
(Caton et al, 2018) the most used (51.4%), especially at stage
11 (45.7%).

In GCF, the control condition most employed was healthy period-
ontium (71.4%), based on bleeding on probing (BOP) <25%, absence
of PPD 24 mm and radiographic BL in 42.9% of the classifications, fol-
lowed by sites with no CAL in chronic periodontitis patients (14.3%).
In saliva, it was periodontal health (62.9%), followed by gingivitis
(24.3%), which were defined as BOP <10% (periodontal health) or
220% (gingivitis), CAL <2 mm and PPD <4 mm in 35.7% of the
classifications.

In 50% of the GCF articles, the participants' tobacco use was not
specified; 30% included non-smokers and smokers, and non-smokers
formed 20%. In saliva, 46.2% of the articles included smokers and
non-smokers, the same percentage selected only non-smokers, while
one paper did not provide this information.

The technique most employed for biomarker detection in GCF
was multiparametric cytometry (42.9%), whereas in saliva it was
enzyme-linked immunosorbent assay (ELISA) (64.3%), followed by
multiparametric cytometry (42.9%). This information is detailed in
Table 1 and summarized in Appendix S7.

3.3 | Quality assessment of diagnostic accuracy
studies in GCF and saliva

The patient selection domain was considered at high risk of bias in
>90% of the articles in GCF and saliva, mainly due to the employment
of case-control designs (80% in GCF and 92.3% in saliva). The index
test domain was categorized as having a high risk of bias in the
23 papers because none applied pre-specified thresholds. However,
the reference standard domain was judged as having a low risk of bias
in 292% of the studies (in both GCF and saliva). The interval between
the reference standard and the index test was adequate in 70% of the
GCF articles (low risk of bias), but 30% did not specify this period
(unclear risk of bias); in saliva, these values were 23.1% and 76.9%,
respectively. The applicability of all domains was considered at low
risk of bias in all papers, except one on saliva that employed as refer-
ence standard the Community Periodontal Index of Treatment Needs
(CPITN) system, which was judged as unclear risk (Figure 1,
Appendices S2.2 and S2.3).

Considering the sample size as a quality indicator, most of the tar-
get and control condition classifications in GCF were composed of
<30 subjects (57.1% and 71.4%, respectively), but considering the
number of samples, 57.1% evaluated 231 samples. In saliva, 64.3% of
target condition classifications comprised 231 participants, while
61.4% of control condition classifications were formed by <30 sub-
jects (Table 1, Appendix S7).
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3.4 | Synthesis of qualitative analyses of GCF 35 |

FIGURE 1 Quality assessment of the
diagnostic accuracy studies included in

(a) gingival crevicular fluid and (b) saliva
according to the modified QUADAS-2 tool.

Synthesis of qualitative and quantitative

biomarker combinations

In GCF it was not feasible to perform meta-analysis according to the
pre-defined criteria, as the associations of the 21 biomarkers were
assessed in a single contingency table.

Considering those combinations that showed ACC values >95%
(sensitivity/specificity values), Baliban et al. (2013) obtained the high-
est levels with an ACC of 96.4% (95.2%/97.6%) for four different
combinations of 10 biomarkers each, followed by Huang et al. (2020)
with an ACC of 96% (96.0%/96.0%) for the association of five bio-
markers (interleukin IL-1p, IL-8, matrix metalloproteinase MMP-13,
osteoactivin [OA] and osteoprotegerin [OPG]).

Regarding the combinations of two molecules that gave an
ACC >90%, the association of two cytokines (IL-1a, IL-1p or IL-17A
with interferon IFN-y or IL-10) showed ACC values of 92.5%-95.2%
(90.4%-94.5%/94.6%-97.3%) (Tomas et al., 2017). In non-smokers,
IL-1a, IL-1p or IL-17A with cytokine IL-2 as a ratio gave ACC values of
80.6%-88.2% (81.3%-87.5%/77.0%-90.2%), although in smokers it
increased to 84.4%-92.6% at the expense of sensitivity (95.1%-
98.8%). However, the specificity values were lower (38.5%-84.6%)
(Arias-Bujanda et al., 2018) (Figure 2, Appendix S3.2).

analyses of six salivary biomarker combinations

The ACC ranges (sensitivity/specificity ranges) for all salivary combina-
tions are detailed in Appendices S3.3 and S3.4. Meta-analysis was per-
formed in 6 of the 47 salivary biomarker combinations because they
were the only ones that presented three or more contingency tables in
two or more different articles (Figures 3 and 4; Appendices S8 and S9).
The association of IL-1p with MMP-8 was the most studied
(Ebersole et al., 2013, 2015; Zhang et al., 2021), followed by IL-1f with
IL-6; IL-6 with MMP-8 (Ebersole et al., 2013, 2015); macrophage inflam-
matory protein (MIP)-1a with MMP-8 (Ebersole et al., 2013; Gorglli &
Dogan, 2022), IL-1p, IL-6 and MMP-8 (Ebersole et al., 2013, 2015) and
the combination of these four biomarkers (IL-1B, IL-6, MIP-1a and
MMP-8) (Ebersole et al., 2013; Nagarajan et al., 2015). Regarding the
type of biomarkers, these molecules were pro-inflammatory and host-
response mediators (IL-16, IL-6 and MIP-1«) and an enzyme (MMP-8).
Regarding the HSROC modelling, the combinations ordered from
highest to lowest sensitivity estimations + standard deviation were as
follows: IL-6 with MMP-8 (86.2 + 23.1%); IL-1p with IL-6 (83.0
+21.0%); IL-1p with MMP-8 (82.7 + 16.1%); IL-18, IL-6 and MMP-8
(81.8 +21.5%); IL-1p, IL-6, MMP-8 and MIP-1a (76.6 + 15.0%);
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FIGURE 2

Forest plot with diagnostic test accuracy results (sensitivity, specificity and 95% confidence intervals) of each combination of

gingival crevicular fluid biomarkers included. (1) Hanioka et al. (2005); (2) Tomas et al. (2017); (3) Arias-Bujanda et al. (2018); (4) Nakashima et al.
(1996); (5) Baeza et al. (2016); (6) Huang et al. (2020); (7) Kitamura et al. (1991); (8) Beighton et al. (1992); (9) Beighton et al. (1990) and

(10) Baliban et al. (2013). In the forest plot, sensitivity and specificity values are rounded, and the combinations of biomarkers are listed for a
number of biomarkers (from lowest to highest) and in alphabetical order. If the data of true positive, true negative, false positive and false
negative values for each contingency table of a biomarker were not detailed in the article, the authors calculated this table by considering the
sensitivity and specificity values and the sample size of the control and target groups. In relation to the precise sensitivity and specificity values
provided in the selected articles, the values of the calculated contingency tables mostly showed decimal values, which had to be rounded and
sensitivity and specificity values recalculated. Values equal to zero were not allowed in the tables and were replaced by 0.5; in this way, we
avoided infinite values in some measures of the binary classification test, for example, in the diagnostic odds ratio or the positive likelihood value.
a, active; a2M, alpha-2 macroglobulin; AEL, antigenic elastase; ALP, alkaline phosphatase; COL, collagenase; IFN, interferon; lg, immunoglobulin;
IL, interleukin; 1, latent; LPS, lipopolysaccharide; MMP, matrix metalloproteinase; ns, non-smokers; OA, osteoactivin; OC, osteocalcin; OPG,
osteoprotegerin; PGE2, prostaglandin E2; PMN, polymorphonuclear leukocytes; pro, proform; s, smokers; t, total.

and MIP-1a with MMP-8 (71.0 + 21.3%). Considering the specificity
estimations, the values were (from highest to lowest) as follows: IL-
1B, IL-6 and MMP-8 (84.3 + 20.8%); IL-1p with IL-6 (83.7 + 20.5%);
IL-1p with MMP-8 (80.8 + 16.7%); IL-6 with MMP-8 (80.5
+ 23.7%); IL-18, IL-6, MMP-8 and MIP-1a (79.7 + 14.7%); and MIP-
1o with MMP-8 (75.6 + 20.9%) (Figure 5, Appendix S9).

Considering these results, the clinical efficacy of these six combi-
nations and a 45% prevalence of periodontitis (Eke et al., 2020;
Tonetti et al., 2015), 80.7% of the IL-1p with IL-6 positive tests would
indicate a true positive, and 85.8% of the negative tests would imply a
true negative. These amount to 78.4% and 87.7% for IL-6 with MMP-
8; 77.9% and 85.1% for IL-1p with MMP-8; and 70.4% and 76.1% for
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FIGURE 3 Forest plot with diagnostic test accuracy results (sensitivity, specificity and 95% confidence intervals) of each combination of two
salivary biomarkers evaluated in less than three contingency tables. (1) Zhang et al. (2021); (2) Ebersole et al. (2015); (3) Goérguli and Dogan
(2022); (4) Alting6z et al. (2021) and (5) Ochaniji et al. (2017). In the forest plot, sensitivity and specificity values are rounded, and the
combinations of biomarkers are listed for a number of contingency tables and in alphabetical order. If the data of true positive, true negative, false
positive and false negative values for each contingency table of a biomarker were not detailed in the article, the authors calculated this table
considering the sensitivity and specificity values and the sample size of the control and target groups. In relation to the precise sensitivity and
specificity values provided in the selected articles, the values of the calculated contingency tables mostly showed decimal values, which had to be
rounded and sensitivity and specificity values recalculated. Values equal to zero were not allowed in the tables and were replaced by 0.5; in this
way, we avoided infinite values in some measures of the binary classification test, for example, in the diagnostic odds ratio or the positive
likelihood value. 4HNE, 4-hydroxy-2-nonenal; 80OHdG, 8-hydroxy-2'-deoxyguanosine; hsCRP, high sensitivity C-reactive protein; ICTP,
pyridinoline cross-linked carboxyterminal telopeptide of type | collagen; IL, interleukin; MAF, macrophage-activating factor; MDA,
malondialdehyde; MIP, macrophage inflammatory protein; MMP, matrix metalloproteinase; OPG, osteoprotegerin; Pg, Porphyromonas gingivalis;
RANKL, receptor activator nuclear kappa ligand.
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FIGURE 4

Forest plot with diagnostic test accuracy results (sensitivity, specificity and 95% confidence intervals) of each combination of

salivary biomarkers evaluated in at least three contingency tables in at least two studies. (1) Ebersole et al. (2013); (2) Ebersole et al. (2015);

(3) Zhang et al. (2021); (4) Gorguili and Dogan (2022) and (5) Nagarajan et al. (2015). In the forest plot, sensitivity and specificity values are
rounded, and the combinations of biomarkers are listed according to the sensitivity value (from highest to lowest value). If the data of true
positive, true negative, false positive and false negative values for each contingency table of a biomarker were not detailed in the article, the
authors calculated this table considering the sensitivity and specificity values and the sample size of the control and target groups. In relation to
the precise sensitivity and specificity values provided in the selected articles, the values of the calculated contingency tables mostly showed
decimal values, which had to be rounded and sensitivity and specificity values recalculated. Values equal to zero were not allowed in the tables
and were replaced by 0.5; in this way, we avoided infinite values in some measures of the binary classification test, for example, in the diagnostic
odds ratio or the positive likelihood value. IL, interleukin; MIP, macrophage inflammatory protein; MMP, matrix metalloproteinase.

MIP-1a with MMP-8. For the combination of IL-1f, IL-6 and MMP-8,
it would be 81.0% and 85.0%, whereas for the association of the four
biomarkers, it would be 75.5% and 80.6% (Figure 6).

4 | DISCUSSION

This systematic review/meta-analysis evaluated the diagnostic accu-
racy of 21 biomarker combinations in GCF and 47 in saliva. Although

it was not possible to perform a meta-analysis with GCF
biomarkers, there were combinations of two cytokines (IL-1«, IL-1p or
IL-17A with IFN-y or IL-10) that showed sensitivity and specificity of
>90%. The six salivary combinations evaluated meta-analytically were
(mean sensitivity/specificity) the following: IL-6 with MMP-8
(86.2%/80.5%), IL-1B with IL-6 (83.0%/83.7%), IL-1p with MMP-8
(82.7%/80.8%), MIP-1a with MMP-8 (71.0%/75.6%), IL-1p, IL-6 and
MMP-8 (81.8%/84.3%), and IL-1p, IL-6, MIP-1la and MMP-8
(76.6%/79.7%).
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FIGURE 5 Meta-analyses performed on the six combinations of salivary biomarkers using hierarchical summary receiver operating characteristic
(HSROC) modelling. HSROC includes summary points of sensitivity and specificity (median values; red-filled point), together with their prediction and
confidence region. The prediction region (red dotted area) refers to potential sensitivity and specificity values that might be found in a future study
by describing the full extent of the uncertainty of the summary points. This region can represent between-study heterogeneity (Harbord et al., 2007).
The confidence region (blue red dotted area) is associated with the summary estimates of sensitivity and specificity jointly in the HSROC space, while
it also accounts for their inverse association based on the included studies. This region does not, however, reflect the between-study heterogeneity
(Dinnes et al., 2005). Each black circle represents a classification of a biomarker included in the meta-analysis, and its size is proportional to the
sample size. IL, interleukin; MIP, macrophage inflammatory protein; MMP, matrix metalloproteinase.
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FIGURE 6 Expression of summary accuracy data derived from meta-analyses using natural frequencies based on a hypothetical cohort of 1000
patients along different periodontitis prevalence values for the six combinations of biomarkers most studied in saliva. The continuous lines indicate
the percentage of positive tests for different prevalences of periodontitis (the blue line is the percentage of true positives, and the red line is the
percentage of false positives). Discontinuous lines indicate the percentage of negative tests for different prevalences of periodontitis (the blue line is
the percentage of true negatives, and the red line is the percentage of false negatives). FN, false negative, test is negative (indicates periodontitis not
present but the patient has periodontitis); FP, false positive, test is positive (indicates periodontitis but the patient does not have periodontitis); TN,
true negative, test is negative (indicates periodontitis not present and the patient does not have periodontitis); TP, true positive, test is positive
(indicates periodontitis and the patient has periodontitis). IL, interleukin; MIP, macrophage inflammatory protein; MMP, matrix metalloproteinase.

85U8017 SUOWILLOD BAE8.D 3cfedl|dde ayy Aq pausenob 8. saoile O ‘88N JO Sa|nJ o} Akeid 78Ul |UO A8]1AN UO (SUOHIPUOD-PUR-SLUIB)/LIoY" A 1M AleIq Ul Uo//:SdnL) SUORIPUOD PUe SWis | 8U188S *[£20Z/0T/TE] Uo AriqiTauliuo A|im eeisodwod ap ofienues ap spepsIeniun Ag yG8eT 8dol/TTTT 0T/10p/L00" A3 1M AReIq 1 Bul [UO//SAnY WOy papeojumod ‘TT ‘€202 XTS0009T



BLANCO-PINTOS T AL.

48 | WiLE Y- [

Previously, Baima et al. (2021) had published a systematic
review/meta-analysis on GCF metabolites to detect periodontitis.
However, only one combination provided diagnostic accuracy (Pei
et al., 2020), which did not meet our inclusion criteria. Furthermore,
Sukriti et al. (2020) performed a systematic review of the diagnostic
accuracy of salivary biomarker combinations, but they did not conduct
a meta-analysis due to the heterogeneity and the smaller number of
articles detected (7 articles vs. 13 in the present review). The impor-
tance of further evidence on the diagnostic accuracy of biomarkers to
detect periodontitis was highlighted in both reviews (Baima
et al., 2021; Sukriti et al., 2020).

4.1 | Accuracy of GCF biomarker combinations for
diagnosing periodontitis

In recent years, high-throughput proteomic techniques have allowed
the discovery of new biomarkers that may improve periodontitis diag-
nosis (Rizal et al., 2020). Applying this approach, the biomarker combi-
nations that demonstrated the highest diagnostic accuracy values
were four protein groups formed by 10 biomarkers each and the com-
bination of five proteins (IL-1p, IL-8, MMP-13, OA and OPG) with
excellent sensitivity and specificity values above 95% (Baliban
et al,, 2013; De Luca Canto et al., 2015; Huang et al., 2020). These
results are biologically consistent but with limited clinical applicability.

Conversely, Tomas et al. (2017) also showed excellent sensitivity
and specificity values (>90%) by combining a pro-inflammatory cyto-
kine (IL-1a, IL-1B and IL-17A) with an anti-inflammatory cytokine
(IFN-y and IL-10). These combinations showed higher diagnostic accu-
racy than those observed with individual pro-inflammatory cytokines
(Toméas et al., 2017). Furthermore, these pro-inflammatory cytokines
with the anti-inflammatory cytokine IL-2 as a ratio showed excellent
ability to detect periodontitis in non-smokers and smokers, with
smokers showing higher sensitivity (>95%) but lower specificity values
(Arias-Bujanda et al., 2018). Therefore, tobacco's immunosuppressive
effect directly affects cytokines' ability to diagnose periodontitis
(Blanco-Pintos et al., 2022).

Accordingly, combinations of a pro-inflammatory cytokine with
an anti-inflammatory one could provide effective associations for
diagnosing periodontitis, although further studies are needed. How-
ever, the low levels of anti-inflammatory cytokines in GCF can make
the clinical applicability of these combinations difficult (Tomas
et al,, 2017).

4.2 | Accuracy of salivary biomarker combinations
for the diagnosis of periodontitis

The meta-analysis of six biomarker combinations could be performed
in saliva—but not in GCF—although they represented less than 13% of
all classification tables.

The association of IL-1, IL-6 and MMP-8 in pairs showed excel-
lent sensitivity (283%) and good specificity (281%) (De Luca Canto

et al., 2015). However, combining the three proteins did not increase
their diagnostic capability (sensitivity/specificity of 82%/84%). The
meta-analysis by Arias-Bujanda et al. (2020) showed that IL-1p, IL-6
and MMP-8 individually had sensitivity and specificity values <80%
for diagnosing periodontitis. Therefore, combining these proteins in
pairs would increase their diagnostic accuracy, with maximum
increases of 14% in sensitivity and 13% in specificity.

MIP-1a alone has shown sensitivity and specificity of 65%-68%
and 68%-75%, respectively (Ebersole et al., 2015; Gorgili &
Dogan, 2022). In this paper, these values increased when this mole-
cule was combined with MMP-8 or IL-1, IL-6 and MMP-8 (71%-76%
and 76%-80%, respectively), although they did not reach the data
demonstrated by these biomarkers combined without MIP-1a. Thus,
MIP-1a in combination with these proteins might not only increase

their diagnostic accuracy but even decrease it.

4.3 | Limitations and strengths

In the present review, the loss of eligible articles was minimized using
a search strategy with generic and specific index test terms and was
conducted in multiple databases. Additionally, a pre-validated auto-
mated data-mining process was used consistent with current trends
towards developing automated search systems (Sarker, 2022). How-
ever, they can currently reduce sensitivity (Lefebvre et al., 2019).

The main methodological limitation of the included articles is the
use of convenience samples to assess biomarker combinations, which
may be associated with limited generalizability. Moreover, cross-
sectional case-control studies reflect past destruction and present
activity but are limited to determining future progression (Jaedicke
et al., 2016). The selection of thresholds that provided the highest
diagnostic values is justified in the early stages of biomarker discov-
ery. However, the results must be validated to assess the overfitting
of predictive models (Moons et al., 2015). In the present review, only
40% of papers on GCF (Arias-Bujanda et al, 2018; Baliban
et al.,, 2013; Huang et al., 2020; Tomas et al., 2017) and 38.5% on
saliva (Ebersole et al., 2015; Grant et al., 2022; Kim et al., 2021;
Nagarajan et al., 2015; Rzeznik et al., 2017) conducted any validation
analysis.

Additionally, variables such as smoking status may influence the
diagnostic accuracy of biomarker combinations. Although several arti-
cles (30% in GCF and 46% in saliva) included non-smokers and
smokers, only three adjusted their results according to this variable
(Ochaniji et al., 2017; Rzeznik et al., 2017; Tomas et al., 2017). More-
over, only Arias-Bujanda et al. (2018) evaluated the diagnostic accu-
racy differences in cytokine ratios between non-smokers and smokers.
Likewise, previous periodontal treatment is a relevant variable, as it may
alter biomarker expression, making it more similar to periodontal health
(Ceylan et al., 2022; Keskin et al., 2023). In the present review, consider-
ing the studies that provided information on previous periodontal treat-
ment, 50% of articles on GCF and saliva selected patients with never-
treated periodontitis. Only one article included patients with periodonti-

tis treated at least 1 month previously (Huang et al., 2020); in another,
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the patients were treated during the study (Nakashima et al., 1996). Age
differences between target and control groups are also noteworthy (tar-
get condition >40 years in 270% of GCF and saliva studies; control con-
dition <45 years in 70% of GCF and 62% of saliva studies), as it was
found as an influential variable in protein levels (Zhang et al., 2022).

Furthermore, because of the limitations of diagnosing periodontal
status based exclusively on the radiographic assessment of BL (Tonetti
et al., 2018), this was an exclusion criterion. Although no studies were
excluded for this reason, this could have resulted in the loss of eligible
studies. Additionally, different clinical definition criteria of periodontal
status had to be assumed to make the review feasible. Regardless of the
criteria, the reference standard used in 96% of studies was considered
adequate, theoretically implying perfect sensitivity/specificity for diag-
nosing periodontal health or disease (Reistma et al., 2009). However, a
perfect reference standard seldom exists (Leeflang & Allerberger, 2019).
In periodontitis, since the reference standard measures clinical parame-
ters while the index test considers biological levels of molecular bio-
markers, which are unrelated parameters, these inaccuracies may result
in underestimating biomarkers' accuracy (Reistma et al., 2009).

Moreover, the heterogeneity of biomarker combinations made it
possible to perform a meta-analysis only on six salivary biomarkers. In
this regard, it is essential to underline the high number of diagnostic
accuracy studies with methodological deficiencies, according to the
TRIPOD consortium experts, based on the absence of a binary classifi-
cation table or adequate information to calculate it (sample size and
sensitivity/specificity values) (Moons et al.,, 2015). Consequently,
these papers had to be excluded from this review.

As in other systematic reviews undertaken by our group (Arias-
Bujanda et al., 2019, 2020), we considered periodontal health and gingi-
vitis as control conditions, whereas patients with different degrees of
periodontitis were selected as target conditions. Similarly, we also con-
sidered studies on GCF that evaluated the diagnostic accuracy of bio-
marker combinations at the site level (Kitamura et al., 1991; Nakashima
et al., 1996). For experts in the field, these criteria minimize the overesti-
mation of the diagnostic accuracy of index tests and favour the feasibility
of their clinical applicability (Reistma et al., 2009). Nevertheless, it should
also be mentioned that this approach might not specifically provide a

predictive value for patients with gingivitis.

5 | CONCLUSIONS

5.1 | Implications for clinical practice

Clinical measurements remain the best method for assessing peri-
odontal status (Kinane et al., 2017). However, Tonetti et al. (2018)
emphasized that biomarkers could be an essential tool for early diag-
nosis of periodontitis. GCF and saliva are the most used, as they can
be easily and non-invasively collected (Guzman et al., 2014) and their
analyses are cost effective for detecting biomarkers (Zhang
et al., 2009). Moreover, because of advances in biomarker detection
technologies, point-of-care periodontitis diagnosis is feasible (Sorsa

et al, 2022). This strategy can be useful as an automatic, self-
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performing screening tool (e.g., using smart toothbrushes) to enable
patients themselves or general clinicians to interpret the result and
refer them to a dentist (Bornes et al., 2023).

However, owing to the aetiopathogenic complexity of the dis-
ease, it seems highly unlikely to find a single biomarker that allows
accurate diagnosis (Bibi et al., 2021; Zhang et al., 2009). Combining
more than one biomarker could provide a more precise assessment of
the patient's periodontal status (Ghallab, 2018). Interestingly, none
of the 68 biomarker combinations evaluated coincided in both oral
fluids. This reflects that scientific research is more focused on discov-
ering new combinations only in saliva rather than identifying bio-
marker combinations in GCF and then validating them in saliva
(Cafiero et al., 2021).

Considering clinical applicability, the best combination of bio-
markers would be formed by the least number of molecules possible,
that is, two biomarkers with high diagnostic accuracy. In this regard,
the present review revealed that incorporating more biomarkers did
not improve the diagnostic accuracy of periodontitis more signifi-
cantly than when using the best combinations of two biomarkers in
oral fluids. Focusing on the most investigated salivary two-biomarker
combinations and considering a 45% prevalence of periodontitis in
different stages (Eke et al., 2020; Tonetti et al., 2015), the use of a
first-line screening tool IL-1p with MMP-8, IL-1p with IL-6 or IL-6 with
MMP-8 would correctly identify 78%-81% of periodontal patients
and 85%-88% of periodontally healthy subjects. These results did not
improve by combining these three biomarkers. These findings were
obtained in cross-sectional studies and, therefore, indicate the accu-
racy of these biomarker combinations in detecting already developed
periodontitis. Consequently, they do not reflect their potential ability
to predict the future development or progression of periodontitis.

5.2 | Implications for future research
Based on the evidence reviewed, more high-quality research is
needed on the accuracy of biomarker combinations for diagnosing
periodontitis in oral fluids, especially GCF. These studies should have
large, age-matched samples, assess the impact of smoking and peri-
odontal treatment and include validation analyses (Moons
et al., 2015). Similarly, there is a need for more methodologically
well-designed longitudinal investigations that evaluate the prognostic
ability of biomarkers in periodontitis. This study design can allow the
discovery of biomarkers that can predict the development of peri-
odontitis or anticipate its progression to severe stages. In this regard,
techniques such as high-throughput proteomics have proven to be
valuable tools for identifying new and more accurate biomarkers (Van
Gool et al., 2020). Also, the meta-analytic and network-type
approaches available for therapeutic questions should be extended to
questions of comparative diagnostic or prognostic accuracy
(Leeflang & Reitsma, 2018).

In conclusion, dual combinations of some biomarkers in oral fluids
show high diagnostic accuracy for periodontitis, which is not substan-

tially improved by incorporating more biomarkers. In GCF, pro-
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inflammatory and anti-inflammatory cytokines combine well to diag-
nose periodontitis. Based on the meta-analytical results obtained in
saliva, dual combinations of IL-1, IL-6 and MMP-8 show excellent
ability to detect periodontitis and good capacity to detect non-
periodontitis. However, because of the heterogeneity and the limited
number of biomarker combinations evaluated, further evidence,

mainly in GCF, is needed to corroborate these findings.
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