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Abstract

Background/Objectives: Periodontitis can elevate systemic inflammation and negatively
impact glucose regulation. This cross-sectional study investigated relationships between
periodontal inflammatory burden, measured by periodontal inflamed surface area (PISA),
and insulin resistance and systemic inflammation in never-smokers attending a periodontal
clinic with unknown diabetes status. Methods: A total of 154 adults underwent full-mouth
periodontal assessments to determine PISA. Fasting blood samples were taken for glucose,
insulin, and hs-CRP, and HOMA-IR was calculated. An inflammation composite was
created from z-scored log(hs-CRP), IL-6, and TNF-«. Primary analysis involved regressing
log(HOMA-IR) and log(hs-CRP) on PISA, scaled by interquartile range (IQR) increases, with
sequential adjustments. Mediation analysis, adjusted for age, sex, and waist circumference,
used bootstrap testing to evaluate inflammation as a mediator. Results: HOMA-IR and
hs-CRP increased across PISA tertiles (HOMA-IR: 2.01 to 3.17; hs-CRP: 0.73 to 2.48 mg/L;
both p < 0.001). In the prespecified primary adjusted model (age, sex, waist circumference,
education, physical activity, family history of diabetes, and medication use), each IQR
increase in log(PISA) was associated with 85.2% higher hs-CRP (95% CI 53.1% to 124.1%;
p < 0.001) and 15.7% higher HOMA-IR (95% CI —0.8% to 34.9%; p = 0.064). Estimates
were similar with additional adjustment for BMI and SBP, whereas adding plaque (% sites)
attenuated associations (hs-CRP: +15.2%; p = 0.234; HOMA-IR: +1.0%; p = 0.925). Media-
tion analysis (adjusted for age/sex/waist circumference) was consistent with an indirect
pathway via the inflammation composite (a x b = 0.212; 95% CI 0.094 to 0.337), while the
direct effect was not supported (¢’ = —0.047; 95% CI —0.207 to 0.125). Conclusions: Higher
periodontal inflammatory burden was strongly associated with systemic inflammation
and showed weaker, model-dependent associations with insulin resistance; the findings
were consistent with an inflammation-linked pathway in exploratory, partially adjusted
mediation analyses; given the cross-sectional design, causal inference is not possible.

Keywords: high-sensitivity C-reactive protein (hs-CRP); insulin resistance; HOMA-IR;
periodontal inflamed surface area (PISA); periodontitis; systemic inflammation

1. Introduction

Periodontitis is a common, chronic inflammatory disease driven by dysbiotic biofilms
and sustained by an imbalanced host response, resulting in the gradual loss of tissues
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that support the teeth [1,2]. Beyond local effects, recent research increasingly links peri-
odontitis to systemic inflammation through repeated exposure of ulcerated epithelium,
the presence of bacteria or their toxins in the bloodstream, and the spread of inflamma-
tory molecules [3-5]. These mechanisms are particularly significant for metabolic health,
as low-grade systemic inflammation is known to disrupt insulin function and increase
cardiometabolic risk [6-8].

Diabetes mellitus and periodontitis are linked by a well-established bidirectional rela-
tionship. Hyperglycemia and insulin resistance can exacerbate periodontal inflammation by
impairing neutrophil function, amplifying cytokine responses, impairing wound healing,
and disrupting microvascular health [7,9]. Conversely, periodontitis can negatively affect
blood sugar control by increasing systemic inflammation. Recent reviews have supported
the clinical and mechanistic understanding of this connection, emphasizing inflammation
as a key linking factor [10,11]. However, in observational studies, the strength of these
associations varies widely due to differences in periodontal classification, population risk
factors, and the extent to which shared influences such as age, adiposity, and socioeconomic
and behavioral factors are controlled [12].

A key challenge in this field is measuring periodontal “exposure” in a way that
captures active inflammation rather than relying solely on categorical case definitions.
The periodontal inflamed surface area (PISA) was developed to estimate the bleeding
pocket epithelial surface, thereby operationalizing the concept of an “inflammatory wound”
in the periodontium [13]. This quantitative measure has been associated with systemic
inflammatory biomarkers in cross-sectional studies, supporting its utility as an exposure
indicator for systemic outcomes [14,15].

Regarding metabolic outcomes, insulin resistance is an important intermediate pheno-
type, reflecting an early, potentially modifiable stage in progression to dysglycemia [16].
The Homeostasis Model Assessment of Insulin Resistance (HOMA-IR), calculated from
fasting insulin and glucose levels, remains widely used in epidemiologic research as a prac-
tical indicator of insulin resistance [17,18]. Recent population studies have linked insulin
resistance markers (including HOMA-IR) to periodontitis, though these associations are
attenuated after adjustment for adiposity and other shared risk factors [12]. Studies that
include both PISA and insulin resistance measures further support a possible link between
periodontal and metabolic health, yet they also highlight variability across study designs
and populations [19].

Systemic inflammation is a complementary and clinically meaningful target for re-
search linking periodontal and metabolic health. High-sensitivity C-reactive protein (hs-
CRP) is a reliable, standardized marker of low-grade systemic inflammation [20] and has
been consistently associated with measures of periodontal inflammation [21]. Recent data-
driven studies have also confirmed that the inflammatory burden from periodontal disease
significantly contributes to systemic inflammation, even after accounting for other systemic
factors [15].

From a translational perspective, dental settings have been proposed as potential
venues for identifying individuals at elevated cardiometabolic risk, given the common
co-occurrence of periodontal disease, obesity, and dysglycemia. However, the practi-
cal utility of such an approach remains uncertain, and research on diabetes risk screen-
ing in dental clinics has highlighted substantial barriers as well as opportunities for
implementation [22,23]. In this context, a clearer characterization of how periodontal
inflammatory burden relates to systemic inflammation and insulin resistance—particularly
in well-controlled populations limiting confounding by tobacco use—could inform future
research on metabolic risk stratification, while recognizing that clinical translation would
require prospective validation in broader settings.
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Despite growing interest in PISA as a quantitative measure of exposure, most prior
studies either use categorical periodontal definitions, include smokers, or focus on popula-
tions with known or pre-screened diabetes status—factors that may obscure the true rela-
tionship between active periodontal inflammation and metabolic outcomes. To our knowl-
edge, few studies have simultaneously examined PISA in relation to both insulin resistance
and systemic inflammation while restricting the sample to never-smokers with unknown
diabetes status at enrollment, or have formally tested whether systemic inflammation
mediates the PISA-insulin resistance relationship using a composite inflammatory index.

We therefore hypothesized that higher periodontal inflammatory burden, measured
continuously by PISA, would be positively associated with systemic inflammation (hs-CRP)
and insulin resistance (HOMA-IR) in never-smokers attending a periodontal clinic with
previously unknown diabetic status, and that systemic inflammation—operationalized as a
composite of hs-CRP, IL-6, and TNF-a—would partially mediate the association between
PISA and HOMA-IR. Secondary objectives were to characterize dose-response patterns
across PISA tertiles and to evaluate the robustness of associations through sequential
sensitivity analyses.

2. Materials and Methods
2.1. Study Design, Setting, and Reporting

This cross-sectional observational study was conducted at the Periodontology Clinic of
Grigore T. Popa University of Medicine and Pharmacy in Romania. The research examined
the association between periodontal inflammatory burden and (i) insulin resistance, mea-
sured using the homeostatic model assessment (HOMA-IR), and (ii) systemic inflammation,
assessed by high-sensitivity C-reactive protein (hs-CRP) levels and a predefined inflamma-
tion composite score. The study adhered to the STROBE (Strengthening the Reporting of
Observational Studies in Epidemiology) guidelines.

All procedures were conducted in accordance with the Declaration of Helsinki and
applicable local regulations. The study protocol was approved by the Institutional Review
Ethics Committee of Grigore T. Popa University of Medicine and Pharmacy in Iasi, Romania
(approval date: 30 July 2020). All participants provided written informed consent before
enrollment. The data were coded, securely stored on password-protected systems, and
managed in compliance with applicable data protection laws.

2.2. Participants

Eligible participants were adults (>18 years) who reported never smoking. Their
diabetes status was unknown at enrollment. The following exclusion criteria were applied:
a history of physician-diagnosed diabetes mellitus, current or past use of glucose-lowering
medications, or a history of gestational diabetes. Additional exclusions included pregnancy
or lactation; a recent acute systemic infection within the past 2 weeks; use of systemic
antibiotics within the last 3 months; chronic inflammatory or autoimmune conditions
requiring immunosuppressive therapy; and health issues that affect HbAlc interpretation,
such as hemoglobinopathies or recent blood transfusions, as known from medical history.

Participants were consecutively recruited from January 2021 to December 2025. Of
220 patients initially assessed for eligibility, 66 were excluded: 38 were current or former
smokers; 9 had a physician-diagnosed history of diabetes mellitus; 4 were using glucose-
lowering medications; 2 reported a history of gestational diabetes; 3 were pregnant or
lactating; 4 had a recent acute systemic infection within the preceding 2 weeks; 3 had used
systemic antibiotics within the last 3 months; 2 had chronic inflammatory or autoimmune
conditions requiring immunosuppressive therapy; and 1 had conditions affecting HbAlc
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interpretation. All 154 enrolled participants completed the study assessments, yielding a
complete dataset with no missing data. A participant flow diagram is provided in Figure 1.

's =
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Figure 1. The participant flow diagram.

2.3. Periodontal Assessment and PISA Calculation

All periodontal examinations were performed by a single calibrated periodontist using
standardized procedures. Full-mouth periodontal charting was recorded at six sites per
tooth (mesiobuccal, mid-buccal, distobuccal, mesiolingual, mid-lingual, distolingual), ex-
cluding third molars. Probing pocket depth (PPD) and clinical attachment level (CAL) were
measured to the nearest millimeter with a UNC-15 periodontal probe (Hu-Friedy, Chicago,
IL, USA) using a light, standardized probing force (approximately 0.25 N). Bleeding on
probing (BOP) was recorded as present or absent within 10 s after probing [24]. Plaque
was assessed using a dichotomous plaque index (presence/absence) at four sites per tooth.
Plaque percentage was calculated as the proportion of assessed sites with visible plaque
(presence/absence), multiplied by 100. Tooth mobility and furcation involvement were
recorded when present.

Prior to participant recruitment, the examining periodontist underwent a structured
calibration exercise under the supervision of an experienced senior periodontist. Cali-
bration comprised two dedicated training sessions conducted on volunteer patients not
included in the main study, during which the examiner performed full-mouth periodontal
charting alongside the supervising periodontist; discrepancies in PPD and CAL record-
ings were reviewed, discussed, and resolved before data collection commenced. A min-
imum intraclass correlation coefficient (ICC) of 0.80 was pre-specified as the threshold
for acceptable reliability. Intra-examiner reliability was subsequently assessed on a con-
venience sample of 15 periodontitis patients attending the clinic (not included in the
main analysis), yielding approximately 2340 re-examined sites for each of PPD and CAL
(15 subjects x mean 26 teeth X 6 sites per tooth). The re-examination was performed after
an interval of 7-10 days, with the examiner blinded to the first set of recordings, using
the same standardized probing force (approximately 0.25 N) and UNC-15 probe as in
the main study. Intra-examiner reliability exceeded the pre-specified threshold for both
PPD (ICC =0.92) and CAL (ICC = 0.89), and 90.0% of repeated measurements were within
£1 mm of the original value, consistent with acceptable calibration for epidemiological
periodontal research.

The periodontal inflamed surface area (PISA) was used as the primary measure
of periodontal exposure, representing the surface area of bleeding pocket epithelium
(mm?). PISA was calculated at each site using PPD, CAL (to estimate the periodontal
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epithelial surface), and BOP status, following established algorithms [25]. Higher PISA
values indicated a greater periodontal inflammatory burden. For descriptive purposes,
participants were divided into three PISA groups (tertiles).

Periodontitis was classified according to the 2018 AAP/EFP classification for peri-
odontitis staging and grading [26].

2.4. Anthropometric and Clinical Measurements

Height was measured without shoes using a wall-mounted stadiometer (seca 217, seca
GmbH & Co. KG, Hamburg, Germany), and body weight was measured in light clothing
with a calibrated digital scale (seca 877, seca GmbH & Co. KG, Hamburg, Germany).
Body mass index (BMI) was calculated as weight (kg) divided by height (m) squared.
Waist circumference was measured at the midpoint between the lowest rib and the iliac
crest with a non-elastic measuring tape (seca 201, seca GmbH & Co. KG, Hamburg,
Germany). Resting blood pressure was measured after at least 5 min of seated rest with an
automated oscillometric monitor (OMRON HEM-907, Omron Healthcare, Kyoto, Japan).
Three readings were taken 1 min apart, and the average of the last 2 was used for analysis.

2.5. Metabolic and Inflammatory Biomarkers

Venous blood was collected in the morning after an overnight fast of at least 8 h.
Samples were drawn into serum separator and EDTA tubes (BD Vacutainer, Becton, Dick-
inson and Company, Franklin Lakes, NJ, USA). Serum and plasma were separated by
centrifugation at 1500 ¢ for 10 min at 4 °C using a refrigerated centrifuge (Eppendorf
5702 R, Eppendorf AG, Hamburg, Germany) within 60 min of collection. Aliquots were
stored at —80 °C in an ultra-low-temperature freezer (Thermo Scientific Forma 900 Series,
Thermo Fisher Scientific, Waltham, MA, USA) until analysis.

Fasting plasma glucose was measured by the hexokinase method on an automated
chemistry analyzer (cobas c 501, Roche Diagnostics, Rotkreuz, Switzerland). Fasting
serum insulin was quantified by electrochemiluminescence immunoassay (ECLIA) on an
automated immunoassay analyzer (cobas e 411, Roche Diagnostics, Rotkreuz, Switzerland).

HbA1lc was measured in EDTA whole blood by high-performance liquid chromatog-
raphy (HPLC) using an HbAlc analyzer (D-100, Bio-Rad Laboratories, Hercules, CA,
USA) and was traceable to IFCC/NGSP standards. HbAlc was measured for descriptive
characterization of glycemic status in the study cohort and to support post-assessment
glycemic categorization.

High-sensitivity C-reactive protein (hs-CRP) was measured by particle-enhanced im-
munoturbidimetry on the cobas ¢ 501 system (Roche Diagnostics, Rotkreuz, Switzerland).
All assays followed manufacturers’ instructions, with daily internal quality control proce-
dures and, where applicable, external proficiency testing. Interleukin-6 (IL-6) and tumor
necrosis factor-alpha (TNF-«) were measured in serum using high-sensitivity ELISA kits
(R&D Systems, Minneapolis, MN, USA). Absorbance was read on a microplate reader
(Synergy H1, BioTek Instruments, Winooski, VT, USA), and concentrations were calculated
from 4-parameter logistic standard curves using Gen5 software (version 3.16; BioTek Instru-
ments, Winooski, VT, USA). Assay sensitivity, ranges, and intra- and inter-assay coefficients
of variation followed manufacturers’ specifications.

2.6. Outcomes

The primary metabolic measure was insulin resistance, assessed by HOMA-IR, calcu-
lated as fasting insulin (WU/mL) X fasting glucose (mmol/L)/22.5. If glucose was recorded
inmg/dL, it was converted to mmol/L by dividing by 18.0. The main inflammatory marker
was hs-CRP (mg/L).
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Additionally, a predefined inflammation composite score was computed to serve as
a multidimensional mediator in the mediation analysis. The three markers were selected
because they capture complementary and mechanistically relevant aspects of the systemic
inflammatory response: TNF-« and IL-6 are upstream pro-inflammatory cytokines directly
implicated in periodontal-systemic crosstalk and in the disruption of insulin signaling,
whereas hs-CRP is a sensitive downstream acute-phase reactant that integrates upstream
cytokine activity, particularly IL-6 signaling, and provides a stable, standardized measure
of low-grade systemic inflammation. Each marker was log-transformed to address right
skew and then standardized (z-scored) to place all three on a common unit-free scale,
thereby preventing any single marker from dominating the composite by virtue of its
measurement scale or variance. The composite was calculated as the unweighted mean
of the three z-scores. Equal weighting was chosen a priori as the most transparent and
reproducible approach and to avoid data-driven weight estimation, which can capitalize on
sample-specific variance structure and reduce generalizability in samples of this size. As a
post hoc check, principal component analysis (PCA) of the log-transformed, standardized
markers confirmed that PC1, which explained 57.9% of total variance, had nearly identical
loadings for hs-CRP (0.594), IL-6 (0.566), and TNF-« (0.572), and that the equal-weight
composite was virtually identical to the PC1 score (r = 1.00). Moderate inter-marker
correlations on the log scale (r = 0.34-0.39) and a Cronbach’s « of 0.62 indicated that the
three markers shared a common inflammatory signal while remaining sufficiently distinct
to justify their combined use.

HbAlc was treated as a secondary descriptive variable and was not used as a
primary endpoint.

2.7. Data Management and Quality Assurance

Clinical data were collected using standardized case report forms and stored in a
password-protected electronic database. Range and logic checks were performed on key
variables. The examining periodontist was calibrated before recruitment began, as de-
scribed in Section 2.3. Laboratory analyses were performed by personnel blinded to the
periodontal measurements.

2.8. Statistical Analysis

Analyses were performed in R (R Foundation for Statistical Computing, Vienna, Aus-
tria). Continuous variables were summarized as means (standard deviations) or medians
(interquartile ranges), and categorical variables as counts (percentages). Skewed variables,
including hs-CRP, IL-6, TNF-«, fasting insulin, and HOMA-IR, were log-transformed prior
to modeling. Periodontal inflammatory burden (PISA) was log-transformed and scaled
such that regression coefficients corresponded to an interquartile range (IQR) increase in
log(PISA). Across-tertile comparisons used one-way analysis of variance (ANOVA) for con-
tinuous variables summarized as mean (SD), Kruskal-Wallis tests for continuous variables
summarized as median [IQR], and chi-square tests for categorical variables.

Primary associations were evaluated using multivariable linear regression with
log(HOMA-IR) and log(hs-CRP) as dependent variables and log(PISA) as the main in-
dependent variable. The prespecified primary adjusted model included age, sex, waist
circumference, education (years), physical activity category, family history of diabetes, and
medication use (statins, antihypertensives, systemic corticosteroids). Sensitivity models
were additionally adjusted for BMI, systolic blood pressure (SBP), plaque (% sites), and a
combined model including both BMI and plaque. Model results are presented as percent
change in the outcome per IQR increase in log(PISA), with 95% confidence intervals (CIs).
Robust (HC3) standard errors were used.
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Potential non-linearity was assessed using restricted cubic splines for log(PISA)
(4 degrees of freedom) and compared with the linear specification using likelihood ratio
tests. Multicollinearity was assessed using variance inflation factors (VIF). Effect modifica-
tion by central adiposity was explored by testing an interaction term between log(PISA)
and waist circumference. Influence diagnostics were evaluated using Cook’s distance
(threshold 4/n). A two-sided p-value < 0.05 was considered statistically significant. The
main statistical methods applied are presented in Figure 2.

N '
o DATA PREPARATION o REGRESSION o EXPLORATORY
& DIAGNOSTICS MODELS MEDIATION
Log-transform Primary model Mediation
PISA log(PISA) Inflammation
Exposure = | log(PISA) Exposure Composite
Mediator

-

log(HOMA-IR) log(hs-CRP) log(HOMA-IR) log(hs-CRP} log(PISA) < log(HOMA-IR)

log(hs-CRP) log(IL-6) Outcome Outcome Exposure - - = Outcome

log(TNF-a)
Outcomes
Markers
A
Adjusted for Composite score
Skewed variables were log-transformed before age, sex, waist, education, physical activity, Mean z-score of log(hs-CRP), log(IL-6), and
modeling. family history, medication use log(TNF-a),
Indirect path: a x b
Check collinearity Sensitivity Direct path: ¢
Methods-only; no results.
[ Correlation matrix + VIF J [ + BMI ]—b[ + SBP + [ + Plagque J
4 / .

Figure 2. Overview of the statistical analysis framework. The diagram summarizes the five analytical
steps applied in the study, their roles, and their relationships to the primary exposure (PISA), covari-
ates, and outcomes (HOMA-IR and hs-CRP). Solid blue arrows indicate primary regression pathways;
the dashed red pathway indicates the exploratory mediation analysis. All skewed variables were log-
transformed prior to modeling; regression results are expressed as percentage change per interquartile
range (IQR) increase in log(PISA). PISA: periodontal inflamed surface area; HOMA-IR: Homeostasis
Model Assessment of Insulin Resistance; hs-CRP: high-sensitivity C-reactive protein; SBP: systolic
blood pressure.

2.9. Sample Size Considerations

The target sample size of approximately 150 participants was set in advance to ensure
sufficient precision for continuous outcomes and to detect moderate relationships between
periodontal inflammatory burden and metabolic or inflammatory biomarkers. With this
sample size, the study had about 80% power (two-sided « = 0.05) to detect a Pearson
correlation of roughly 0.23 between PISA and continuous outcomes, as well as standardized
mean differences of about 0.45 between the highest and lowest PISA tertiles, assuming
balanced group sizes.

3. Results
3.1. Participant Characteristics

All 154 participants completed the study assessments, yielding complete datasets
with no missing data. None of the participants were smokers. The cohort (N = 154)
was evenly distributed across PISA tertiles (T1: n = 51; T2: n = 51; T3: n = 52). A
higher periodontal inflammatory burden was associated with less favorable anthropo-
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metric and periodontal profiles. Participants in the highest tertile (T3) were older than those
in T1 (52.1 £12.0 vs. 46.2 £ 12.5 years; p = 0.035) and had greater adiposity, including
higher BMI (28.7 + 4.3 vs. 26.9 + 4.0 kg/m?; p = 0.010) and larger waist circumference
(99.5 £ 12.4 vs. 89.8 & 16.1 cm; p = 0.002). Blood pressure did not differ significantly across
tertiles (SBP: p = 0.351; DBP: p = 0.083) (Table 1).

Table 1. Demographic characteristics by PISA tertile.

Tertile 1 Tertile 2 Tertile 3

Variable (PISA 47-294 mm?)  (PISA 304-710 mm?) (PISA 721-3500 mm?) p-Value
Participants (n) 51 51 52
Age (years) 462 (12.5) 473 (11.9) 52.1 (12.0) 0.035
Sex (Female) 54.9% 56.9% 69.2% 0.272
BMI (kg/m?) 26.9 (4.0) 26.3 (3.8) 28.7 (4.3) 0.010
Waist circumference (cm) 89.8 (16.1) 93.5 (13.4) 99.5 (12.4) 0.002
Systolic BP (mmHg) 121.7 (16.1) 125.8 (16.3) 126.3 (20.2) 0.351
Diastolic BP (mmHg) 76.3 (11.9) 77.7 (10.7) 81.1 (10.9) 0.083
Family history of diabetes (Yes) 37.3% 47.1% 32.7% 0.312
. . L 2.0%, M 64.7%, L 7.8%, M 72.5%, . . .
Physical activity H 33.3% H 19.6% L 11.5%, M 73.1%, H 15.4% 0.105
Statin use (Yes) 25.5% 19.6% 25.0% 0.738
Antihypertensive medication 43.1% 31.4% 23.1% 0.092
use (Yes)
Systemic corticosteroid use (Yes) 11.8% 3.9% 7.7% 0.335
Data are presented as mean (SD) for continuous variables and n (%) for categorical variables. BP = blood pressure.
As expected, periodontal parameters showed clear gradients across tertiles: compared
with T1, T3 had fewer teeth (24.3 £ 2.1 vs. 27.4 £ 1.2; p < 0.001), higher mean probing
depth (3.9 + 0.8 vs. 2.8 & 0.7 mm; p < 0.001), and greater clinical attachment loss (3.2 + 1.2
vs. 1.6 £ 1.1 mm; p < 0.001). Bleeding on probing was also notably higher (68.2 £ 16.4% vs.
26.6 = 16.4%; p < 0.001), as were plaque levels (62.9 £ 16.8% vs. 24.9 + 15.7%; p < 0.001)
(Table 2).
Table 2. Periodontal characteristics by PISA tertile.
Variable Tertile 1 Tertile 2 Tertile 3 Value
(PISA 47-294 mm?)  (PISA 304-710 mm?) (PISA 721-3500 mm?) P
Number of teeth 27.4 (1.2) 26.5 (1.8) 24.3 (2.1) <0.001
Mean PPD (mm) 2.8 (0.7) 3.2(0.7) 3.9(0.8) <0.001
Mean CAL (mm) 1.6 (1.1) 2.1 (1.0) 3.2(1.2) <0.001
BOP (% sites) 26.6 (16.4) 44.0 (18.0) 68.2 (16.4) <0.001
Plaque (% sites) 249 (15.7) 38.8 (15.6) 62.9 (16.8) <0.001
PISA (mm?) 225.00 [157.00, 264.50]  511.00 [406.00, 600.00] 1092.50 [840.50, 1432.75] <0.001

Data are presented as mean (SD), except PISA, which is presented as median [IQR]. PPD: periodontal probing
depth; CAL: clinical attachment loss; BOP: bleeding on probing; PISA: periodontal inflamed surface area.

Median PISA increased from 225.0 [157.0-264.5] mm? in T1 to 1092.5 [840.5-1432.8] mm?
in T3 (p < 0.001) (Table 2). Importantly, biochemical indices varied with periodon-
tal inflammatory burden: median HOMA-IR rose from 2.01 [1.31-3.82] in T1 to 3.17
[2.43-5.63] in T3 (p < 0.001), and median hs-CRP increased from 0.73 [0.48-1.01] mg/L to
2.48 [1.36—4.35] mg/L (p < 0.001) (Table 3). Fasting glucose, fasting insulin, IL-6, and TNF-o
also differed across tertiles, whereas HbAlc showed only a modest gradient that did not
reach statistical significance.
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Table 3. Metabolic biomarkers by PISA tertile.
Variable Tertile 1 Tertile 2 Tertile 3 Value
(PISA 47-294 mm?)  (PISA 304-710 mm?)  (PISA 721-3500 mm?) P

Fasting glucose (mmol/L) 5.30 [4.66, 5.70] 5.21[4.67,5.81] 5.68 [5.22, 5.99] 0.018
Fasting insulin (uIU/mL) 8.33 [6.46, 15.48] 10.19 [6.78, 13.56] 14.20 [9.67, 20.58] <0.001

HbA1lc (%) 5.33 [5.09, 5.77] 5.38 [5.04, 5.81] 5.60 [5.32, 5.88] 0.063
HOMA-IR 2.01[1.31, 3.82] 2.27 [1.48, 3.57] 3.17 [2.43, 5.63] <0.001
hs-CRP (mg/L) 0.73 [0.48, 1.01] 1.02 [0.58, 2.00] 2.48[1.36, 4.35] <0.001

IL-6 (pg/mL) 1.26 [0.80, 1.79] 1.98 [1.22,2.73] 2.08 [1.67, 4.00] <0.001
TNF-o (pg/mL) 1.68 [1.31, 2.35] 2.17[1.54, 3.14] 3.29[2.38, 5.33] <0.001

Data are presented as median [IQR]. p-values are from across-tertile comparisons.

Conversely, sex distribution, family history of diabetes, physical activity level, and
medication use (statins, antihypertensive medications, systemic corticosteroids) were simi-
lar across tertiles (all p > 0.05) (Table 1), indicating that the observed gradients primarily
reflect differences in periodontal inflammation and adiposity rather than significant imbal-
ances in these covariates.

According to staging/grading, Stage IV (44/154; 28.6%) and Stage I (43/154; 27.9%)
were the most frequent, followed by Stage 11 (36/154; 23.4%) and Stage III (31/154; 20.1%)
(Table 4). In terms of grading, Grade A (64/154; 41.6%) and Grade B (56/154; 36.4%)
predominated, while Grade C accounted for 34/154 (22.1%) (Table 4).

Table 4. Periodontitis stage and grade distribution (N = 154).

n %

Stage

I 43 27.9

II 36 234

III 31 20.1

v 44 28.6
Grade

A 64 41.6

B 56 36.4

C 34 22.1

3.2. Primary Outcomes

In the primary adjusted models (age, sex, waist circumference, education, physical
activity category, family history of diabetes, and medication use), an IQR increase in
log(PISA) was associated with an 85.2% higher hs-CRP (95% CI 53.1% to 124.1%; p < 0.001)
and a 15.7% higher HOMA-IR (95% CI —0.8% to 34.9%; p = 0.064). In sensitivity models,
additional adjustment for BMI yielded similar estimates (HOMA-IR: +15.1%; p = 0.063;
hs-CRP: +83.9%; p < 0.001) (Table 5).

Adjustment for SBP did not materially change the hs-CRP association (+85.8%;
p < 0.001) and resulted in a modest association with HOMA-IR (+17.4%; p = 0.034). When
plaque (% sites) was added to the primary adjusted model, associations attenuated (HOMA-
IR: +1.0%; p = 0.925; hs-CRP: +15.2%; p = 0.234) (Table 5), consistent with plaque being a
proximal determinant of periodontal inflammation and a potential source of overadjust-
ment when estimating total associations with systemic outcomes.

Variance inflation factors indicated low multicollinearity in the primary adjusted
model (all VIFs < 3.9; waist circumference VIF ~ 1.37). Restricted cubic spline analyses
based on models adjusted for age, sex, and waist circumference suggested non-linearity for
the association between PISA and HOMA-IR (p for non-linearity = 0.021; Figure 3), whereas
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non-linearity was not supported for the association between PISA and hs-CRP (p = 0.152;
Figure 4).

Table 5. Association of periodontal inflammatory burden with HOMA-IR and hs-CRP in primary
and sensitivity models.

Outcome Model % Change per IQR log(PISA) 95% CI p-Value Adj. R?
HOMA-IR Crude 39.9% 20.8% to 62.1% <0.001 0.103
HOMA-IR Primary adjusted 15.7% —0.8% to 34.9% 0.064 0.279
HOMA-IR Primary adjusted + BMI 15.1% —0.8% to 33.6% 0.063 0.305
HOMA-IR Primary adjusted + SBP 17.4% 1.3% to 36.1% 0.034 0.323
HOMA-IR Primary adjusted + plaque 1.0% —18.0% to 24.3% 0.925 0.292
HOMA-IR Primary adjusted + plaque + BMI 2.9% —16.1% to 26.3% 0.782 0.312

hs-CRP Crude 103.2% 73.8% to 137.6% <0.001 0.297
hs-CRP Primary adjusted 85.2% 53.1% to 124.1% <0.001 0.312
hs-CRP Primary adjusted + BMI 83.9% 52.5% to 121.8% <0.001 0.355
hs-CRP Primary adjusted + SBP 85.8% 52.9% to 125.8% <0.001 0.308
hs-CRP Primary adjusted + plaque 15.2% —8.7% to 45.5% 0.234 0.447
hs-CRP Primary adjusted + plaque + BMI 18.2% —6.1% to 48.8% 0.154 0.471

Partial effect on log(HOMA-IR)
(centred at sample mean)

Models report percent change in the outcome per interquartile range (IQR) increase in log-transformed PISA.
The primary adjusted model includes age, sex, waist circumference, education, physical activity category, family
history of diabetes, and medication use (statins, antihypertensives, systemic corticosteroids).

1.2 1 T1|T2 T2|T3

1.0 1
0.8 1
0.6 1
0.4 1
0.2 1
0.0 1

—-0.2 A
p for non-linearity = 0.021

~0.4

\ Wi LR TR L

T 1 I T
49 100 199 499 999 1999 3499
PISA (mm?)

Figure 3. Restricted cubic spline showing the adjusted association between log-transformed peri-
odontal inflamed surface area (PISA) and log-transformed HOMA-IR, in the model adjusted for
age, sex, and waist circumference (4 degrees of freedom; p for non-linearity = 0.021). The solid
line represents the spline fit; the shaded area represents the 95% confidence interval. Individual
observations are shown as a rug plot along the x-axis, and the overlaid kernel density estimate
illustrates the distribution of PISA values across the sample. Vertical dashed lines indicate PISA
tertile boundaries (T1/T2 and T2/T3).

Influence diagnostics identified 10 observations exceeding Cook’s distance 4/n in
each primary model; exclusion of these observations did not materially alter the hs-CRP
association and modestly strengthened the HOMA-IR estimate. No evidence of effect
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modification by waist circumference was observed (p for interaction = 0.844 for HOMA-IR;
p = 0.179 for hs-CRP). Exclusion of participants with diabetes-range values (n = 7) yielded
similar results.

2.0 A
T1|T2 T2|T3
E = 1.5 1
38
< §
= 1.0
£
c
S & 051
9 ®
5T
0.0
s¢
58
& -05-
—1.0 A p for non-linearity = 0.152
T 1 1 1 1 1 1
| Hrimnmm | RN N AT [
49 100 199 499 999 1999 3499
PISA (mm?)
Figure 4. Restricted cubic spline showing the adjusted association between log-transformed periodon-
tal inflamed surface area (PISA) and log-transformed hs-CRP, in the model adjusted for age, sex, and
waist circumference (4 degrees of freedom; p for non-linearity = 0.152). The solid line represents the
spline fit; the shaded area represents the 95% confidence interval. Individual observations are shown
as a rug plot along the x-axis, and the overlaid kernel density estimate illustrates the distribution
of PISA values across the sample. Vertical dashed lines indicate PISA tertile boundaries (T1/T2
and T2/T3).
3.3. Inflammation Composite and Mediation Analysis
In the pre-specified exploratory, cross-sectional mediation analysis, adjusted for age,
seX, and waist circumference (Table 6), the association between periodontal inflammatory
burden (PISA; per IOR increase in log-transformed PISA) and insulin resistance (HOMA-IR)
was consistent with an indirect pathway via the inflammation composite. The total effect
of PISA on HOMA-IR was positive (¢ = 0.165; 95% CI 0.021 to 0.314), corresponding to an
approximately 18.0% increase in HOMA-IR.
Table 6. Mediation analysis for the association between PISA and HOMA-IR via the inflammation
composite (adjusted for age, sex, and waist circumference).
Effect Estimate (Log Scale) 95% CI (Log Scale) Approximate % Change in HOMA-IR
Total effect (c) 0.165 0.021 to 0.314 18.0%
Direct effect () —0.047 —0.207 to0 0.125 —4.6%
Indirect effect (a x b) 0.212 0.094 to 0.337 23.7%

When the inflammation composite was included as a mediator, the direct effect of
PISA on HOMA-IR (c’) was small and not statistically supported (¢’ = —0.047; 95% CI
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—0.207 to 0.125), whereas the indirect effect (a x b) was positive and statistically supported
(@ x b =0.212; 95% CI 0.094 to 0.337), corresponding to an approximate 23.7% increase in
HOMA-IR attributable to the inflammation composite within this statistical model. These
results are consistent with, but do not establish, a role for systemic inflammation as an
intermediate in the relationship between periodontal inflammatory burden and insulin
resistance (Table 6; Figure 5). Because exposure, mediator, and outcome were all measured
concurrently, temporal ordering cannot be inferred, causality cannot be established, and
unmeasured confounding of the mediator—outcome relationship cannot be excluded. These
findings should be interpreted as exploratory and hypothesis-generating.

(Indirect effect (a x b) = 0.212 [95% CI: 0.090 to 0.342]]

Inflammation
composite
(z-score)

c (total) = 0.165%

Periodontal Insulin
inflammation —— - ~ > resistance
(log PISA) (log HOMA-IR)
¢ (direct) =

Figure 5. Mediation diagram showing log-scale path coefficients from the model adjusted for age,
sex, and waist circumference. The diagram depicts the association of log-transformed PISA with the
inflammation composite (path a), the association of the inflammation composite with log-transformed
HOMA-IR (path b), and the direct effect of log-transformed PISA on log-transformed HOMA-IR
after accounting for the mediator (path c’). Indirect-effect confidence intervals were estimated using
bootstrapping (5000 resamples).

4. Discussion

In this cohort of never-smokers attending a periodontal clinic, higher periodontal
inflammatory burden was associated with a less favorable metabolic and inflammatory
profile. Unadjusted analyses showed that both insulin resistance and systemic inflammation
increased across PISA tertiles, with median HOMA-IR rising from 2.01 to 3.17 and median
hs-CRP from 0.73 to 2.48 mg/L from the lowest to the highest tertile.

These trends align with current views of periodontitis as an inflammatory condi-
tion that may elevate systemic inflammation, thereby affecting insulin signaling and car-
diometabolic risk [27-29].

In the prespecified primary adjusted model, PISA remained robustly associated with
hs-CRP, whereas the association with HOMA-IR was weaker and did not reach conven-
tional statistical significance. Sensitivity analyses, additionally adjusting for BMI or SBP,
yielded similar estimates, while inclusion of plaque (% sites) substantially attenuated the
associations. This pattern is compatible with plaque being a proximal determinant of
periodontal inflammation and a potential source of overadjustment when estimating the
total association between periodontal inflammatory burden and systemic outcomes. This
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is consistent with earlier research linking PISA to CRP and supporting dose-response
relationships observed in cross-sectional studies [14,15,30-33].

The association between PISA and HOMA-IR appeared more model-dependent than
the association with hs-CRP. This is biologically plausible because adiposity is strongly asso-
ciated with insulin resistance and systemic inflammation [34,35] and also with periodontitis
risk [36-39]. Accordingly, shared risk-factor structure may partly explain attenuation af-
ter covariate adjustment. The spline analysis also suggested that the PISA-HOMA-IR
association may not be strictly linear, which may have contributed to the observed model
sensitivity. Additionally, the pattern may partly reflect model specifics: variables such as
plaque levels are direct causes of gingival inflammation [40] and may lie on the causal path-
way, so including them can lead to overadjustment when estimating the total association
between periodontal inflammation and systemic outcomes. This is especially relevant when
PISA measures active inflammatory wound surfaces rather than a categorical indicator of
disease “severity”.

The exploratory mediation analysis was consistent with systemic inflammation as
a possible statistical intermediate in the relationship between periodontal inflammatory
burden and insulin resistance, but this finding must be interpreted with considerable
caution. Because exposure, mediator, and outcome were measured concurrently, temporal
ordering cannot be established, and causality cannot be inferred. Cross-sectional mediation
analysis is additionally susceptible to unmeasured confounding of the mediator—outcome
relationship, which could bias indirect effect estimates in either direction. The results
should therefore be regarded as hypothesis-generating—providing a statistical description
consistent with an inflammatory pathway—rather than as mechanistic or causal evidence
of mediation.

This pattern is consistent with mechanistic models proposing that periodontal inflam-
mation may promote the release of systemic inflammatory mediators and innate immune
activation, which could, in turn, influence insulin signaling and glucose regulation [7,9,41].
The observed association between periodontal inflammation and insulin resistance mea-
sures, including HOMA-IR, aligns with recent observational research, though effect sizes
and robustness vary by population characteristics, periodontal phenotype, and confounder
control [12,19].

From a translational perspective, the present findings indicate that higher periodontal
inflammatory burden is associated with an adverse cardiometabolic profile, but several
considerations caution against direct clinical inference. This study was not designed to
evaluate the utility of PISA as a screening tool; no screening accuracy metrics, referral
outcomes, or comparisons with established risk scores were assessed. The specialist
periodontal clinic setting, where disease severity is likely higher than in primary dental
care or community practice, further limits translation. Whether PISA provides clinically
meaningful information beyond simpler periodontal measures routinely available in clinical
records—and whether such associations hold in lower-burden settings—remains to be
established in dedicated prospective studies.

The clustering of higher PISA with elevated hs-CRP and increased HOMA-IR in the
highest tertile is descriptively consistent with prior observations of co-occurring periodontal
and metabolic risk in clinical populations [22,23,42]. However, this study was not designed
to assess the feasibility or accuracy of cardiometabolic screening in a dental setting, and no
screening, referral, or follow-up outcomes were evaluated. While diabetes risk models for
dental settings have been developed and partially validated elsewhere [43,44], the present
findings do not directly inform their performance or expand their evidence base and should
not be interpreted as doing so.
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The present research has several strengths, including a focus solely on never-smokers,
which reduced confounding by tobacco use and minimized smoking-related distortions
in periodontal inflammation measurements, such as suppressed bleeding on probing.
The study also enhanced its analysis by quantifying periodontal inflammatory burden
with PISA and examining it alongside metabolic and inflammatory biomarkers. Addi-
tionally, the sequential modeling approach—ranging from unadjusted to fully adjusted
models—provided clear insights into how effect sizes changed with each level of covariate
control. The mediation analysis provided a structured framework for investigating systemic
inflammation as a potential link between periodontal inflammation and insulin resistance.

Several limitations should be recognized. The cross-sectional design precluded es-
tablishing a timeline, and reverse causation remains possible because dysglycemia and
insulin resistance might worsen periodontal inflammation through immune dysfunction
and impaired tissue repair [8]. The cross-sectional mediation analysis carries additional
inferential constraints that deserve explicit recognition: the temporal ordering of PISA,
the inflammation composite, and HOMA-IR cannot be determined from these data; un-
measured confounding of the mediator—outcome relationship cannot be excluded; and the
term ‘mediation’ reflects a statistical decomposition of observed associations rather than
evidence of a causal mechanism. For these reasons, the mediation findings are reported as
exploratory and should be confirmed in longitudinal studies with repeated measurements.

Residual confounding by diet, detailed physical activity, psychosocial stress, sleep,
and unmeasured socioeconomic factors could not be ruled out. hs-CRP is non-specific and
may reflect inflammation unrelated to periodontal disease, and measuring it at a single
time point introduces random variability. Although HOMA-IR is a validated marker of
insulin resistance, it does not substitute for dynamic testing or clamp-based measures.
Moreover, participants were recruited exclusively from a specialist periodontal clinic. The
distribution of periodontitis stages—including 28.6% in Stage IV—and the relatively high
median PISA values across all tertiles indicate a referred, high-burden population that is not
representative of adults with periodontitis in primary dental care or community settings.
Associations of the magnitudes observed here may be attenuated or absent in populations
with milder disease, substantially curtailing the generalizability of these findings. Any
inference about the clinical utility of PISA for cardiometabolic risk identification should
therefore be made with considerable caution, and validation in broader, more representative
populations is a necessary prerequisite before clinical implications can be drawn.

The inflammation composite used equal weighting of three markers after z-scoring;
while PCA confirmed this approach was empirically justified in the present sample, alter-
native weighting schemes or composite structures might yield different results in other
populations or with a different marker panel.

A further structural limitation is the absence of clearly defined comparison groups.
The inclusion of a group of individuals with confirmed diabetes but without significant
periodontal disease, and of a periodontitis-free age-matched group without metabolic
disturbance, would have provided positive and negative reference points against which
the observed associations could be more precisely contextualized. Without such controls, it
is not possible to determine whether the metabolic differences observed across PISA tertiles
reflect a periodontitis-specific effect or a more general gradient associated with inflam-
matory burden. Future comparative studies incorporating these control arms alongside
standardized measurement protocols would substantially strengthen causal interpretation.

Future research should prioritize longitudinal studies that include repeated PISA mea-
surements and serial assessments of inflammatory and metabolic markers. This approach
will help clarify causality and distinguish between confounding factors, mediators, and
potential bidirectional influences. Using more detailed metabolic indicators—such as OGTT-
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derived measures, triglyceride-glucose surrogates, or continuous glucose monitoring—may
enhance early detection of dysregulation in periodontal populations. Incorporating mecha-
nistic studies with oral microbiome profiling and innate immune activation markers could
further elucidate whether specific dysbiotic patterns or inflammatory pathways account
for variability in periodontal-metabolic interactions. Before clinical implementation can
be considered, research should first establish whether associations between PISA and
cardiometabolic markers are replicated in community dental and primary care settings
with lower disease burden. If confirmed in such settings, interdisciplinary studies could
then assess the incremental value of periodontal inflammation metrics within validated
dental diabetes risk frameworks, with attention to screening accuracy, referral rates, and
equity in follow-up.

More broadly, the field would benefit from adopting standardized data-collection
frameworks that include well-defined positive controls—such as individuals with con-
firmed diabetes and minimal periodontal disease—and negative controls—such as peri-
odontally and metabolically healthy, age-matched individuals. Such universal reference
parameters would reduce between-study heterogeneity, improve the comparability and
interpretability of findings across populations and settings, and provide clearer clinical
insights into the true nature and magnitude of periodontal-metabolic associations.

5. Conclusions

In never-smokers attending a periodontal clinic, higher periodontal inflammatory
burden was strongly associated with higher systemic inflammation and showed weaker,
model-dependent associations with insulin resistance. The findings are consistent with,
but do not prove, an inflammation-linked pathway connecting periodontal inflammation
and insulin resistance.

As these findings derive from a specialist periodontal clinic population with a high
inflammatory burden, they should not be extrapolated directly to broader dental or com-
munity settings. Prospective studies in more representative populations are needed to
determine whether quantifying periodontal inflammatory burden adds clinically meaning-
ful information for cardiometabolic risk stratification beyond established indicators.
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Abbreviations
The following abbreviations are used in this manuscript:

AAP/EFP  American Academy of Periodontology /European Federation of Periodontology
ANOVA analysis of variance

BMI body mass index

BOP bleeding on probing

BP blood pressure

CAL clinical attachment level /loss

CCBY Creative Commons Attribution license

CI confidence interval

DBP diastolic blood pressure

ECLIA electrochemiluminescence immunoassay

EDTA ethylenediaminetetraacetic acid

ELISA enzyme-linked immunosorbent assay

HbAlc glycated hemoglobin

HC3 heteroskedasticity-consistent type 3 standard errors
HOMA-IR Homeostasis Model Assessment of Insulin Resistance
HPLC high-performance liquid chromatography

hs-CRP high-sensitivity C-reactive protein

ICC intraclass correlation coefficient

IFCC International Federation of Clinical Chemistry and Laboratory Medicine
IL-6 interleukin-6

IOR interquartile range

NGSP National Glycohemoglobin Standardization Program
OGTT oral glucose tolerance test

PISA periodontal inflamed surface area

PPD probing pocket depth

R R Foundation for Statistical Computing statistical software
SBP systolic blood pressure

SD standard deviation

STROBE Strengthening the Reporting of Observational Studies in Epidemiology
TNF-« tumor necrosis factor-alpha

VIF variance inflation factor
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