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Peri-implantitis and heart rate 
variability: a missing modifiable 
risk determinant

David Cheng* 

Westcoast Smile Dental Studio and Whitening Spa, Vancouver, BC, Canada

This review proposes heart rate variability, a non-invasive index of autonomic 
regulatory capacity, as a candidate modifiable systemic determinant of peri- 
implantitis. Peri-implantitis, a bone-destructive complication affecting roughly 
one in five implant patients, has no validated prevention model. Despite four 
decades of implant design and surface-engineering research, the most recent 
consensus synthesis identified risk indicators but no confirmed risk factors. 
This review argues that the difficulty is structural: much of the design 
literature has been evaluated against marginal bone loss, an unvalidated 
radiographic surrogate for the disease, while no modifiable systemic 
determinant of host capacity has yet been established. Three observations are 
developed from the published literature. First, early marginal bone loss is 
substantially physiological, reflecting biologic-width formation; design factors 
that reduce it, including platform switching and connection geometry, have 
not been shown to reduce the disease itself. Second, well-measured risk 
indicators carry effect sizes consistent with modifiers rather than causes, and 
the literature repeatedly reports synergy rather than addition, the behavior of a 
gated rather than an additive system. Third, the proposed mechanisms 
converge on a shared effector, macrophage activation with NF-κB signaling 
and a RANKL-dominant RANKL/OPG ratio. The most extensively studied 
inherited host-susceptibility candidate, the interleukin-1 genotype, is fixed and 
unmodifiable. While the sympathetic and hypothalamic-pituitary-adrenal 
stress axis has been documented in peri-implant and periodontal disease, the 
counter-regulatory parasympathetic arm, indexed by heart rate variability, has 
not yet been examined as a modifiable determinant. Its anti-inflammatory arm 
is proposed to act through the cholinergic anti-inflammatory pathway; the 
review presents a two-level model in which systemic capacity sets the disease 
threshold while local load determines which sites reach it. Peri-implantitis 
may be usefully reframed as a disorder of host regulatory capacity acting on a 
shared inflammatory effector, rather than as a disease driven by any single 
local load. This hypothesis generates specific, falsifiable predictions, identifies 
heart rate variability as a testable biomarker, and would relocate prevention 
from the implant surface to the regulatory state of the host. The immediate 
priority is a prospective study relating baseline heart rate variability to peri- 
implantitis incidence.
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Introduction

The clinician’s problem

Dental implants succeed reliably, yet a substantial minority 
of patients develop peri-implantitis, a progressive inflammatory 
destruction of the bone that supports an osseointegrated 
implant. Recent pooled data from Galarraga-Vinueza et al. 
place its prevalence near 21 percent at the patient level, with 
an incidence of roughly 22 percent over twenty years (1). The 
most recent and largest synthesis of the evidence, a 2025 
consensus spanning 102 studies and more than 13,000 patients, 
identified risk indicators but no confirmed risk factors for 
peri-implantitis (1). The difficulty is therefore structural, not 
merely incomplete. For the clinician it is not that the disease 
occurs, but that it cannot be predicted, prevented, or reliably 
arrested. The available guidance to patients is largely non- 
specific or, on the evidence, inconclusive: stop smoking, 
control plaque, attend maintenance. When a patient develops 
peri-implantitis despite following that guidance, or avoids it 
despite ignoring it, the clinician has no mechanistic account 
to offer.

An implant may fail mechanically, through screw loosening, 
component fracture, or prosthetic complication. It may fail to 
osseointegrate, an early event reflecting the biology of initial 
healing. Or it may lose supporting bone after successful 
integration, through the inflammatory disease that is peri- 
implantitis. These are different phenomena with different 
mechanisms and different timelines. This review concerns only 
the last. Marginal bone loss, implant failure, and peri-implantitis 
are not interchangeable endpoints, and much of the confusion 
in the risk-factor literature originates in treating them as if 
they were.

Four scenarios that resist a single-cause 
explanation

Certain clinical patterns occur. No single one refutes a local- 
factor model, but each constrains what an adequate model must 
explain, and together they are difficult to account for within a 
purely local one.

The first is symmetry. Peri-implantitis is sometimes 
encountered in a symmetric distribution, affecting contralateral 
implants, for example at the mandibular left and right first 
molar sites, with near-identical patterns and severity of bone 
loss. On its own, symmetry does not require a systemic 
explanation, since contralateral sites often carry mirror-image 
local loads: comparable occlusal scheme, crown contour, and 
access for hygiene. What remains unexplained is the near- 

identical severity of the two lesions, a concordance between 
contralateral sites that has not been examined.

The second is selectivity. A patient may carry several implants 
placed at the same visit by the same operator, of which only one or 
two develop disease while the others remain healthy for years, 
under the same systemic conditions and the same 
oral environment.

The third is the probabilistic behavior of the strongest 
behavioral risk factor. Smoking is consistently associated with 
implant complications, yet meta-analysis places the effect on 
implant failure at an odds ratio near two (2), and the most 
recent consensus rates smoking as only a modest risk indicator 
for peri-implantitis specifically (1). An effect of that magnitude 
means most implants in smokers do not develop the disease. 
Smoking raises probability; it does not determine outcome.

The fourth is the occurrence of peri-implantitis in patients 
with none of the recognized risk indicators. In a referral 
population studied by Serino and Strom, many patients 
presenting with peri-implantitis had healthy periodontium and 
did not smoke (3).

Taken together, symmetry, selectivity, probabilistic risk, and 
disease in the absence of risk indicators point to a variable that 
is neither purely local nor captured by the current model. This 
review develops an account of what that variable may be. It 
proceeds deliberately: first by showing that much of what the 
field measures is not the disease, then by showing that what 
does predict the disease behaves like a modifier rather than a 
cause, then by identifying the class of variable the evidence 
points toward, and only then by proposing a specific candidate 
within that class.

Search strategy

This is a narrative review with an explicit hypothesis. The 
literature was searched in PubMed, Scopus, and Web of Science 
from inception through 2026, in English, across four domains: 
peri-implantitis etiology, risk indicators, and epidemiology; the 
physiology of peri-implant and biologic-width bone remodeling; 
periprosthetic osteolysis and the macrophage-NF-κB-RANKL 
effector; and autonomic regulation of inflammation and bone, 
including the cholinergic anti-inflammatory pathway and heart 
rate variability. A bridging search combining peri-implantitis 
with autonomic, vagal, cholinergic, and heart-rate-variability 
terms was performed to establish whether the central hypothesis 
had been examined previously. Studies were selected for 
relevance to mechanism, endpoint validity, or effect size. 
Reference lists of key reviews were hand-searched. Evidence was 
synthesized narratively; no quantitative pooling was performed. 
Because this is a hypothesis-driven narrative review rather than 
a systematic review, no formal PRISMA-style inclusion and 
exclusion framework was applied; studies that did not materially 
inform the proposed mechanism, endpoint validity, effect size, 
or testable predictions were not included. Importantly, the 
bridging search identified no direct prospective studies 
evaluating heart rate variability or parasympathetic regulatory 
capacity as determinants of peri-implantitis; the hypothesis 
therefore necessarily draws on convergent evidence from 
adjacent fields.

Abbreviations  

ANS, autonomic nervous system; a7nAChR, alpha-7 nicotinic acetylcholine 
receptor; HPA, hypothalamic-pituitary-adrenal; HRV, heart rate variability; 
IL-1beta, interleukin-1 beta; IL-6, interleukin-6; MBL, marginal bone loss; 
NF-κB, nuclear factor kappa-B; OPG, osteoprotegerin; OR, odds ratio; PDL, 
periodontal ligament; RANK, receptor activator of nuclear factor kappa-B; 
RANKL, receptor activator of nuclear factor kappa-B ligand; TNF-alpha, 
tumor necrosis factor alpha; VNS, vagus nerve stimulation.
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Part 1. The measurement problem: 
physiological versus pathological 
bone loss

The endpoint used to evaluate almost every implant design 
decision is marginal bone loss, a continuous radiographic 
measurement. The endpoint that matters clinically is peri- 
implantitis, a diagnosed inflammatory disease. These are not the 
same, and the gap between them is the foundation of this review.

Early crestal bone remodeling following implant exposure is 
primarily a physiological response to supracrestal tissue 
attachment formation rather than a pathological process. When 
an implant is exposed to the oral environment, the peri-implant 
tissues establish a biologic width, now termed supracrestal tissue 
attachment, an epithelial and connective-tissue attachment of 
roughly two to three millimeters, and where the crestal bone lies 
coronal to the level this dimension requires, it remodels away to 
accommodate it, as described by Farronato et al. (4). The 
magnitude of this remodeling is determined substantially by 
mucosal thickness. In a within-patient comparison, implants 
placed in thin tissue lost markedly more crestal bone than those 
placed with adequate vertical soft tissue or positioned 
subcrestally, the difference approaching 0.7 millimeters and 
established by the time the restoration was delivered (5). 
Linkevicius et al. showed that managing the biologic-width 
requirement, by increasing tissue thickness or by subcrestal 
placement, largely reduces this early loss (6). This is not the 
prevention of a disease. It is the accommodation of 
anatomical dimension.

The consequence is that a given measurement of early crestal 
bone loss carries two different meanings that a radiograph cannot 
distinguish. It may represent benign, self-limiting biologic-width 
formation, or it may represent the opening phase of a 
pathological process. Whether early bone loss predicts later 
disease has been examined directly only in prospective cohorts. 
In a ten-year prospective cohort study by Windael et al., 
implant survival was 94.74 percent, and mean crestal bone loss 
at ten years was 0.81 millimeters (7). Early loss did flag higher 
risk, but the signal it gives is a quantity of bone already lost, the 
surrogate, not the onset of disease.

The surrogate’s usefulness is further limited by a detection 
threshold. Conventional radiographs cannot detect early bone 
loss until sufficient mineral loss has occurred to become 
radiographically visible; a peri-implant radiolucency reflects 
demineralization that has crossed a threshold of visibility, not 
the onset of loss itself (8). Below that threshold, bone resorption 
may already be underway while the radiograph reads as normal. 
One early-warning signal has been demonstrated: bone loss 
exceeding 0.5 millimeters within the first year of function raises 
the odds of later peri-implantitis more than fivefold in a ten- 
year prospective cohort (7). But this finding still depends on 
bone loss having become radiographically measurable; it 
narrows the window; it does not close it. At present, no 
validated method exists to identify peri-implantitis before it is 
radiographically and clinically apparent. This is not a gap 
adjacent to the measurement problem described above. It is the 
same gap, restated from the standpoint of detection rather 
than interpretation.

This distinction reframes a large body of design research, 
which is examined next.

Part 2. The sieve: design factors 
predict the surrogate, not the disease

If marginal bone loss is substantially physiological, then 
interventions that reduce it may be managing biologic-width 
remodeling rather than preventing peri-implantitis. The 
evidence indicates that this is largely the case.

Platform switching, the horizontal relocation of the implant- 
abutment junction inward from the implant periphery, is one of 
the most extensively studied implant-abutment design 
modifications. Meta-analyses of randomized trials, including 
work by Mishra et al., show a significant pooled reduction in 
marginal bone loss of roughly 0.7 millimeters with platform 
switching, with greater mismatch generally associated with 
greater preservation of marginal bone (9), and in a systematic 
review, Tajti et al. found that bone-level implants restored with 
long abutments showed less marginal bone loss (10). Yet when 
peri-implantitis itself is the endpoint, the effect is not 
demonstrable. In a cross-sectional pilot comparison by Duque 
et al. that directly assessed peri-implant disease, platform 
switching produced only a non-significant trend toward lower 
peri-implantitis prevalence (6.6% versus 15.6%), while peri- 
implant mucositis was numerically higher in the platform- 
switching group (11).

The same pattern holds across the design variables. 
Connection type influences crestal bone loss, with conical 
Morse-taper connections outperforming external-hex designs 
and leaking less at the interface, but the network meta-analysis 
by Caricasulo et al. and the microleakage systematic review by 
Mishra et al. show that these advantages are confounded with 
platform-switching geometry and have not been demonstrated 
to translate into reduced peri-implantitis (12, 13). The microgap, 
the source of fretting and microleakage at the junction, is a 
plausible mechanistic contributor, yet eliminating it entirely by 
using one-piece implants has not been shown to reduce peri- 
implantitis relative to two-piece designs; the available meta- 
analysis by Liu et al. found no significant difference in biological 
complications, and two-piece implants with platform switching 
actually showed marginally less bone loss than one-piece 
implants (14). Placement depth and mucosal thickness influence 
early bone loss through the biologic-width mechanism described 
above, not through disease prevention (5, 6). Implant surface 
has been examined extensively, and the Monje et al. 2025 AO/ 
AAP consensus synthesis of implant-related factors concluded 
that comparative clinical studies have not demonstrated 
consistent superiority for any implant macro- or micro-design 
characteristic, including surface characteristics (15). Where a 
surface signal does appear, it concerns the progression of 
already-initiated disease, with rougher surfaces tending to 
accelerate progression in preclinical models, rather than 
evidence that surface selection prevents peri-implantitis (15). 
Implant material and geometry alter the quantity and 
composition of titanium particle release, with alloys shedding 
more than commercially pure titanium and wider or cylindrical 
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designs shedding more than narrow or tapered ones, but as 
shown by the ex vivo work of Barrak et al. and the review by 
Chen et al., current evidence has not established that these 
differences in particle burden translate into differences in peri- 
implantitis risk (16, 17). One caution applies across these 
comparisons. In most studies, peri-implantitis is not the 
primary endpoint; marginal bone loss is, and studies 
adequately powered to detect differences in peri-implantitis are 
relatively few. The repeated absence of a disease-level effect 
therefore reflects, in part, how infrequently peri-implantitis has 
been directly evaluated, not simply that these factors have no 
effect on the disease.

The consistent finding is that the variables clinicians’ control 
at implant placement—including connection type, platform 
design, placement depth, surface characteristics, material, and 
geometry—influence the radiographic surrogate but have not 
been shown to consistently influence peri-implantitis. This is 
not evidence that these variables are irrelevant to marginal bone 
levels. Rather, it indicates that reducing marginal bone loss 
cannot be assumed to reduce peri-implantitis, consistent with 
the conclusion of Part 1 that the surrogate and the disease are 
not the same.

Emerging implant technologies further illustrate that implant 
design may actively modify the local biological environment. 
Chen et al. recently developed an occlusion-activated 
piezoelectric implant that converted physiological loading into 
electrical signals and demonstrated antibacterial activity through 
controlled reactive oxygen species generation, modulation of 
macrophages toward an anti-inflammatory phenotype, and 
enhanced osteogenesis in preclinical models (18). These findings 
do not yet establish clinical prevention of peri-implantitis but 
demonstrate that advanced implant engineering can influence 
local inflammatory and bone-remodeling pathways. Such 
approaches are complementary to the present two-level model, 
in which implant-related factors modify local load and tissue 
response while systemic autonomic capacity may influence the 
host threshold for containing that challenge.

Part 3. What does predict the disease 
behave like a modifier, not a cause

The factors that do show association with peri-implantitis as a 
diagnosed entity are, with few exceptions, host-level and site-level 
rather than design-level, and their effect sizes are informative.

History of periodontitis is the most consistent predictor, with 
a pooled odds ratio near 2.9, rising to roughly 4.0 for active 
periodontitis, and reflects a host characteristic: individuals 
susceptible to periodontal breakdown remain susceptible to peri- 
implantitis after rehabilitation with implants (1, 19).

Absence of an adequate band of keratinized mucosa is 
associated with peri-implantitis (pooled OR approximately 2.8), 
with studies adjusting for confounding variables reporting a 
pooled OR of 3.68 (20). The interleukin-1 composite genotype, 
the field’s most extensively studied inherited host-susceptibility 
candidate, carries an odds ratio of approximately 2.0, although 
the estimate is based on a limited evidence base. The meta- 
analysis by Jin et al. reported this association but emphasized 
the need for larger, higher-quality studies to confirm it (21), and 

the meta-analysis by Mohammadi et al., applying Trial 
Sequential Analysis, found that the available evidence had not 
reached the required information size to confirm the association 
(22). The five-year cohort study by Costa et al. found that 
absence of supportive maintenance was associated with an 
approximately 2.4-fold higher incidence of peri-implantitis (23). 
Diabetes carries a significant but non-causal association with 
peri-implantitis (OR approximately 2.3), and smoking a 
similarly modest one, consistent with risk indicators rather than 
confirmed risk factors (1). Occlusal overload, long of uncertain 
significance, was recently associated with peri-implantitis in a 
systematic review by Mojaver et al., but explicitly in synergy 
with biofilm rather than as an independent cause (24). Corbella 
et al. identified a prosthetic emergence-profile angle of 45 
degrees or more as a significant contributor to peri-implantitis 
risk (OR 9.1) (25), although Romandini et al., testing the same 
factor in an independent cohort, did not find a significant 
association (19).

Two features of this list matter more than any individual entry. 
First, the replicated host- and systemic-level predictors cluster in a 
relatively narrow range. The most consistently reported and well- 
characterized associations generally fall between odds ratios of 
approximately 2 and 4, including history of periodontitis, 
absence of keratinized mucosa, and lack of supportive 
maintenance. These effect sizes are more consistent with 
modifiers of host susceptibility than with sufficient causes of 
disease. Larger odds ratios have been reported for some local 
factors. Close inter-implant distance, for example, was associated 
with a substantially higher odds ratio in the same systematic 
review (15), although this estimate was derived from limited 
single-study evidence with wide confidence intervals and has not 
been consistently replicated. Its proposed mechanism is site- 
specific—restricted interproximal hygiene access and altered 
local tissue conditions—rather than a systemic determinant. 
Similarly, prosthetic emergence profile has been associated with 
peri-implantitis at the implant level (25). Collectively, these local 
factors describe where biomechanical and inflammatory burden 
may concentrate, rather than what determines the host response 
to it. Accordingly, the two-level model developed below 
distinguishes between local load, which may vary substantially 
between implant sites, and systemic modifiers, which act across 
all sites within the same individual.

Second, the literature repeatedly describes interactions rather 
than simple independent effects. Examples include occlusal 
overload acting in conjunction with biofilm (24) and titanium 
ions interacting with lipopolysaccharide to increase the RANKL/ 
OPG ratio (17). These observations are not fully captured by 
models in which risk indicators act independently (Figure 1). 
The threshold model proposed here provides one possible 
framework for explaining such interactions.

This pattern is reinforced at the highest level of synthesis. The 
consensus finding introduced above—that only risk indicators 
could be identified across 102 studies and more than 13,000 
patients (1)—raises the possibility that an important class of 
host-level regulatory variables has not yet been routinely 
measured. This interpretation does not diminish the importance 
of established local and systemic risk indicators; rather, it 
suggests that they may operate within a broader regulatory 
framework that has yet to be fully characterized.
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These modifiers do not act on an inert scaffold. Peri-implant 
bone is an actively regulated, mechanosensitive tissue, and, in 
the absence of the periodontal ligament, its remodeling is 
mediated through the RANKL/OPG signaling pathway, onto 
which local mechanical loading and, as proposed below, 
systemic neural regulation may converge. Peri-implantitis 
therefore develops within a dynamically regulated biological 
tissue rather than at a passive site of injury. This provides the 
rationale for examining whether systemic physiological 
regulation contributes to an individual’s susceptibility to peri- 
implant disease.

Part 4. Convergence on a shared 
effector

Beneath the heterogeneity of proposed factors lies a striking 
uniformity of mechanism. Despite diverse initiating stimuli, 
peri-implant bone destruction converges on a common 
downstream effector pathway: activation of macrophages, NF-κB 
signaling, production of the pro-inflammatory cytokines IL-1β, 
TNF-α and IL-6, and a shift in the RANKL/RANK/OPG axis 
toward osteoclastogenesis and bone resorption (17, 26).

This same downstream inflammatory pathway has been 
established in orthopedic periprosthetic osteolysis, where wear 
particles activate macrophages through innate immune signaling, 
leading to NF-κB activation, a shift in the RANKL/OPG axis, 
and osteoclast-mediated bone resorption (26, 27). It is also the 

pathway engaged by titanium particles in peri-implant tissues 
(17). The same host-response logic is now central to 
understanding periodontitis itself, in which disease emerges 
from polymicrobial dysbiosis interacting with a dysregulated 
inflammatory response in a susceptible individual, rather than 
from a single pathogen acting alone (28). Greater vulnerability 
of peri-implant than periodontal tissues to a comparable 
microbial challenge was demonstrated experimentally by 
Heyman et al.: in the same animals, infection produced a 
markedly greater influx of leukocytes in the peri-implant 
mucosa than in gingiva around teeth, while increasing the local 
RANKL/OPG ratio; experimental peri-implant bone loss was 
prevented by resolving the host inflammatory response with 
Resolvin D2 (29).

Microbial challenge is not the only trigger capable of engaging 
this pathway. Titanium particles and dissolved titanium are 
commonly detected around dental implants. They may be 
released during implant placement and function, with their 
quantity and composition influenced by implant material, 
geometry, surface characteristics, corrosion, and mechanical 
manipulation (16). Titanium has been detected around both 
clinically healthy and diseased implants, although higher levels 
have been reported at peri-implantitis sites (17, 30). The review 
by Chen et al. concluded that, although titanium particles are 
biologically active and can amplify inflammatory responses, their 
presence alone does not explain why some sites progress to peri- 
implantitis (17). The same AO/AAP consensus panel did not 
reach consensus on whether titanium biomaterial degradation 

FIGURE 1 

The prevailing model, in which risk indicators feed additively into a single linear chain. Six local and systemic risk indicators, biofilm, smoking, diabetes, 
history of periodontitis, prosthetic and mechanical factors, and other local factors, are each treated as independent contributors that add to a 
common inflammatory response and produce peri-implant bone loss. The model contains no term for the host’s capacity to restrain the 
response, which has three consequences developed in this review: risk indicators are undifferentiated by whether they act locally at a site or 
systemically across the host; each indicator is expected to resolve into an independent effect, which is difficult to reconcile with the probabilistic 
behavior of the evidence and the synergy repeatedly reported in the literature; and the model offers no mechanistic route to prevention for the 
patient without identifiable risk indicators.
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contributes to peri-implant disease, with only a simple majority 
supporting the proposition (31). This is consistent with titanium 
particle burden being biologically relevant but insufficient, by 
itself, to distinguish health from disease. The discriminating 
factor may therefore be not whether the inflammatory effector 
pathway is engaged, but whether the host contains and resolves 
the response.

Part 5. A missing class of variable

Assemble the evidence and a specific absence becomes visible.
The disease is host-governed, converging on a regulable 

inflammatory effector pathway. Susceptibility varies between 
individuals. Yet the field’s most studied inherited host- 
susceptibility candidate, the interleukin-1 composite genotype, is 
fixed at birth, unmodifiable, and confers only a modest increase 
in risk, while the available evidence remains insufficient for firm 
confirmation (21, 22). At present, no validated, modifiable, 
measurable systemic marker of host capacity has been identified 
in the peri-implantitis literature.

There is, moreover, a striking asymmetry in what has been 
examined. The autonomic nervous system comprises two 
functional arms. The sympathetic arm, together with the 
hypothalamic-pituitary-adrenal axis, mediates the physiological 
stress response by increasing catecholamines and cortisol and 
has therefore been the principal focus of research in periodontal 
and peri-implant disease. Depression, the chronic psychological 
stress subtype most consistently associated with peri-implantitis, 
has been proposed as the strongest psychological correlate of 
disease, with peri-implant sulcus cortisol levels correlating with 
probing depth (32). A recent meta-analysis similarly found 
elevated salivary cortisol levels in patients with periodontitis 
(33), while Decker et al. reviewed the psychobiological pathways 
through which chronic stress may contribute to periodontal and 
peri-implant disease progression (34). Salivary α-amylase, a 
surrogate marker of sympathetic activity, has also been 
investigated together with inflammatory cytokines in peri- 
implantitis patients (35). By contrast, the parasympathetic arm 
has received remarkably little attention. Where heart rate 
variability has entered the periodontal literature, it has generally 
been used to examine autonomic changes accompanying 
established periodontal disease rather than as a prospective 
measure of host susceptibility. For example, Ribeiro et al. 
investigated cardiovascular autonomic regulation after induction 
of experimental periodontitis in hypertensive and normotensive 
rats, but did not evaluate baseline heart rate variability as a 
predictor of periodontal destruction (36).

The parasympathetic arm has not received comparable 
attention. Vagal cholinergic signaling can restrain macrophage 
cytokine production through the cholinergic anti-inflammatory 
pathway, yet this counter-regulatory mechanism has not been 
directly measured in peri-implantitis, in human periodontitis as 
a determinant of bone loss, or in implant cohorts. The 
accelerator has been documented; the brake has not been 
examined in the same way. The same consensus panel classified 
depression and antidepressant use as a risk indicator for peri- 
implantitis with 93% agreement (31). Major depression is itself 
associated with reduced heart rate variability, including 

reductions in vagally mediated indices (37). A correlate of 
diminished parasympathetic regulation may therefore already 
have appeared among the field’s risk indicators, although this 
connection remains inferential and is offered as consistency 
rather than evidence.

This absence is not unique to autonomic literature. The peri- 
implantitis biomarker literature more broadly, including matrix 
metalloproteinase-8 (MMP-8), its activated form (aMMP-8), 
interleukin-1β, and the soluble RANKL/OPG ratio, has 
established diagnostic and treatment-monitoring value (38–40). 
These biomarkers reliably distinguish diseased from healthy 
implants at a single point in time, and some have been shown 
to track resolution following treatment. However, none has been 
prospectively validated as a modifiable measure of host 
susceptibility or host regulatory capacity. Likewise, no study has 
measured these biomarkers, or systemic stress markers such as 
salivary cortisol or salivary α-amylase, in disease-free implant 
patients and followed them longitudinally to determine who 
subsequently develops peri-implantitis. The literature establishes 
what changes once disease is present; it does not yet establish 
what precedes disease onset. Heart rate variability shares this 
same prospective evidence gap rather than being uniquely 
burdened by it. The proposed study in Part 8 is designed to 
address that gap directly.

What remains missing is a measurable, modifiable systemic 
variable that reflects host regulatory capacity before clinical 
disease develops. The available evidence suggests that this gap is 
particularly evident for the parasympathetic counter-regulatory 
system, which has received comparatively little attention in peri- 
implant research. The remainder of this review proposes heart 
rate variability as a candidate measure of that host capacity.

Part 6. The candidate: autonomic 
regulatory capacity and the 
cholinergic anti-inflammatory 
pathway

The vagus nerve balances innate immune activation through 
the cholinergic anti-inflammatory pathway, in which 
acetylcholine acting on nicotinic receptors suppresses 
macrophage production of pro-inflammatory cytokines 
including TNF-α, IL-1β, and IL-6. This neural regulation of 
inflammation forms the basis of the inflammatory reflex first 
described by Tracey (41). Because these cytokines converge on 
the inflammatory pathways responsible for peri-implant bone 
resorption, this mechanism provides a biologically plausible link 
between systemic neural regulation and local peri-implant tissue 
destruction. The activity of this pathway is thought to reflect 
vagal function. Cardiac parasympathetic modulation can be 
estimated non-invasively using vagally mediated heart rate 
variability indices, although heart rate variability reflects cardiac 
autonomic regulation rather than directly measuring vagal 
signaling to macrophages or other immune tissues (42).

The absence of the periodontal ligament is an important 
anatomical distinction between natural teeth and osseointegrated 
implants. Tooth extraction removes the periodontal 
mechanoreceptor apparatus and alters the local neural 
environment; however, peri-implant tissues undergo 
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reinnervation, with nerve fibers demonstrated experimentally and 
histologically within peri-implant tissues and bone (43, 44). 
Sympathetic regulation also remains functionally relevant in the 
absence of a periodontal ligament, as experimental 
sympathectomy alters peri-implant bone formation and 
osseointegration (45). More broadly, skeletal neurobiology 
supports both local and systemic neural regulation of bone, 
whereas direct parasympathetic innervation of mature peri- 
implant bone remains less clearly established (46).

This distinction is particularly relevant to the cholinergic anti- 
inflammatory pathway. Direct parasympathetic axonal contact 
with the implant-bone interface is not necessarily required for 
cholinergic immunoregulation. Autonomic signals can be 
relayed through neuroimmune pathways in which acetylcholine- 
producing immune cells provide local cholinergic signaling; 
ChAT-positive T cells, for example, can relay vagal signals 
through acetylcholine release (47). Acetylcholine can then act 
through α7 nicotinic acetylcholine receptors on macrophages to 
regulate inflammatory cytokine production (48), while non- 
neuronal cholinergic systems allow immune and other 
peripheral cells to synthesize and respond to acetylcholine 
through local autocrine and paracrine signaling (49). 
A functional non-neuronal cholinergic system has also been 
proposed within periodontal tissues (50). Thus, loss of the 
periodontal ligament may alter local neural regulation without 
necessarily abolishing cholinergic immunomodulation or 
systemic autonomic influence. Whether these mechanisms 
operate specifically at the human peri-implant bone interface 
remains to be established.

The relevance of this pathway to bone is not merely 
theoretical, although it remains untested in peri-implantitis. In 
experimental periodontitis, Xie et al. demonstrated that vagus 
nerve stimulation reduced alveolar bone loss, suppressed local 
inflammatory cytokine expression, and activated the α7 nicotinic 
acetylcholine receptor pathway (51). Similarly, Ribeiro et al. 
showed that carotid sinus nerve stimulation attenuated alveolar 
bone loss and periodontal inflammation through autonomic 
reflex activation (52). Beyond periodontal disease, the 
parasympathetic nervous system has also been shown to regulate 
skeletal remodeling directly. Bajayo et al. demonstrated that 
parasympathetic signaling regulates bone mass by modulating 
osteoclast activity through nicotinic receptor signaling (53). This 
broader concept of neural regulation of the jawbone is reflected 
in a 2023 review by Wu et al. which summarizes evidence that 
sympathetic signaling promotes RANKL-mediated bone 
resorption, whereas parasympathetic signaling contributes to 
anti-inflammatory regulation and osteoclast apoptosis. 
Importantly, the authors conclude that the effects of 
acetylcholine on jawbone remodeling remain insufficiently 
understood (54). Thus, the gap proposed here has already been 
identified within the oral biology literature itself.

The most complete demonstration that this axis operates in a 
chronic, bone-destructive, RANKL-mediated inflammatory 
disease comes from rheumatoid arthritis, which differs from 
peri-implantitis in etiology but shares key downstream 
inflammatory and osteoclastogenic pathways. In individuals at 
risk for rheumatoid arthritis, autonomic dysfunction has been 
shown to precede and predict disease onset; in established 
disease, higher vagal tone measured by heart rate variability is 

associated with better treatment response, and vagus nerve 
stimulation lowers TNF production and improves clinical 
disease activity in humans (55, 56). Preclinical arthritis studies 
summarized by Koopman et al. further show that deletion of 
the α7 nicotinic acetylcholine receptor worsens inflammatory 
arthritis (56). By contrast, deletion of the same receptor 
increases bone mass in otherwise unchallenged animals by 
raising the OPG/RANKL ratio and reducing osteoclast 
formation (57). This context dependence must be stated plainly: 
the effects of cholinergic signaling on bone differ between the 
quiescent and inflamed states. Peri-implantitis is an 
inflammatory, bone-destructive state, for which the periodontal 
and arthritis models above are the more appropriate analogues.

The hypothesis of this review follows directly from the 
preceding evidence. Autonomic regulatory capacity, specifically 
the parasympathetic counter-regulatory reserve indexed by heart 
rate variability, is proposed as a modifiable systemic determinant 
of whether the peri-implant foreign-body challenge is contained 
or progresses to disease. A bridging literature search identified 
no prior study investigating parasympathetic regulatory capacity, 
vagal tone, or heart rate variability as a modifiable determinant 
of peri-implantitis. The autonomic nervous system has been 
discussed only in broad terms within the peri-implant literature. 
For example, Ball and Darby identified autonomic regulation as 
one of several biological pathways linking mental health and 
peri-implant disease but did not develop the cholinergic anti- 
inflammatory pathway, vagal regulatory capacity, or heart rate 
variability as a measurable host-susceptibility variable (58). To 
the best of the author’s knowledge, the specific hypothesis 
proposed here has not previously been advanced.

Part 7. A two-level model

The proposition resolves into a two-level model (Figure 2), 
which provides a unified explanation for the clinical scenarios 
that opened this review.

Systemic autonomic capacity sets the threshold. It is a property 
of the host, shared by every site in the mouth, reflecting the 
parasympathetic reserve available to restrain the macrophage 
response wherever it is provoked. Local load determines which 
sites reach that threshold. It is site-specific and comprises 
titanium particle burden, biofilm, residual cement, implant 
position and prosthetic geometry, and occlusal load. In the 
proposed model, disease develops at a site where local load 
exceeds the host’s available regulatory capacity.

This framework explains the selective case directly: identical 
hosts but differing local loads, so the most heavily loaded site 
crosses a shared inflammatory threshold while others do not. It 
also explains the symmetric case without invoking coincidence: 
contralateral sites share both similar local loading and the same 
systemic capacity, so a reduction in regulatory capacity lowers 
the threshold for both simultaneously, synchronizing outcomes 
that a purely local account would attribute to chance. It explains 
the probabilistic behavior of smoking as an additional load and 
a possible suppressor of host capacity that increases the 
proportion of sites approaching the threshold without 
determining any individual outcome. Finally, it explains disease 
in the absence of conventional risk indicators: a host whose 
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regulatory capacity is reduced, whether associated with chronic 
stress, dysfunctional breathing, or other causes of reduced vagal 
tone, in whom ordinary local load is sufficient to trigger disease.

The model’s two levels are not always independent. 
Sympathetic activation and sleep bruxism are mechanistically 
linked: rhythmic masticatory muscle activity, the physiological 
signature of sleep bruxism, is consistently preceded by 
autonomic and respiratory activation, including heart-rate 
acceleration, increased sympathetic activation, and increased 
respiratory amplitude, as characterized by Lavigne et al. (59, 60). 
This activity occurs at a characteristic frequency of 
approximately 1 Hz (59, 60), comparable to the frequency of 
physiologic mastication measured directly by Fuentes et al. at 
1.46 ± 0.21 Hz (61), but is delivered as sustained, repetitive 
parafunctional loading rather than the interrupted, food-bolus- 
modulated cycles of normal chewing. This has direct 
consequences for the local-load component of the model at 
implant sites. Bruxism is a recognized risk factor for mechanical 
implant complications, increasing the odds of prosthetic screw 
fracture approximately sevenfold and implant fracture more 
than sixteenfold compared with non-bruxing patients in the 
meta-analysis by Vidal et al. (62), while Ionfrida et al. reported 
a pooled odds ratio of 4.68 for implant failure in patients with 
bruxism (63). Unlike the natural dentition, osseointegrated 

implants lack periodontal ligament mechanoreceptors and the 
viscoelastic damping provided by the periodontal ligament, so 
occlusal forces that a tooth would dissipate through physiologic 
mobility are instead transmitted more directly to the implant- 
bone interface, with substantially less physiologic mobility and 
periodontal ligament damping than at a natural tooth, a 
comparison quantified by Robinson et al. (64). Conventional 
titanium is also substantially stiffer than surrounding bone, and 
this stiffness mismatch alters peri-implant stress and strain 
transfer under repetitive loading (65). This does not imply that 
titanium stiffness is independently pathogenic; rather, the 
material mismatch is one factor determining how parafunctional 
load is distributed within the local implant-bone system. 
Reduced autonomic regulatory capacity may therefore act on 
both levels of the model simultaneously: lowering the threshold 
at which the shared inflammatory effector is contained while 
independently increasing the local mechanical load delivered to 
the site through sympathetically associated parafunctional 
activity. This is consistent with, and provides a possible 
mechanism for, the synergy between occlusal load and biofilm 
already discussed in Part 3, rather than viewing the two as 
merely coincidence, independent risks.

The model also reframes the surrogate problem of Part 
1. Physiologic biologic-width remodeling is the benign 

FIGURE 2 

Proposed two-level model: local load drives, and systemic autonomic capacity restrains, a shared effector. The effector is unchanged from Figure 1. 
Local load is site-specific, varies between implant sites within a patient, and comprises biofilm, wear particles, residual cement, prosthetic and 
geometric factors, advanced design/manufacturing characteristics, and occlusal load. Advanced design/manufacturing characteristics may modify 
local mechanical or biological burden rather than necessarily increase it. Systemic autonomic capacity is patient-specific, reflects parasympathetic 
reserve whose anti-inflammatory arm is proposed to act through the cholinergic anti-inflammatory pathway, and is indexed non-invasively by 
vagally mediated heart rate variability. Disease occurs at a site where local load exceeds available systemic capacity; where load remains within 
capacity, the site remains healthy. The structure accounts for asymmetric disease (shared capacity, differing local load) and symmetric bilateral 
disease (a reduction in shared systemic capacity). The autonomic route is presented as one candidate capacity variable among several, alongside 
redox buffering capacity and vitamin D status, and the predicted association between reduced heart rate variability and peri-implantitis 
remains untested.
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component that design factors manage. Once that component is 
accounted for, what remains is the progressive, inflammatory, 
host-dependent bone loss that defines the disease. It is precisely 
this residual component that the design variables fail to predict. 
The model proposes that systemic regulatory capacity operates 
within this unexplained residual.

Within this framework, the recurring finding of synergy is 
expected rather than anomalous. Two loads acting on a gated 
system interact because each moves the site closer to a threshold 
determined by the host’s regulatory capacity. The framework 
also accommodates, rather than competes with, other proposed 
host-capacity variables. Redox buffering capacity, whose failure 
has been proposed to contribute to peri-implant pathology 
through oxidative stress and immune dysregulation (66), and 
vitamin D status, whose insufficiency is associated with higher 
peri-implant RANKL and lower IL-10 (67), represent additional 
examples of potentially modifiable systemic host-capacity 
variables. Autonomic regulatory capacity is proposed as the 
neural member of this class and the one most directly linked to 
the macrophage-centered inflammatory effector through the 
cholinergic anti-inflammatory pathway.

Part 8. Testable predictions, proposed 
study, and falsification

A hypothesis earns attention by being testable. This hypothesis 
generates specific predictions that distinguish it from the 
prevailing model.

If systemic autonomic regulatory capacity sets the 
inflammatory threshold, then a measure of that capacity would 
be expected to predict not only the presence of peri-implantitis 
but also the number and symmetry of affected sites. Reduced 
heart rate variability would be predicted to associate with multi- 
site and more symmetric disease, whereas a patient with 
preserved heart rate variability who develops peri-implantitis at 
a single implant would be expected, on investigation, to have an 
identifiable local cause at that specific site. This is a more 
specific prediction than the prevailing model currently offers, 
and it is directly testable.

The proposed first study is a prospective cohort in which heart 
rate variability is measured before or at implant placement and 
related to the subsequent incidence of peri-implantitis over a 
defined follow-up period, with the number and symmetry of 
affected sites recorded. Potential confounders and covariates 
affecting HRV or peri-implantitis risk, including age, 
cardiovascular fitness and physical activity, cardiovascular disease, 
resting heart rate, medications affecting autonomic function, 
periodontitis history, smoking, diabetes, supportive maintenance, 
and relevant local implant factors, should be prespecified and 
incorporated through standardized measurement, stratification, 
and multivariable analysis as appropriate. Eligible participants 
would include adults undergoing dental implant placement who 
can undergo standardized HRV assessment and longitudinal peri- 
implant follow-up. Key variables would include baseline vagally 
mediated HRV indices, resting heart rate, peri-implant clinical 
and radiographic outcomes, the number and distribution of 
affected sites, and relevant local implant characteristics. The 
primary analysis should determine whether the HRV-peri- 

implantitis association persists after adjustment for relevant 
demographic, socioeconomic, systemic, behavioral, and local 
implant-related variables. Cardiovascular disease is considered as 
one potential covariate because it may influence HRV and is not 
assumed to have an established causal relationship with peri- 
implantitis. Because no established pre-clinical population exists 
for peri-implantitis, an efficient preliminary step would be a 
cross-sectional study relating heart rate variability to periodontal 
bone loss in dentate patients. Periodontitis shares the same 
macrophage–RANKL/OPG inflammatory effector pathway, 
requires no implants, and provides a practical, low-cost 
opportunity to establish or exclude an association before 
undertaking a prospective implant cohort.

The model must also specify what would refute it. Symmetric, 
multi-site peri-implantitis occurring in a patient with preserved 
heart rate variability and no identifiable shared local cause 
would constitute evidence against the hypothesis. A single-site 
failure with an evident local cause and preserved heart rate 
variability would be considered neutral rather than supportive. 
Stating these conditions is essential because a two-level model, 
applied without discipline, could otherwise accommodate almost 
any outcome retrospectively.

This detection gap gives the proposed design a structural 
advantage over the alternatives against which it would be 
evaluated. Radiographic, ultrasonographic, and biomarker 
approaches to earlier detection all remain constrained by the 
same limitation: some local pathological change must already be 
present before it can be detected. A systemic, pre-clinical 
measure of regulatory capacity is not subject to this constraint. 
Heart rate variability measured before implant placement 
requires no local signal to exist; instead, it characterizes the 
host’s proposed capacity to contain a challenge before disease 
develops. If validated, it would not compete with earlier 
detection methods. Rather, it would address a different question 
by providing a measure of susceptibility instead of attempting to 
detect disease after local pathology has already begun.

Part 9. Toward a prevention model

The practical significance of this reframing lies in prevention, 
where the need for a mechanism-based approach is greatest. 
A systematic review by Carra et al. of primordial and primary 
prevention found that no studies had evaluated primordial 
preventive interventions, and that the evidence supporting the 
two measures most commonly recommended to patients— 
smoking cessation and oral hygiene—was inconclusive when 
assessed as direct preventive interventions for peri-implant 
diseases (68). For the patient who cannot stop smoking, or who 
develops disease despite exemplary oral hygiene, the field 
currently offers no validated strategy aimed specifically at 
strengthening the host’s intrinsic capacity to regulate the 
inflammatory response.

If autonomic regulatory capacity is a determinant, it is one 
that can be modified. That distinguishes it from the most 
extensively studied inherited susceptibility candidate in the field, 
which is fixed at birth and cannot be changed. Several 
possibilities follow, each requiring prospective investigation 
before any clinical application. Heart rate variability could 
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potentially be measured before implant placement as part of future 
risk stratification, should its predictive value be established. 
Interventions capable of modifying autonomic regulation, 
including heart rate variability biofeedback and selected 
breathing-based approaches, could subsequently be investigated 
as methods of strengthening this regulatory capacity. These 
approaches would not replace smoking cessation, glycemic 
control, supportive maintenance, or other established preventive 
measures. Rather, they would complement existing prevention 
by adding a potentially modifiable systemic target for patients in 
whom conventional preventive strategies are insufficient or 
cannot be fully implemented. Clinical use of HRV biofeedback 
and resonance-frequency breathing has been reported in 
dentistry in the management of TMD and bruxism (69), 
providing case-level evidence of practical feasibility. However, 
whether modifying autonomic regulation alters the incidence or 
progression of peri-implantitis remains entirely untested and 
requires prospective investigation.

Stimulation of the α7 nicotinic acetylcholine receptor with a 
pharmacological agonist is specifically not proposed. Continuous 
pharmacological activation is not equivalent to endogenous, 
dynamically regulated vagal signaling, and sustained activation 
of α7 nicotinic acetylcholine receptors has been reported to 
suppress bone mass (57). The objective is therefore not 
continuous receptor activation, but restoration of physiological 
autonomic regulation through the body’s endogenous 
control mechanisms.

The value of this reframing is straightforward. It does not 
replace established local preventive strategies; it complements 

them by adding a proposed systemic dimension focused on the 
host’s regulatory capacity. If validated, it moves prevention 
upstream, from the implant surface to the regulatory state of the 
host in whom the implant is placed.

Limitations

The limitations of this review should be stated explicitly. Its 
central claim—that autonomic regulatory capacity gates the 
peri-implant inflammatory response—is not supported by any 
direct study in implant patients; no published work has linked 
heart rate variability or vagal tone to peri-implantitis. The 
mechanistic chain is assembled from adjacent fields, including 
orthopedic osteolysis, experimental periodontitis, rheumatoid 
arthritis, and bone neurobiology, and although each link is 
biologically plausible, its transfer to the peri-implant 
environment remains unproven. Heart rate variability reflects 
cardiac parasympathetic modulation and is, at best, an indirect 
surrogate of the vagal signaling to immune tissues on which the 
proposed model depends. Direct parasympathetic innervation of 
the mature human peri-implant bone interface remains 
incompletely characterized, and the extent to which systemic 
neuroimmune and non-neuronal cholinergic pathways regulate 
peri-implant macrophage activity has not yet been established. 
Likewise, the evidence that the cholinergic anti-inflammatory 
pathway protects bone derives primarily from inflammatory 
experimental models, and its effects are context dependent, as 
discussed above.

FIGURE 3 

The argument arc, from clinical observations to the proposed hypothesis. A schematic of the review’s logic: the clinical scenarios that resist single- 
cause explanation; the separation of physiological biologic-width remodeling from pathological loss; the sieve showing that design factors predict 
marginal bone loss but not peri-implantitis while disease predictors are host-level with modifier-magnitude effect sizes; convergence on the 
shared effector; the resulting gap, a modifiable systemic host-capacity variable, with the sympathetic arm documented and the vagal arm 
unexamined; and autonomic regulatory capacity proposed to fill it.
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The proposed two-level model must also be interpreted within 
the falsification criteria outlined in Part 8. Without those 
conditions, it could become insufficiently falsifiable by 
accommodating disparate clinical outcomes retrospectively. 
Future studies would also need to address recruitment-related 
bias, residual confounding, reverse causation, and variability 
introduced by HRV acquisition conditions. Detailed HRV 
standardization protocols should be defined prospectively 
according to the specific study design rather than prescribed 
within the present hypothesis framework. An additional 
limitation of the existing evidence is the heterogeneity of peri- 
implantitis case definitions across studies, which can affect 
prevalence estimates, reported associations, and comparisons 
between cohorts. Future prospective testing should therefore use 
a prespecified and consistently applied diagnostic definition of 
peri-implantitis. Finally, this is a narrative review rather than a 
systematic review and is therefore subject to selection bias in the 
literature considered. Accordingly, the proposed pathway should 
be regarded as a biologically informed framework for hypothesis 
generation and prospective testing, rather than as an established 
mechanism of peri-implantitis.

Discussion

Peri-implantitis has resisted a satisfactory explanation in part 
because the surrogate has been measured more often than the 
disease itself, and because the search for a cause has focused 
primarily on local loads while the evidence points toward a 
host-level determinant that has not yet been measured 
(Figure 3). Early marginal bone loss is substantially physiologic, 
and the design factors that reduce it have not been shown to 
reduce peri-implantitis. The factors that do predict disease 
behave as modifiers acting on a susceptible host, converging on 
a shared macrophage–NF-κB–RANKL inflammatory effector, 
while the field’s most recent consensus identifies risk indicators 
rather than an established cause. The most extensively studied 
inherited host-susceptibility candidate is fixed at birth and 
cannot be modified, and although the sympathetic stress 
response has been examined extensively, the parasympathetic 
counter-regulatory arm has not yet been investigated in peri- 
implantitis.

This review proposes autonomic regulatory capacity as a 
candidate modifiable systemic determinant. Its anti- 
inflammatory influence is proposed to operate, at least in part, 
through the cholinergic anti-inflammatory pathway, while its 
cardiac parasympathetic component can be estimated non- 
invasively using vagally mediated heart rate variability indices. 
The resulting two-level model proposes that systemic regulatory 
capacity sets the inflammatory threshold, whereas local load 
determines which implant sites reach it.

The hypothesis is testable, its predictions are specific, and its 
conditions for falsification have been stated explicitly. Its 
immediate priorities are prospective investigation of the 
relationship between heart rate variability and peri-implantitis 
and preliminary investigation of its relationship with periodontal 
bone loss. If supported, this framework would identify 
autonomic regulatory capacity as a previously untested, 
modifiable systemic target that complements existing local 

preventive strategies. More broadly, it would move prevention 
upstream, from the implant surface to the regulatory state of the 
host in whom the implant is placed.

Data availability statement

This article presents a theoretical model and literature 
synthesis with no associated dataset; all cited findings are drawn 
from previously published, publicly available literature 
referenced in the article.

Author contributions

DC: Writing – review & editing, Methodology, Writing – 
original draft, Conceptualization, Investigation, Visualization.

Funding

The author(s) declared that financial support was not received 
for this work and/or its publication.

Acknowledgments

The theoretical architecture and clinical synthesis presented in 
this manuscript are the original work of the author. No individuals 
contributed directly to the writing or preparation of this 
manuscript. All scientific content, interpretations, and 
conclusions are the sole responsibility of the author.

Conflict of interest

The author(s) declared that this work was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Generative AI statement

The author(s) declared that generative AI was used in the 
creation of this manuscript. Generative AI was used for 
language refinement and editorial assistance during manuscript 
preparation. The author verifies and takes full responsibility for 
the preparation of this manuscript.

Any alternative text (alt text) provided alongside figures 
in this article has been generated by Frontiers with the 
support of artificial intelligence and reasonable efforts have 
been made to ensure accuracy, including review by the 
authors wherever possible. If you identify any issues, please 
contact us.

Cheng                                                                                                                                                                 10.3389/fdmed.2026.1964007

Frontiers in Dental Medicine 11 frontiersin.org

https://doi.org/10.3389/fdmed.2026.1964007
https://www.frontiersin.org/journals/dental-medicine
https://www.frontiersin.org/


Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed 
or endorsed by the publisher.

References

1. Galarraga-Vinueza ME, Pagni S, Finkelman M, Schoenbaum T, Chambrone L. 
Prevalence, incidence, systemic, behavioral, and patient-related risk factors and 
indicators for peri-implant diseases: an AO/AAP systematic review and meta- 
analysis. J Periodontol. (2025) 96:587–633. doi: 10.1002/JPER.24-0154

2. Moraschini V, Barboza ESP. Success of dental implants in smokers and non- 
smokers: systematic review and meta-analysis. Int J Oral Maxillofac Surg. (2016) 
45:205–15. doi: 10.1016/j.ijom.2015.08.996

3. Serino G, Strom C. Peri-implantitis in partially edentulous patients: association 
with inadequate plaque control. Clin Oral Implants Res. (2009) 20:169–74. doi: 10. 
1111/j.1600-0501.2008.01627.x

4. Farronato D, Santoro G, Canullo L, Botticelli D, Maiorana C, Lang NP. 
Establishment of the epithelial attachment and connective tissue adaptation to 
implants: histological study in the minipig. Clin Oral Implants Res. (2012) 23:90–4. 
doi: 10.1111/j.1600-0501.2011.02196.x

5. Vervaeke S, Matthys C, Nassar R, Christiaens V, Cosyn J, De Bruyn H. Adapting 
the vertical position of implants with a conical connection in relation to soft tissue 
thickness prevents early implant surface exposure: a 2-year prospective intra- 
subject comparison. J Clin Periodontol. (2018) 45:605–12. doi: 10.1111/jcpe.12871

6. Linkevicius T, Puisys A, Linkevicius R, Alkimavicius J, Gineviciute E, Linkeviciene 
L. The influence of submerged healing abutment or subcrestal implant placement on 
soft tissue thickness and crestal bone stability. A 2-year randomized clinical trial. Clin 
Implant Dent Relat Res. (2020) 22:497–506. doi: 10.1111/cid.12903

7. Windael S, Collaert B, De Buyser S, De Bruyn H, Vervaeke S. Early peri-implant 
bone loss as a predictor for peri-implantitis: a 10-year prospective cohort study. 
Clin Implant Dent Relat Res. (2021) 23:298–308. doi: 10.1111/cid.13000

8. Sahrmann P, Kuhl S, Dagassan-Berndt D, Bornstein MM, Zitzmann NU. 
Radiographic assessment of the peri-implant site. Periodontol 2000. (2024) 
95:70–86. doi: 10.1111/prd.12577

9. Mishra S, Gaddale R, Sonnahalli N, Chowdhary R. Platform switching for 
preservation of peri-implant marginal bone: a systematic review and meta-analysis 
of randomized controlled trials with at least 3 years of follow-up. Int J Oral 
Maxillofac Implants. (2021) 36:e97–e109. doi: 10.11607/jomi.8911

10. Tajti P, Solyom E, Vancsa S, Matrai P, Hegyi P, Varga G, et al. Less marginal bone 
loss around bone-level implants restored with long abutments: a systematic review 
and meta-analysis. Periodontol 2000. (2024) 94:627–38. doi: 10.1111/prd.12534

11. Duque AD, Aristizabal AG, Londoño S, Castro L, Alvarez LG. Prevalence of peri- 
implant disease on platform-switching implants: cross-sectional. Braz Oral Res. 
(2016) 30:e5. doi: 10.1590/1807-3107BOR-2016.vol30.0005

12. Caricasulo R, Malchiodi L, Ghensi P, Fantozzi G, Cucchi A. The influence of 
implant-abutment connection to peri-implant bone loss: a systematic review and 
meta-analysis. Clin Implant Dent Relat Res. (2018) 20:653–64. doi: 10.1111/cid.12620

13. Mishra SK, Chowdhary R, Kumari S. Microleakage at the different implant- 
abutment interface: a systematic review. J Clin Diagn Res. (2017) 11:ZE10–5. 
doi: 10.7860/JCDR/2017/28951.10054

14. Liu M, He L, Wang H. Clinical and radiographic performance of one-piece and 
two-piece implant systems: a systematic review and meta-analysis. J Prosthodont Res. 
(2021) 65(1):56–66. doi: 10.2186/jpr.JPOR_2019_436

15. Monje A, Barootchi S, Rosen PS, Wang HL. Surgical- and implant-related factors 
and onset/progression of peri-implant diseases: an AO/AAP systematic review. 
J Periodontol. (2025) 96:542–61. doi: 10.1002/JPER.24-0083

16. Barrak F, Li S, Muntane A, Bhatia M, Crossthwaite K, Jones J. Particle release 
from dental implants immediately after placement: ex vivo comparison. Dent 
Mater. (2022) 38:1004–14. doi: 10.1016/j.dental.2022.04.003

17. Chen L, Tong Z, Luo H, Qu Y, Gu X, Si M. Titanium particles in peri-implantitis: 
distribution, pathogenesis and prospects. Int J Oral Sci. (2023) 15:49. doi: 10.1038/ 
s41368-023-00256-x

18. Chen A, Li K, Li Y, Fan C, Zhang Z, Liu Y, et al. Occlusion-activated autonomous 
piezoelectric implants for adaptive prevention of peri-implantitis. Nat Commun. 
(2026) 17:5017. doi: 10.1038/s41467-026-71556-z

19. Romandini M, Lima C, Pedrinaci I, Araoz A, Soldini MC, Sanz M. Prevalence and 
risk/protective indicators of peri-implant diseases: a university-representative cross- 
sectional study. Clin Oral Implants Res. (2021) 32:112–22. doi: 10.1111/clr.13684

20. Mahardawi B, Jiaranuchart S, Damrongsirirat N, Arunjaroensuk S, Mattheos N, 
Somboonsavatdee A, et al. The lack of keratinized mucosa as a risk factor for 

peri-implantitis: a systematic review and meta-analysis. Sci Rep. (2023) 13:3778. 
doi: 10.1038/s41598-023-30890-8

21. Jin Q, Teng F, Cheng Z. Association between common polymorphisms in IL-1 
and TNF-alpha and risk of peri-implant disease: a meta-analysis. PLoS One. (2021) 
16(10):e0258138. doi: 10.1371/journal.pone.0258138

22. Mohammadi H, Roochi MM, Sadeghi M, Garajei A, Heidar H, Meybodi AA, et al. 
Association between interleukin-1 polymorphisms and susceptibility to dental peri- 
implant disease: a meta-analysis. Pathogens. (2021) 10(12):1600. doi: 10.3390/ 
pathogens10121600

23. Costa FO, Takenaka-Martinez S, Cota LOM, Ferreira SD, Silva GLM, Costa JE. 
Peri-implant disease in subjects with and without preventive maintenance: a 5-year 
follow-up. J Clin Periodontol. (2012) 39(2):173–81. doi: 10.1111/j.1600-051X.2011. 
01819.x

24. Mojaver S, Patel N, Sarmiento H, Fiorellini JP. Under pressure: unraveling the 
impact of occlusal overload on peri-implant health: a systematic review. 
J Prosthodont. (2025) 34(8):784–95. doi: 10.1111/jopr.14088

25. Corbella S, Morandi B, Calciolari E, Alberti A, Francetti L, Donos N. Implant 
position and prosthetic characteristics and their association with peri-implantitis: a 
retrospective study. Clin Oral Investig. (2023) 27:7261–71. doi: 10.1007/s00784-023- 
05303-9

26. Goodman SB, Gibon E, Pajarinen J, Lin T-H, Keeney M, Ren P-G, et al. Novel 
biological strategies for treatment of wear-particle-induced periprosthetic osteolysis 
of orthopaedic implants for joint replacement. J R Soc Interface. (2014) 
11(93):20130962. doi: 10.1098/rsif.2013.0962

27. Nich C, Takakubo Y, Pajarinen J, Ainola M, Salem A, Sillat T, et al. Macrophages- 
key cells in the response to wear debris from joint replacements. J Biomed Mater Res 
A. (2013) 101(10):3033–45. doi: 10.1002/jbm.a.34599

28. Hajishengallis G, Lamont RJ. Polymicrobial communities in periodontal disease: 
their quasi-organismal nature and dialogue with the host. Periodontol 2000. (2021) 
86(1):210–30. doi: 10.1111/prd.12371

29. Heyman O, Horev Y, Mizraji G, Haviv Y, Shapira L, Wilensky A. Excessive 
inflammatory response to infection in experimental peri-implantitis: resolution by 
resolvin D2. J Clin Periodontol. (2022) 49(12):1217–28. doi: 10.1111/jcpe.13631

30. Safioti LM, Kotsakis GA, Pozhitkov AE, Chung WO, Daubert DM. Increased 
levels of dissolved titanium are associated with peri-implantitis: a cross-sectional 
study. J Periodontol. (2017) 88(5):436–42. doi: 10.1902/jop.2016.160524

31. Wang H-L, Avila-Ortiz G, Monje A, Kumar P, Calatrava J, Aghaloo T, et al. AO/ 
AAP consensus on prevention and management of peri-implant diseases and 
conditions: summary report. J Periodontol. (2025) 96:519–41. doi: 10.1002/JPER.25-0270

32. Chang YL, Lin GM, Lin SY, Huang RY, Kuo PJ, Chang NNS, et al. Evidence for 
the association between psychological stress and peri-implant health among middle- 
aged and elderly adults: a systemic review. World J Clin Cases. (2025) 13(23):105762. 
doi: 10.12998/wjcc.v13.i23.105762

33. Fageeh HN, Al-Akhali MS, Al-Moraissi EA, Alakhali HS, Peeran SW, Khurayzi 
TA, et al. Are salivary cortisol levels elevated in periodontitis patients experiencing 
stress compared to those without stress? A systematic review and meta-analysis. 
J Contemp Dent Pract. (2025) 26(2):206–16. doi: 10.5005/jp-journals-10024-3819

34. Decker AM, Kapila YL, Wang HL. The psychobiological links between chronic 
stress-related diseases, periodontal/peri-implant diseases, and wound healing. 
Periodontol 2000. (2021) 87(1):94–106. doi: 10.1111/prd.12381

35. Soysal F, Unsal B, Isler SC, Akca G, Bakirarar B, Ozcan M. Evaluation of salivary 
stress markers and inflammatory cytokine levels in patients with peri-implantitis. Clin 
Oral Investig. (2024) 28:290. doi: 10.1007/s00784-024-05692-5

36. Ribeiro AB, Da Silva TM, Santos-Júnior NN, Castania JA, Fazan R, Salgado HC. 
Short-term effect of ligature-induced periodontitis on cardiovascular variability and 
inflammatory response in spontaneously hypertensive rats. BMC Oral Health. 
(2021) 21:515. doi: 10.1186/s12903-021-01885-6

37. Koch C, Wilhelm M, Salzmann S, Rief W, Euteneuer F. A meta-analysis of heart 
rate variability in major depression. Psychol Med. (2019) 49:1948–57. doi: 10.1017/ 
S0033291719001351

38. Xanthopoulou V, Raisanen IT, Sorsa T, Tortopidis D, Sakellari D. Diagnostic 
value of aMMP-8 and azurocidin in peri-implant sulcular fluid as biomarkers of 
peri-implant health or disease. Clin Exp Dent Res. (2024) 10(2):e883. doi: 10.1002/ 
cre2.883

Cheng                                                                                                                                                                 10.3389/fdmed.2026.1964007

Frontiers in Dental Medicine 12 frontiersin.org

https://doi.org/10.1002/JPER.24-0154
https://doi.org/10.1016/j.ijom.2015.08.996
https://doi.org/10.1111/j.1600-0501.2008.01627.x
https://doi.org/10.1111/j.1600-0501.2008.01627.x
https://doi.org/10.1111/j.1600-0501.2011.02196.x
https://doi.org/10.1111/jcpe.12871
https://doi.org/10.1111/cid.12903
https://doi.org/10.1111/cid.13000
https://doi.org/10.1111/prd.12577
https://doi.org/10.11607/jomi.8911
https://doi.org/10.1111/prd.12534
https://doi.org/10.1590/1807-3107BOR-2016.vol30.0005
https://doi.org/10.1111/cid.12620
https://doi.org/10.7860/JCDR/2017/28951.10054
https://doi.org/10.2186/jpr.JPOR_2019_436
https://doi.org/10.1002/JPER.24-0083
https://doi.org/10.1016/j.dental.2022.04.003
https://doi.org/10.1038/s41368-023-00256-x
https://doi.org/10.1038/s41368-023-00256-x
https://doi.org/10.1038/s41467-026-71556-z
https://doi.org/10.1111/clr.13684
https://doi.org/10.1038/s41598-023-30890-8
https://doi.org/10.1371/journal.pone.0258138
https://doi.org/10.3390/pathogens10121600
https://doi.org/10.3390/pathogens10121600
https://doi.org/10.1111/j.1600-051X.2011.01819.x
https://doi.org/10.1111/j.1600-051X.2011.01819.x
https://doi.org/10.1111/jopr.14088
https://doi.org/10.1007/s00784-023-05303-9
https://doi.org/10.1007/s00784-023-05303-9
https://doi.org/10.1098/rsif.2013.0962
https://doi.org/10.1002/jbm.a.34599
https://doi.org/10.1111/prd.12371
https://doi.org/10.1111/jcpe.13631
https://doi.org/10.1902/jop.2016.160524
https://doi.org/10.1002/JPER.25-0270
https://doi.org/10.12998/wjcc.v13.i23.105762
https://doi.org/10.5005/jp-journals-10024-3819
https://doi.org/10.1111/prd.12381
https://doi.org/10.1007/s00784-024-05692-5
https://doi.org/10.1186/s12903-021-01885-6
https://doi.org/10.1017/S0033291719001351
https://doi.org/10.1017/S0033291719001351
https://doi.org/10.1002/cre2.883
https://doi.org/10.1002/cre2.883
https://doi.org/10.3389/fdmed.2026.1964007
https://www.frontiersin.org/journals/dental-medicine
https://www.frontiersin.org/


39. Fragkioudakis I, Batas L, Vouros I, Sakellari D. Diagnostic accuracy of an active 
matrix metalloproteinase-8 point-of-care test in peri-implantitis. Eur J Dent. (2025) 
19(3):743–8. doi: 10.1055/s-0044-1793843

40. Pliavga V, Peceliunaite G, Daugela P, Leketas M, Gervickas A, Juodzbalys G. 
Peri-implantitis diagnosis and prognosis using biomarkers: a systematic literature 
review. Int J Oral Maxillofac Implants. (2023) 38(6):1095–105. doi: 10.11607/jomi. 
10353

41. Tracey KJ. The inflammatory reflex. Nature. (2002) 420:853–9. doi: 10.1038/ 
nature01321

42. Thayer JF, Yamamoto SS, Brosschot JF. The relationship of autonomic imbalance, 
heart rate variability and cardiovascular disease risk factors. Int J Cardiol. (2010) 
141:122–31. doi: 10.1016/j.ijcard.2009.09.543

43. Huang Y, Van Dessel J, Martens W, Lambrichts I, Zhong WJ, Ma GW, et al. 
Sensory innervation around immediately vs. Delayed loaded implants: a pilot 
study. Int J Oral Sci. (2015) 7(1):49–55. doi: 10.1038/ijos.2014.53

44. Dos Santos Corpas L, Lambrichts I, Quirynen M, Collaert B, Politis C, Vrielinck 
L, et al. Peri-implant bone innervation: histological findings in humans. Eur J Oral 
Implantol. (2014) 7(3):283–92.

45. Yao Q, Zeng Y, Feng Y, Wu H, Liang H, Gong P. Chemical sympathectomy 
impairs peri-implant osseointegration in mice: role of the sympathetic nervous 
system in osseointegration. Int J Oral Maxillofac Implants. (2019) 34(1):91–8. 
doi: 10.11607/jomi.7086

46. Hassan MG, Horenberg AL, Coler-Reilly A, Grayson WL, Scheller EL. Role of the 
peripheral nervous system in skeletal development and regeneration: controversies 
and clinical implications. Curr Osteoporos Rep. (2023) 21(5):503–18. doi: 10.1007/ 
s11914-023-00815-5

47. Rosas-Ballina M, Olofsson PS, Ochani M, Valdés-Ferrer SI, Levine YA, 
Reardon C, et al. Acetylcholine-synthesizing T cells relay neural signals in a 
vagus nerve circuit. Science. (2011) 334(6052):98–101. doi: 10.1126/science. 
1209985

48. Wang H, Yu M, Ochani M, Amella CA, Tanovic M, Susarla S, et al. Nicotinic 
acetylcholine receptor alpha7 subunit is an essential regulator of inflammation. 
Nature. (2003) 421(6921):384–8. doi: 10.1038/nature01339

49. Kawashima K, Mashimo M, Nomura A, Fujii T. Contributions of non-neuronal 
cholinergic systems to the regulation of immune cell function, highlighting the role 
of alpha7 nicotinic acetylcholine receptors. Int J Mol Sci. (2024) 25(8):4564. 
doi: 10.3390/ijms25084564

50. Zoheir N, Lappin DF, Nile CJ. Acetylcholine and the alpha 7 nicotinic receptor: a 
potential therapeutic target for the treatment of periodontal disease? Inflamm Res. 
(2012) 61(9):915–26. doi: 10.1007/s00011-012-0513-z

51. Xie H, Huang P, Tan A, Su Z, Fu Y. Vagus nerve stimulation alleviates 
alveolar bone loss and inflammation in ligature-induced periodontitis 
rat model. J Appl Oral Sci. (2025) 33:e20250322. doi: 10.1590/1678-7757-2025- 
0322

52. Ribeiro AB, Brognara F, Da Silva JF, Castania JA, Fernandes PG, Tostes RC, et al. 
Carotid sinus nerve stimulation attenuates alveolar bone loss and inflammation in 
experimental periodontitis. Sci Rep. (2020) 10:19258. doi: 10.1038/s41598-020- 
76194-z

53. Bajayo A, Bar A, Denes A, Bachar M, Kram V, Attar-Namdar M, et al. Skeletal 
parasympathetic innervation communicates central IL-1 signals regulating bone 
mass accrual. Proc Natl Acad Sci U S A. (2012) 109(38):15455–60. doi: 10.1073/ 
pnas.1206061109

54. Wu Y, Lan Y, Mao J, Shen J, Kang T, Xie Z. The interaction between the nervous 
system and the stomatognathic system: from development to diseases. Int J Oral Sci. 
(2023) 15:34. doi: 10.1038/s41368-023-00241-4

55. Koopman FA, Chavan SS, Miljko S, Grazio S, Sokolovic S, Schuurman PR, et al. 
Vagus nerve stimulation inhibits cytokine production and attenuates disease severity 
in rheumatoid arthritis. Proc Natl Acad Sci U S A. (2016) 113(29):8284–9. doi: 10. 
1073/pnas.1605635113

56. Koopman FA, Van Maanen MA, Vervoordeldonk MJ, Tak PP. Balancing the 
autonomic nervous system to reduce inflammation in rheumatoid arthritis. J Intern 
Med. (2017) 282(1):64–75. doi: 10.1111/joim.12626

57. Mito K, Sato Y, Kobayashi T, Miyamoto K, Nitta E, Iwama A, et al. The alpha7 
nicotinic acetylcholine receptor subunit is an essential negative regulator of bone 
mass. Sci Rep. (2017) 7:45597. doi: 10.1038/srep45597

58. Ball J, Darby I. Mental health and periodontal and peri-implant diseases. 
Periodontol 2000. (2022) 90(1):106–24. doi: 10.1111/prd.12452

59. Lavigne GJ, Huynh N, Kato T, Okura K, Adachi K, Yao D, et al. Genesis of sleep 
bruxism: motor and autonomic-cardiac interactions. Arch Oral Biol. (2007) 52:381–4. 
doi: 10.1016/j.archoralbio.2006.11.017

60. Lavigne GJ, Kato T, Kolta A, Sessle BJ. Neurobiological mechanisms involved in 
sleep bruxism. Crit Rev Oral Biol Med. (2003) 14:30–46. doi: 10.1177/ 
154411130301400104

61. Fuentes R, Arias A, Lezcano MF, Saravia D, Kuramochi G, Navarro P, et al. A new 
tridimensional insight into geometric and kinematic characteristics of masticatory 
cycles in participants with normal occlusion. Biomed Res Int. (2018) 2018:2527463. 
doi: 10.1155/2018/2527463

62. Vidal RA, Martins VC, Figueiredo EZ, Roithmann CC, Bertuzzi D, Grossi ML. 
Relationship between bruxism and different types of mechanical complications in 
implant-supported prosthesis: a systematic review with meta-analysis. 
J Prosthodont. (2025):e70046. doi: 10.1111/jopr.70046

63. Ionfrida JA, Stiller HL, Kammerer PW, Walter C. Dental implant failure risk in 
patients with bruxism: a systematic review and meta-analysis. Dent J (Basel). 
(2025) 13(1):11. doi: 10.3390/dj13010011

64. Robinson D, Aguilar L, Gatti A, Abduo J, Lee PVS, Ackland D. Load response of 
the natural tooth and dental implant: a comparative biomechanics study. J Adv 
Prosthodont. (2019) 11:169–78. doi: 10.4047/jap.2019.11.3.169

65. Li J, Jansen JA, Walboomers XF, Van Den Beucken JJJP. Mechanical aspects of 
dental implants and osseointegration: a narrative review. J Mech Behav Biomed 
Mater. (2020) 103:103574. doi: 10.1016/j.jmbbm.2019.103574

66. Mierzejewska ZA, Wozniak L, Lechien JR, Borys J, Lukaszuk K, Antonowicz B. 
Beyond biocompatibility: immune dysregulation, oxidative stress, and tissue 
intolerance associated with ti-6Al-4V dental implants-A critical review and 
perspective. Antioxidants (Basel). (2026) 15(3):365. doi: 10.3390/antiox15030365

67. Toy VE, Sabanci A, Dundar M, Disli F, Yildiz S, Aral K. Vitamin-D insufficiency 
leads to interleukin-10 reduction in peri-implant tissues: a case-control study. Clin 
Implant Dent Relat Res. (2025) 27(1):e13425. doi: 10.1111/cid.13425

68. Carra MC, Blanc-Sylvestre N, Courtet A, Bouchard P. Primordial and primary 
prevention of peri-implant diseases: a systematic review and meta-analysis. J Clin 
Periodontol. (2023) 50(Suppl 26):77–112. doi: 10.1111/jcpe.13790

69. Cheng D. Heart rate variability biofeedback in the management of TMD and 
bruxism: case report. J Calif Dent Assoc. (2025) 53(1):2565337. doi: 10.1080/ 
19424396.2025.2565337

Cheng                                                                                                                                                                 10.3389/fdmed.2026.1964007

Frontiers in Dental Medicine 13 frontiersin.org

https://doi.org/10.1055/s-0044-1793843
https://doi.org/10.11607/jomi.10353
https://doi.org/10.11607/jomi.10353
https://doi.org/10.1038/nature01321
https://doi.org/10.1038/nature01321
https://doi.org/10.1016/j.ijcard.2009.09.543
https://doi.org/10.1038/ijos.2014.53
https://doi.org/10.11607/jomi.7086
https://doi.org/10.1007/s11914-023-00815-5
https://doi.org/10.1007/s11914-023-00815-5
https://doi.org/10.1126/science.1209985
https://doi.org/10.1126/science.1209985
https://doi.org/10.1038/nature01339
https://doi.org/10.3390/ijms25084564
https://doi.org/10.1007/s00011-012-0513-z
https://doi.org/10.1590/1678-7757-2025-0322
https://doi.org/10.1590/1678-7757-2025-0322
https://doi.org/10.1038/s41598-020-76194-z
https://doi.org/10.1038/s41598-020-76194-z
https://doi.org/10.1073/pnas.1206061109
https://doi.org/10.1073/pnas.1206061109
https://doi.org/10.1038/s41368-023-00241-4
https://doi.org/10.1073/pnas.1605635113
https://doi.org/10.1073/pnas.1605635113
https://doi.org/10.1111/joim.12626
https://doi.org/10.1038/srep45597
https://doi.org/10.1111/prd.12452
https://doi.org/10.1016/j.archoralbio.2006.11.017
https://doi.org/10.1177/154411130301400104
https://doi.org/10.1177/154411130301400104
https://doi.org/10.1155/2018/2527463
https://doi.org/10.1111/jopr.70046
https://doi.org/10.3390/dj13010011
https://doi.org/10.4047/jap.2019.11.3.169
https://doi.org/10.1016/j.jmbbm.2019.103574
https://doi.org/10.3390/antiox15030365
https://doi.org/10.1111/cid.13425
https://doi.org/10.1111/jcpe.13790
https://doi.org/10.1080/19424396.2025.2565337
https://doi.org/10.1080/19424396.2025.2565337
https://doi.org/10.3389/fdmed.2026.1964007
https://www.frontiersin.org/journals/dental-medicine
https://www.frontiersin.org/

	Peri-implantitis and heart rate variability: a missing modifiable risk determinant
	Introduction
	The clinician's problem
	Four scenarios that resist a single-cause explanation

	Search strategy
	Part 1. The measurement problem: physiological versus pathological bone loss
	Part 2. The sieve: design factors predict the surrogate, not the disease
	Part 3. What does predict the disease behave like a modifier, not a cause
	Part 4. Convergence on a shared effector
	Part 5. A missing class of variable
	Part 6. The candidate: autonomic regulatory capacity and the cholinergic anti-inflammatory pathway
	Part 7. A two-level model
	Part 8. Testable predictions, proposed study, and falsification
	Part 9. Toward a prevention model
	Limitations
	Discussion
	Data availability statement
	Author contributions
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


