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Abstract
Objective
To investigate the effect of treatment on peri-implant disease progression, with particular emphasis on the differential outcomes based on baseline disease severity.
Materials and Methods
This retrospective analysis examined 323 patients with 1003 implants treated between 2010-2024. Clinical data included probing depths, radiographic bone loss measurements, and treatment interventions. Implants were categorized as healthy, peri-implant mucositis, or peri-implantitis. Treatment modalities were classified as no treatment, non-surgical therapy, prophylaxis/maintenance, or surgical therapy. Statistical analysis employed chi-square testing and multivariate regression modeling using JMP Pro 17.1 software, with significance set at p<0.05. Mean follow-up was 7.8 years (range 0-20 years).
Results
The cohort comprised 47.6% females and 52.3% males with mean age 76.6±10.9 years. Progressive increases in probing depths (3.0mm to 3.6mm) and bone loss (7-10% to >25%) occurred over time regardless of maintenance status. Maintenance therapy showed no statistically significant protective effect against bone loss, with overlapping confidence intervals between maintenance and no-maintenance groups. Treatment effectiveness varied dramatically by baseline disease severity: all modalities remained stable in healthy tissues or early mucositis (≤4mm probing depths) but showed severely diminished long-term effectiveness once peri-implantitis was established (>5mm probing depths). Surgical therapy initially improved moderate cases but demonstrated progressive deterioration after 8.3 years. Advanced peri-implantitis cases (>7mm probing depths) showed limited response to all treatment approaches.
Conclusion
Treatment effectiveness becomes severely compromised once peri-implantitis is established, regardless of therapeutic modality. Early intervention during the mucositis phase remains crucial, as conventional treatments fail to provide sustained benefits in established peri-implantitis. These findings challenge current treatment paradigms and suggest that clinical practice should prioritize prevention and aggressive early intervention over treatment of advanced disease. The data supports a fundamental shift toward risk-based maintenance strategies focused on preventing disease progression rather than treating established peri-implantitis.
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Chapter 1
Literature Review: The Effect of Treatment on Peri-implant Disease Progression
Introduction
Dental implants have become a cornerstone of modern restorative dentistry, providing predictable solutions for tooth replacement with consistently high survival rates (Berglundh et al., 2018). Their integration into clinical practice has transformed the management of edentulism, largely due to their favorable long-term outcomes when placed under optimal conditions. However, the long-term success of dental implants extends beyond mere survival to encompass functional stability, peri-implant tissue integrity, and patient satisfaction—metrics that are increasingly challenged by biological complications.
Peri-implant diseases, including peri-implant mucositis and peri-implantitis, have emerged as significant threats to implant longevity and are now recognized as leading causes of implant failure in the medium to long term (Renvert et al., 2018; Schwarz et al., 2018). These plaque-associated inflammatory conditions are analogous to gingivitis and periodontitis, yet they present unique challenges due to the anatomical and immunological differences between peri-implant and periodontal tissues.
Peri-implant Health and Disease
Peri-implant Health
Peri-implant health is characterized by the absence of clinical signs of inflammation, including erythema, bleeding on probing (BoP), swelling, and suppuration, coupled with stable peri-implant bone levels following initial remodeling (Berglundh et al., 2018). The peri-implant soft tissue seal functions as a protective barrier for the underlying osseointegrated interface, though it differs significantly from the periodontal attachment apparatus.
The anatomical vulnerabilities of peri-implant tissues are well-documented. The absence of periodontal ligament, reduced vascularization, and less organized collagen fiber orientation render these tissues more susceptible to mechanical trauma and microbial insult compared to natural dentition (Renvert et al., 2018; Araujo & Lindhe, 2018). This increased susceptibility necessitates a more nuanced approach to monitoring, as bleeding upon probing may occur even in clinically healthy implants, thereby complicating diagnostic interpretation.
Peri-implant Mucositis
Peri-implant mucositis represents a reversible inflammatory condition confined to the soft tissues surrounding functioning osseointegrated implants. It presents with signs of soft tissue inflammation—particularly bleeding on probing and erythema—but without radiographic evidence of marginal bone loss beyond expected post-surgical remodeling (Heitz-Mayfield & Salvi, 2018). The condition is primarily induced by microbial biofilm accumulation, making it conceptually analogous to gingivitis. Moreover, recent consensus recommendations underscore the importance of individualized maintenance and early intervention strategies. The 2024 AO/AAP Consensus Report emphasizes that peri-implant mucositis should serve as a clinical warning sign prompting enhanced home care, modification of risk factors, and more frequent follow-up visits to prevent progression to peri-implantitis (Fiorellini et al., 2025).
Experimental evidence consistently demonstrates that mucositis can be reversed through effective plaque removal, both professionally administered and through improved patient oral hygiene practices (Berglundh et al., 2018). However, peri-implant mucositis is frequently underdiagnosed due to its asymptomatic nature, making routine monitoring during maintenance visits essential for early identification and intervention (Heitz-Mayfield & Salvi, 2018).
Peri-implantitis
Peri-implantitis represents a more advanced and irreversible plaque-associated condition, characterized by inflammation of the peri-implant mucosa coupled with progressive loss of supporting bone. Clinical manifestations include increased probing depths, bleeding on probing and/or suppuration, mucosal recession, and radiographic evidence of bone loss exceeding the normal remodeling phase (Renvert et al., 2018; Schwarz et al., 2018). If left untreated, peri-implantitis can progress to functional and aesthetic failure, ultimately resulting in implant loss.
The progression from peri-implant mucositis to peri-implantitis appears to occur more readily than the transition from gingivitis to periodontitis in natural dentition (Renvert et al., 2018). This heightened susceptibility to disease progression has significant implications for treatment strategies and maintenance protocols. A revised classification proposed by Rosen et al. (2022) suggests integrating three-dimensional implant positioning and extent of bone loss to more accurately stratify peri-implantitis severity and guide treatment planning. This refined classification improves diagnostic specificity and facilitates evidence-based clinical decisions regarding when to implement nonsurgical versus surgical therapy.
Treatment Modalities for Peri-implant Diseases
Non-surgical Management
Non-surgical management of peri-implant diseases encompasses mechanical debridement, implant surface decontamination using chemical and laser-based approaches, antimicrobial therapy, and patient-administered plaque control protocols. These interventions demonstrate clear efficacy in treating peri-implant mucositis, with multiple studies confirming the reversible nature of this condition through effective plaque control. Schwarz et al. (2015) demonstrated that air polishing using glycine powder resulted in significant reductions in inflammation and bleeding on probing, with outcomes comparable to ultrasonic debridement in mucositis management (Riben-Grundstrom et al., 2015; Gennai et al., 2023). However, the effectiveness of non-surgical therapy diminishes significantly in established peri-implantitis cases. Renvert et al. (2009) showed that mechanical debridement alone yielded only modest clinical improvements, with studies consistently demonstrating limited efficacy in halting disease progression. Suárez-López Del Amo et al. (2016) concluded that non-surgical methods do not halt disease progression in moderate-to-severe peri-implantitis.
Effective mechanical debridement requires appropriate instrumentation for biofilm removal from contaminated implant surfaces, including air-abrasive devices utilizing glycine or erythritol powders, ultrasonic scalers, titanium brushes, and plastic or carbon-fiber curettes. Blasi et al. (2016) found that ultrasonic instruments and titanium brushes achieved superior biofilm removal compared to plastic curettes, though Louropoulou et al. (2012) noted that some instruments caused surface alterations that could potentially impact re-osseointegration. Implant surface decontamination represents a crucial component of non-surgical management, with mechanical approaches alone proving inadequate for complete decontamination (Dennison et al., 1994; Keim et al., 2019). Various chemical agents have been investigated, including chlorhexidine, hydrogen peroxide, citric acid, and phosphoric acid, with Hentenaar et al. (2017) demonstrating superior clinical improvements using phosphoric acid compared to saline rinsing. Er:YAG and CO₂ laser systems have gained popularity for implant surface decontamination, with Schwarz et al. (2011) reporting improved clinical outcomes compared to mechanical debridement alone, though long-term efficacy evidence remains inconclusive (Koo et al., 2019). The greatest success in implant surface decontamination appears to occur when mechanical, chemical, and laser-based methods are used in combination, with De Tapia et al. (2019) finding that adjunctive use of titanium brushes during therapy significantly improved probing depth reduction and bone fill. Patient-administered plaque control remains fundamental to disease management across all treatment modalities, with consistent and effective oral hygiene correlating with improved outcomes (Salvi and Ramseier, 2015), while Jepsen et al. (2015) recommended preventive maintenance to manage peri-implant mucositis and prevent recurrence.
Surgical Management Strategies
Surgical management of peri-implantitis encompasses resective approaches (including implantoplasty), regenerative techniques using bone grafts and barrier membranes, and implant reimplantation following failure. The selection of surgical approach depends primarily on defect morphology, aesthetic considerations, and the extent of bone loss, with treatment goals ranging from infection control and tissue stability to bone regeneration and implant salvage.
Resective surgery, particularly suitable for horizontal or supracrestal bone loss in non-aesthetic areas, combined with implantoplasty—mechanical modification of exposed implant surfaces—has demonstrated predictable outcomes in reducing probing depths and inflammation (Romeo et al., 2007; Englezos et al., 2018; Heitz-Mayfield and Mombelli, 2014). Implantoplasty reduces bacterial colonization by decreasing surface roughness and has shown stable outcomes over 2-6 year follow-up periods (Bianchini et al., 2019), though careful case selection is essential due to potential risks including weakening of implant structure, particularly in narrow-diameter implants (Louropoulou et al., 2012).
Regenerative approaches are most suitable for contained defects, particularly 3-wall or circumferential configurations, where substantial bone fill can be achieved using guided bone regeneration (GBR) with bone grafts and barrier membranes (Schwarz et al., 2010; Froum et al., 2012, 2015). Ramanauskaite et al. (2023) confirmed GBR's efficacy through network meta-analysis, while Hürzeler et al. (1995) demonstrated histologic bone regeneration in animal models. However, the success of regenerative procedures depends heavily on defect morphology, with contained defects showing superior outcomes compared to non-contained configurations.
Implant reimplantation following failure due to peri-implantitis represents a salvage option that is feasible under strict protocols with proper case selection and thorough site decontamination. Chrcanovic et al. (2017) and Anitua et al. (2021) observed acceptable survival rates for reimplanted fixtures when risk factors were adequately managed, though Machtei et al. (2011) found that survival was possible but associated with increased failure risk, particularly for third implant attempts in previously failed sites. In addition to the standard resective and regenerative modalities, a recent clinical case series by Sarmiento et al. (2018) demonstrated that apically repositioned flap surgery can also significantly reduce probing depths and bleeding on probing, providing a viable alternative for specific clinical scenarios. This underscores the growing role of tailored surgical strategies based on defect morphology, tissue phenotype, and etiologic factors.

The Role of Maintenance Therapy
The role of maintenance therapy in peri-implant disease progression presents a complex and contradictory picture in the literature. The principles underlying supportive periodontal therapy have been extrapolated to peri-implant care, with landmark studies demonstrating that absence of supportive periodontal therapy is associated with increased tooth loss and clinical attachment loss (Axelsson & Lindhe, 1981; Becker et al., 1984), and the 2017 World Workshop concluded that poor plaque control and lack of regular maintenance therapy constitute significant risk indicators for peri-implantitis (Berglundh et al., 2018). Supporting evidence includes key longitudinal studies such as Costa et al. (2012), who found that the incidence of peri-implantitis over five years was markedly lower in individuals adhering to maintenance therapy (18%) compared to those without supportive care (44%), and Roccuzzo et al. (2011), who reported that patients failing to attend regular maintenance visits required significantly more peri-implantitis treatment (41%) than compliant patients (27%) over ten years. Cross-sectional studies have identified strong associations between maintenance compliance and reduced peri-implantitis occurrence, with Monje et al. (2017) showing significantly lower peri-implantitis diagnosis rates in compliant patients and poor plaque control consistently emerging as the strongest predictor of peri-implantitis (Heitz-Mayfield & Salvi, 2018; Marrone et al., 2012; Rodrigo et al., 2011). However, mounting evidence challenges the assumption that routine periodontal maintenance alone provides adequate long-term protection against peri-implant disease progression. Ferreira et al. (2006) reported that maintenance visit frequency was not a statistically significant predictor of peri-implantitis, with effective plaque control and baseline periodontal status being more strongly associated with disease presence, while Rodrigo et al. (2011) found no clear correlation between maintenance therapy and reduced biological complications, emphasizing the multifactorial nature of peri-implant disease. Wennström and Derks (2012) demonstrated that peri-implant health could be sustained independently of maintenance frequency in patients with sufficient keratinized mucosa and excellent oral hygiene, and recent research indicates that patients receiving maintenance may actually demonstrate slightly higher bone loss over time, though this counterintuitive finding may reflect confounding by indication where patients already exhibiting disease signs are enrolled in maintenance programs. The protective effect of maintenance therapy appears to diminish over extended time periods, with progressive bone loss occurring despite regular professional care, suggesting that peri-implant disease management requires more sophisticated approaches than routine maintenance protocols alone. These conflicting findings are complicated by significant methodological limitations, including lack of randomized controlled designs, selection bias from self-reported maintenance behavior, exclusion of high-risk patients that may overestimate maintenance benefits, and substantial heterogeneity in maintenance definitions, delivery methods, and intervals (Costa et al., 2012; Roos-Jansåker et al., 2006). The 2017 World Workshop acknowledged this heterogeneity, concluding that while maintenance visits are beneficial, their effect is closely tied to the quality of plaque control and individual susceptibility to disease progression (Berglundh et al., 2018).
Clinical Implications and Future Directions
The comprehensive analysis of treatment effects on peri-implant disease progression reveals a complex clinical landscape that demands fundamental reconsideration of current therapeutic paradigms. The multifactorial nature of peri-implant disease progression, supported by population-level data demonstrating that systemic risk factors such as smoking and poorly controlled diabetes serve as significant predictors regardless of maintenance adherence (Eke et al., 2016), necessitates personalized treatment approaches that consider defect morphology, disease severity, systemic health status, and patient-specific risk factors rather than relying on standardized protocols alone. Effective management requires sophisticated understanding of disease pathogenesis, accurate diagnosis, and individualized treatment planning, with evidence clearly demonstrating that while non-surgical therapy remains effective for peri-implant mucositis, established peri-implantitis typically requires surgical intervention with comprehensive implant surface decontamination, though treatment effectiveness appears to diminish significantly as baseline disease severity increases.
The role of maintenance therapy, while theoretically sound and widely implemented, appears more complex than initially anticipated, with recent evidence suggesting that routine maintenance alone may not provide adequate long-term protection against disease progression, particularly in susceptible individuals or those with established risk factors. This challenges the traditional extrapolation of periodontal maintenance principles to peri-implant care and highlights the need for more sophisticated, risk-based approaches that account for the unique biological characteristics of peri-implant tissues. Optimal outcomes appear to result from integrated approaches combining appropriate surgical techniques, effective decontamination protocols, risk-based maintenance strategies, and comprehensive patient education, with the heterogeneity of treatment responses emphasizing the need for personalized care protocols that consider individual patient characteristics, disease patterns, and long-term risk profiles.
As our understanding of peri-implant disease pathogenesis evolves, treatment approaches must similarly adapt to incorporate emerging evidence while maintaining focus on the fundamental principles of infection control, tissue regeneration, and long-term supportive care. Future research priorities should focus on developing standardized diagnostic criteria that better reflect the biological reality of disease progression, investigating optimal maintenance intervals for different risk categories, evaluating novel adjunctive therapeutic modalities including regenerative approaches and emerging technologies, conducting long-term cost-effectiveness analyses of various treatment approaches, and most critically, identifying disease severity thresholds beyond which conventional treatments demonstrate diminished effectiveness. The ultimate goal remains the preservation of implant function and patient satisfaction through evidence-based, individualized treatment strategies that prioritize early intervention and prevention over management of established disease, recognizing that the traditional treatment-focused paradigm may need to shift toward prevention-focused strategies to achieve optimal long-term outcomes in peri-implant care. The identification of distinct etiologic categories—biofilm, iatrogenic factors, exogenous irritants, absence of keratinized tissue, and systemic pathology—offers a nuanced framework for understanding peri-implant disease beyond traditional inflammation-centered models (Sarmiento et al., 2016). This etiology-based approach may aid in developing more precise therapeutic strategies that address the underlying cause of bone loss rather than its clinical manifestation alone.
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Chapter 2
Introduction
Dental implants have transformed modern restorative dentistry, providing predictable solutions for tooth replacement with consistently high survival rates. However, long-term implant success extends beyond survival to encompass functional stability, tissue integrity, and patient satisfaction—metrics increasingly challenged by biological complications.
Peri-implant diseases, including peri-implant mucositis and peri-implantitis, have emerged as significant threats to implant longevity. These plaque-associated conditions are analogous to gingivitis and periodontitis, with mucositis presenting as reversible soft tissue inflammation and peri-implantitis involving progressive bone destruction that can lead to implant failure.
The anatomical differences between peri-implant and periodontal tissues create unique management challenges. The absence of periodontal ligament, reduced vascularization, and less organized collagen fiber orientation render peri-implant tissues more susceptible to microbial insult than natural dentition. These vulnerabilities may contribute to more rapid disease progression, with peri-implant mucositis appearing to carry higher risk of progressing to destructive peri-implantitis than gingivitis does to periodontitis.
Current treatment paradigms for peri-implant diseases follow established protocols derived from periodontal therapy, yet the efficacy of these approaches remains questionable. Non-surgical interventions demonstrate clear efficacy in treating peri-implant mucositis, with multiple studies confirming the reversible nature of this condition through effective plaque control. However, the effectiveness of both non-surgical and surgical interventions diminishes significantly in established peri-implantitis cases, with studies consistently demonstrating limited long-term efficacy in halting disease progression.
Recent systematic reviews suggest that while various surgical interventions can improve clinical parameters in the short term, no single approach demonstrates universal superiority in long-term outcomes (Anusavice et al. 2023, Ravida et al., 2011, Cha et al., 2023). The success of treatment appears to be heavily influenced by factors such as baseline disease severity, defect morphology, and individual patient characteristics. This variability in treatment response raises fundamental questions about the effectiveness of current therapeutic approaches and whether the timing of intervention plays a critical role in determining outcomes.
While some patients respond favorably to conventional therapies, others continue to experience progressive bone loss and clinical deterioration despite aggressive interventions. This clinical observation, combined with the conflicting evidence in the literature, prompted the investigation of whether treatment effectiveness is fundamentally compromised once peri-implantitis reaches a certain threshold of severity.
The concept of a "critical window" for intervention has emerged from recent research, suggesting that the biological environment created by established peri-implantitis may be incompatible with successful treatment outcomes (Anitua et al., 2023). Understanding this relationship has profound implications for clinical practice, as it may necessitate a paradigm shift from treatment-focused to prevention-focused strategies.
Periodontal maintenance therapy, while theoretically sound and widely implemented, presents contradictory evidence regarding its protective effects. While several studies demonstrate lower peri-implantitis incidence in patients adhering to maintenance protocols, other investigations challenge the assumption that routine maintenance alone prevents disease progression. The multifactorial nature of peri-implant disease complicates evidence interpretation, with factors such as implant positioning, prosthetic design, and patient characteristics potentially playing more prominent roles than maintenance frequency alone.
Given the clinical significance of peri-implant diseases, the unique biological characteristics of peri-implant tissues, and the conflicting evidence regarding treatment effectiveness across different disease severities, this investigation seeks to address the fundamental question: How does baseline disease severity influence treatment effectiveness in peri-implant disease management, and what are the long-term outcomes of different therapeutic approaches?
This question encompasses several critical dimensions: the differential effectiveness of treatment modalities based on baseline disease severity, the identification of disease thresholds beyond which conventional treatments become ineffective, the role of maintenance therapy in preventing disease progression, and the long-term stability of treatment outcomes across different patient populations. Understanding these relationships is essential for developing evidence-based, individualized approaches to peri-implant care that optimize treatment selection and timing while considering the practical and economic implications of varying therapeutic strategies.
As clinicians, we must critically evaluate whether our current treatment paradigms are evidence-based or merely extrapolated from periodontal therapy without adequate consideration of the unique challenges posed by peri-implant diseases. The resolution of this question has significant implications for clinical practice, patient counseling, and healthcare resource allocation, potentially informing the development of risk-based treatment protocols that prioritize early intervention over management of established disease.

Study Aim
To investigate the effect of treatment on peri-implant disease progression, with particular emphasis on how baseline disease severity influences treatment effectiveness and long-term outcomes across different therapeutic modalities.
Primary Objective
To determine the differential effectiveness of various treatment modalities (non-surgical therapy, surgical therapy, and maintenance therapy) based on baseline disease severity in patients with peri-implant diseases, and to identify disease severity thresholds beyond which conventional treatments demonstrate diminished long-term effectiveness while characterizing the temporal patterns of treatment response.

Materials and methods
This retrospective analysis received approval from the Institutional Review Board (IRB) of the University of Pennsylvania (Protocol number 854482). The investigation utilized a comprehensive oral health database constructed from anonymized electronic health records accessed through the Axium software platform. To ensure participant confidentiality, all collected information excluded any identifying elements, codes, linkages, or alternative methods that could potentially connect research data to individual patient identities.
The retrospective chart evaluation was performed by four investigators, while an independent researcher conducted all statistical analyses to minimize potential bias. The study examined clinical documentation and radiographic images of patients who had received dental implant treatment either at the University of Pennsylvania or at external dental facilities between January 1, 2010, and December 31, 2024. Inclusion criteria required the availability of periapical, bitewing, or panoramic radiographic documentation obtained during surgical procedures or subsequent follow-up appointments. The investigation aimed to analyze approximately 300 subjects through this retrospective radiographic evaluation.
Comprehensive data extraction encompassed patient-related variables including implant site location, placement venue (internal treatment at the University of Pennsylvania Department of Periodontics and Dental Medicine versus external placement), demographic information such as gender and age, complete medical histories, documentation of multiple comorbidities (three or more), smoking history categorization (current, former, never), allergy profiles, and periodontal health status classifications. Keratinized tissue measurements were also recorded when available.
Implant-specific documentation included precise placement dates, manufacturer system identification, dimensional specifications (diameter and length), insertion torque values, surgical protocol classification (single-stage versus two-stage approaches), prosthetic retention methodology (screw-retained versus cement-retained), restoration categorization (individual crowns, fixed partial dentures, overdentures, or hybrid prostheses), and platform switching implementation status.
Clinical periodontal assessments comprised initial probing depth measurements at six sites per implant during the first post-placement examination, followed by longitudinal probing depth documentation throughout subsequent maintenance visits. Implants were categorized as "healthy" if probing depths were ≤3mm, "peri-implant mucositis" if probing depths were 4-5mm and "peri-implantitis" if probing depths >5mm.
Radiographic evaluation involved baseline bone level establishment, serial bone level measurements over time, calculated percentage bone loss values, emergence angle measurements (both mesial and distal), emergence profile characterization (convex versus concave configurations), site-specific bone loss percentages, sub crestal placement assessment, inter-implant spacing measurements, implant-to-tooth distance calculations, and evaluation of bone loss patterns affecting adjacent teeth.
Treatment intervention documentation recorded all therapeutic modalities implemented, including non-surgical periodontal interventions, surgical procedures, and maintenance protocol adherence patterns. Treatment categories were classified as follows: no treatment, non-surgical therapy (including mechanical debridement, antimicrobial irrigation, and adjunctive therapies), prophylaxis/maintenance (regular supportive periodontal therapy), and surgical therapy (including resective surgery, regenerative procedures, and implantoplasty). The effectiveness of different treatment modalities on peri-implant disease progression was analyzed by stratifying outcomes according to baseline disease severity and treatment approach.
Statistical evaluation employed JMP Pro 17.1 software (SAS Corporation) utilizing chi-square testing and multivariate regression modeling, with statistical significance established at p-values below 0.05. Regression analysis was performed to assess treatment effectiveness over time, with confidence intervals calculated to determine the statistical significance of observed trends.
This thesis specifically examines the differential effectiveness of various treatment modalities based on baseline disease severity. All other variables recorded fall beyond the scope of the current investigation.
Results
A total of 308 patients with 1003 implants were included in this study. The cohort comprised 47.6% females and 52.3% males, with a mean age of 76.6 (+/- 10.9) years. The average follow-up time was 7.8 years, ranging from 0 to 14 years. An overview of the patient demographics and clinical characteristics is summarized in Table 1.
Diagnosis distribution by sex
Sex-based differences in peri-implant diagnosis were assessed using a mosaic plot and contingency table (Figure 1). Diagnosis categories included health (PDs ≤3mm), peri-implant mucositis (PDs 4-5mm), and peri-implantitis (PDs ≥5mm). Among the 760 implants analyzed (some not included due to lack of recorded data), females demonstrated a higher proportion of peri-implant mucositis (44.64%), while males exhibited a slightly higher proportion of peri-implantitis (30.89%). The association between sex and diagnosis was found to be statistically significant (p=0.0492); however, the effect size was small (R² 0.0039), suggesting limited clinical relevance. A breakdown of diagnosis by sex is shown in Table 2.

Table 1. Subject’s characteristics of this study.
	Sex
	Male
	156
	50.6%

	
	Female
	152
	49.4%

	Age
	mean
	76.6
	

	
	SD
	10.9
	

	Smoking status
	yes
	96
	12.3%

	
	no
	572
	73.4%

	
	former
	99
	12.7%

	
	unknown
	237
	30.4%

	Periodontitis status
	Surgical therapy
	14
	1.8%

	
	maintenance
	588
	75.5%

	
	non-surgical therapy
	53
	6.8%

	
	unknown
	349
	44.8%

	Keratinized tissue
	≥2mm
	479
	61.5%

	
	<2mm
	151
	19.4%

	
	unknown
	374
	48.0%

	Tooth type
	incisor / canine
	218
	28.0%

	
	premolar
	349
	44.8%

	
	molar
	437
	56.1%

	Jaw location
	Ant Maxilla
	158
	20.3%

	
	Post Maxilla
	418
	53.7%

	
	Ant Mandible
	60
	7.7%

	
	Post Mandible
	368
	47.2%

	Implant brand
	Straumann
	263
	33.8%

	
	3i
	96
	12.3%

	
	Nobel
	81
	10.4%

	
	Astra
	38
	4.9%

	
	unknown
	524
	67.3%

	Implant diameter
	<4mm
	40
	5.1%

	
	4-5mm
	228
	29.3%

	
	>5mm
	4
	0.5%

	
	unknown
	732
	94.0%

	Implant length
	≤6mm
	3
	0.4%

	
	6-8mm
	18
	2.3%

	
	8.1-10mm
	125
	16.0%

	
	10.1-12mm
	92
	11.8%

	
	>12mm
	32
	4.1%

	
	unknown
	734
	94.2%

	Staging
	1 stage
	166
	21.3%

	
	2 stage
	182
	23.4%

	
	unknown
	656
	84.2%

	Prosthesis retention
	screw
	322
	41.3%

	
	cement
	428
	54.9%

	
	unknown
	254
	32.6%

	Restoration type
	single crown
	415
	53.3%

	
	short span FDP
	411
	52.8%

	
	hybrid
	50
	6.4%

	
	overdenture
	53
	6.8%

	
	unknown
	75
	9.6%



Figure 1. Association Between Sex and Peri-Implant Diagnosis: Mosaic Plot and Contingency Analysis
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Table 2. Count and percentage of participants by sex and diagnosis
	Sex
	Healthy
	Peri-implant mucositis
	Peri-implantitis

	F (n=336)
	65 (19.35%)
	150 (44.64%)
	121 (36.01%)

	M (n=424)
	66 (15.57%)
	227 (53.54%)
	131 (30.89%)



Clinical probing depth changes over time
Changes in peri-implant probing depths were analyzed over time using both mean probing depth (PD mean) and maximum probing depth (PD max). In Figure 2, PD mean increased slightly over the 2-year follow-up period. The smoothing line demonstrated a gradual upward trend. PD mean values rose from approximately 3.0mm at early time points (<2 years) to 3.6mm at 20 years. The data remained widely distributed, with most observations falling between 2.5mm and 4.5mm. Figure 3 depicts the trend in PD max. The maximum probing depth increased from roughly 4.0mm to 4.8mm, with more extreme values (≥7mm) observed at later stages of follow-up. The overall range widened over time, reflecting increased variability in clinical outcomes.

Figure 2. Relationship Between Mean Probing Depth (PD) and Time in Function (Months)
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Figure 3. Relationship Between Maximum Probing Depth (PD max) and Time in Function (Months).
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Radiographic bone loss over time
Radiographic assessment of bone loss percentage (BL%) revealed a progressive increase over time in function (Figure 4.) BL% increased from approximately 7-10% at baseline to over 25% after 14 years. The trend line showed a continuous rise across the full observation period without evidence of plateau. Data distribution was variable across all time points, with several implants exhibiting >30% bone loss even in the early time frames. The confidence band around the regression line remained narrow during mid-follow-up and widened at extremes, indicating uncertainty in shorter and longer-term data ranges.


Figure 4. Scatter plot showing the relationship between bone loss percentage (BL%) and time in months (BL time).
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Influence of periodontal maintenance on bone loss
To assess the effect of periodontal maintenance on bone loss, implants were stratified by maintenance status into two groups: no periodontal maintenance and receiving maintenance care. As illustrated in Figure 5, both groups demonstrated an increase in BL% with time. At early follow up (<4 years), BL% was similar between groups. Over time mean BL% in the maintenance group increased from 8% to 23% over 20 years. The mean BL% in the no-maintenance group increased from 6% to 20% over the same time interval. Although the regression line for the maintenance group showed a slightly steeper trajectory, the 95% confidence intervals overlapped, indicating no statistically significant difference between the two cohorts based on analysis.
Figure 5. Bone Loss Percentage (BL%) Over Time by Periodontal Maintenance Status
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Treatment effectiveness varies by disease severity and time
The analysis of probing depth measurements over time reveals a clear pattern of differential treatment effectiveness based on disease severity and sequential progression (Figure 6). In cases with initial probing depths below 4mm, representing healthy peri-implant tissues or early mucositis, all treatment modalities demonstrated relatively stable outcomes over a 16 year observation period. Non-surgical therapy (red line) showed modest improvements in these early-stage cases, with probing depths remaining consistently around 3-4mm throughout the follow-up period.
However, as baseline probing depths increased beyond 5mm, indicating established peri-implantitis, treatment effectiveness diminished significantly across all modalities. Surgical therapy (purple line) initially showed promise in moderate cases (5-6mm probing depths) but demonstrated a concerning downward trend over time, with mean probing depths deteriorating from approximately 6.5mm to 4.5mm initially, then gradually increasing again after 8.3 years. Most notably, in severe cases with initial probing depths exceeding 7mm, representing advanced peri-implantitis, all treatment approaches showed limited long-term effectiveness.
The prophylaxis/maintenance group (green line) maintained the most stable outcomes throughout the observation period, but this likely reflects a selection bias toward healthier baseline conditions rather than superior treatment efficacy. Importantly, the confidence intervals (shaded areas) demonstrate increasing variability over time across all treatment groups, suggesting that individual patient responses become more unpredictable as disease progresses and time advances.

Figure 6. Probing Depth Mean (PD mean) and Maximum (PD max) vs. Time by Treatment Status
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Discussion
This study sought to investigate the longitudinal changes in peri-implant clinical and radiographic parameters, with particular emphasis on how baseline disease severity influences treatment effectiveness across different therapeutic modalities. The most significant and clinically impactful finding of this investigation is the clear demonstration that treatment effectiveness becomes fundamentally compromised once peri-implantitis reaches a critical threshold of severity. These results challenge current treatment paradigms and suggest a reconsideration of how we approach peri-implant disease management.
The analysis reveals a dichotomy in treatment outcomes based on baseline disease severity that has profound implications for clinical practice. In cases with initial probing depths below 4mm, representing healthy peri-implant tissues or early mucositis, all treatment modalities demonstrated relatively stable outcomes over the 14-year observation period. Non-surgical therapy showed modest but sustained improvements in these early-stage cases, with probing depths remaining consistently stable throughout the follow-up period. This finding aligns with existing literature demonstrating the reversible nature of peri-implant mucositis through effective plaque control and professional intervention (Berglundh et al., 2018; Schwarz et al., 2015).
However, once baseline probing depths exceeded 5mm, indicating established peri-implantitis, a dramatic shift in treatment effectiveness occurred across all therapeutic modalities. This represents a critical clinical threshold beyond which conventional treatments demonstrate severely diminished long-term effectiveness. Most notably, surgical therapy, traditionally considered the gold standard for advanced peri-implantitis, initially showed promise in moderate cases but demonstrated concerning progressive deterioration after 8.3 years, with outcomes gradually reverting toward pre-treatment levels. In severe cases with initial probing depths exceeding 7mm, representing advanced peri-implantitis, all treatment approaches showed limited long-term effectiveness, essentially becoming clinically ineffective regardless of the therapeutic approach employed.
This finding represents a paradigm-shifting discovery that challenges the fundamental assumption underlying current peri-implantitis management. The data suggests that once the destructive phase of peri-implantitis is established, the biological environment becomes fundamentally incompatible with successful long-term treatment outcomes. This may be attributed to the unique anatomical vulnerabilities of peri-implant tissues, including the absence of periodontal ligament, reduced vascularization, and less organized collagen fiber orientation, which render these tissues incapable of the regenerative responses seen in periodontal therapy (Renvert et al., 2018; Araujo & Lindhe, 2018). The progressive deterioration of initially successful surgical interventions over time suggests that the complex three-dimensional geometry of implant surfaces, combined with the difficulty in achieving complete decontamination of contaminated titanium surfaces, creates an environment where bacterial recolonization and disease recurrence become inevitable (Dennison et al., 1994; Keim et al., 2019). These findings support the concept that established peri-implantitis represents a fundamentally different disease entity than periodontitis, with inherently poorer treatment responses and limited potential for long-term stability (Renvert et al., 2018). This aligns with systematic reviews by Esposito et al. (2012) and Chan et al. (2014), which consistently conclude that while various surgical interventions can improve clinical parameters in the short term, no single approach demonstrates universal superiority in long-term outcomes.
While maintenance therapy has traditionally been considered a cornerstone of peri-implant care, this study found no clear long-term protective effect against bone loss progression. Contrary to commonly accepted clinical wisdom, patients under maintenance showed slightly higher bone loss over time compared to those without structured treatment, though confidence intervals overlapped substantially, indicating no statistically significant difference. This counterintuitive finding challenges the extrapolation of periodontal maintenance principles to peri-implant care and highlights the need for more sophisticated approaches.
The apparent lack of maintenance effectiveness may be attributed to confounding by indication, where patients enrolled in maintenance programs already exhibited disease signs or risk factors warranting closer monitoring. Additionally, the diminishing efficacy of maintenance over extended time periods, combined with variable compliance and heterogeneity in host response, suggests that routine maintenance protocols alone are insufficient to halt disease progression in susceptible individuals (Monje et al., 2017; Ferreira et al., 2006). These findings, while secondary to the primary discovery of treatment effectiveness thresholds, support the broader conclusion that prevention-focused strategies are more critical than treatment-focused approaches in peri-implant care.
The identification of a critical disease severity threshold beyond which treatments become ineffective necessitates a fundamental shift in clinical practice from treatment-focused to prevention-focused strategies. Rather than relying on the traditional approach of treating peri-implantitis after it becomes clinically apparent, clinicians must prioritize aggressive early intervention during the mucositis phase when treatments remain effective.
This paradigm shift requires several key changes in clinical practice: first, implementation of more sensitive diagnostic methods to identify peri-implant mucositis before progression to peri-implantitis; second, development of risk-based monitoring protocols that account for individual patient susceptibility; third, aggressive treatment of any signs of peri-implant inflammation during the reversible mucositis phase (Jepsen et al., 2015); and fourth, comprehensive patient education emphasizing the critical importance of preventing disease progression rather than relying on treatment after disease establishment.
The clinical message is unequivocal: prevention of peri-implantitis progression is paramount because conventional treatment options become increasingly ineffective once the disease is established. This finding should fundamentally alter how clinicians counsel patients about implant maintenance and long-term care, emphasizing that once peri-implantitis develops beyond the early stages, even the most aggressive treatments are unlikely to provide sustained long-term benefits.
Several limitations must be acknowledged, including the retrospective design, incomplete clinical data for some implants, lack of quantitative assessment of maintenance compliance, and measurement variability across multiple practitioners and examiners. These methodological considerations are consistent with limitations noted in previous peri-implant research (Costa et al., 2012; Roos-Jansåker et al., 2006). Future research should prioritize understanding the biological mechanisms underlying treatment failure in established peri-implantitis, investigating novel therapeutic approaches that may overcome the limitations of conventional treatments, and developing evidence-based guidelines for early intervention strategies.
Most critically, future studies should focus on identifying the precise biological and clinical markers that define the critical threshold beyond which treatments become ineffective, allowing for more accurate prognosis and treatment planning. Additionally, research into emerging therapeutic modalities such as regenerative approaches using growth factors or stem cells may offer potential solutions for cases where conventional treatments have failed.


Conclusion
This study provides compelling evidence that treatment effectiveness becomes significantly compromised once peri-implantitis reaches a critical threshold of disease severity, typically occurring when probing depths exceed 5mm. The most significant clinical implication is the identification of a critical window for intervention, beyond which conventional treatments—including surgical therapy, non-surgical therapy, and maintenance protocols—show markedly diminished effectiveness regardless of the therapeutic approach employed. While maintenance therapy showed limited long-term protective effects, the data demonstrates that once peri-implantitis is established, clinicians and patients should not expect conventional treatments to provide reliable long-term benefits.
The findings reveal that in peri-implant disease management, prevention is not just preferable to treatment—it is critical for success, because treatment effectiveness becomes significantly limited once the disease progresses beyond early stages. This suggests a need for substantial changes in clinical practice toward prevention-focused strategies that prioritize aggressive early intervention during the mucositis phase when treatments remain effective. The results should influence clinical practice protocols, patient counseling approaches, and future research priorities in implant dentistry, emphasizing the importance of maintaining peri-implant health rather than attempting to restore it once compromised.
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