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Objectives. The presence of Titanium (Ti) particles aroudental implants has been
reported in the literaturtor decadesThe prospectiveresencef Ti debrison soft tissues
surroundingdental implantshas not been systematically investigatet remainsto be
expdored_Hence,this review aimed teevaluatethe origin, presencge characteristics, and

locationef Ti/jparticlesin relation todental implants

Material"and'methods: Literature searches were conducted by two reviewers independently
based on the PRISMAuidelines. The systematic review identified studies on Ti particles
derived .from dental implants. We evaluated several parameters, including anatomical

locationandthe suspected methods of Ti particles release.

Results: The search resulted 1 articles of which 26 wereeligible and included in the
systematic revievof the literature The investigations repoed Ti and metalike particles
in the soft«(ize., epithelial cells, connective tissue, and inflammatory egltshard (bone
crest and bne marrow) tissues around the dental imgla®hape and sizef the particles
varied.“the arrent literature repogd a sizerangefrom 100 nm to54 um identified by

multiplesparticles identification methods

Conclusion;_Ti particles surroundingperiimplant tissues is a common finding. Peri
implantitis'sites presented a higher number of particles compared to hegtllapts. The
particlesswere mostly around the implants and inside epithelial cells, connective tissue,
macrophages, and bone. Varsomechanisms were described as causes of Ti release,
including friction during implant insertion, corrosion of the implant surfacejdricat the
implantabutment interface, implantoplasty, and several methods used for implant surface

detoxification.

I ntroduction

Since their introduction in 1960’s, dental implants have progressively evahad
completely revolutionied the field of oral rehabilitation and aestheticé/hile initially
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developedor specific applicationstodaydental implantsare used as the standard of care
for numerous clinical scenarioBacked up by écades otlinical investigations dental
implants have demonstratetb be reliable and predictalte, and also provide long-term
stability. (Buser et al., 2012; Hjalmarsson, Gheisarifar, & Jemt, 2016; Knofler, Barth,
Graul, & Krampe, 2016; Rokn, Bassir, Rasouli Ghahroudi, Kharazifard, & Manesheof,
2016). ‘Consequentlythe use of dental implantsontinuesto rise worldwide, being
consideredhow a day the gold standafor replading the mising dentition. Nonetheless,
these implantable devicese not exemplrom limitations and complicationsand assuch,
biological, surgical and mechanical complications have l@@ensivelydescribed in the
literatureresulting in perimplant disease@.ang, Wilson, & Corbet, 2000; M. S. Schwarz,
2000). Indeed peri-implant diseasesepresent one of thkeading areas ofinterest and
researchn the periodontal field.

One of thesignificantsuccesses of current implant technology ads/&am theuse
of the type 4 Tialloy, which is known to provideenhancedbiocompatildity with bone
tissuesands=surrounding dental structures, Butcan releas@articles and ionsEmerging
investigationsare demonstratingthat those particles andons are notentirely bioinert
material, . These observationslute to theprominent needor better understanding the
biologicalimplicationsof free Ti and metdlike particles surrounding peiinplant tissues.
Multiple studies suggested the contributionté Ti particles to the developmeiind
progressionof pertimplantitis (Cadosch et al., 2010; Liu et al., 2013; Nishimura et al.,
2014; Pettersson et al., 201Mhese particles are associatwidh the activationof the
inflammatory responsandrelease of pranflammatory cytokines, such as TN IL-1p,
and RANKL (Cadosch et al., 2010; Liu et al., 2013; Nishimura et al., 2014; Pettersson et
al., 2017) Similarly, Ti particlesvereassociatedavith the reducediability of bone marrow
stem cellgyMeng, Chen, Guo, Ye, & Liang, 200@nd disruption oépithelial homeostasis,
increasing DNA damage responaed potentially compromiisg the oral epithelial barrier
(SuaezLepez Del Amo et a) 2017.

The study of metal elements in the pemplant tissues is not new to the periodontal
and implant fields (Ferguson, Laing, & Hodge, 196Rumerous studies reped the
presence offi particles in the perimplant tissueqHalperinSternfeld, Sabo, & Akrish,
2016; He et al., 2016; D. G. Olmedo, Nalli, Verdu, Paparella, & Cabrini, 2013; Wilson et
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al., 2015) however the different hypothesis for the preserce releasef Ti and metal
like particles in the surrounding pemplanthas not been systematically studigtie aim
of this systematic review wa® assesghe current knowledge on therigin, presence
characteristicsand location of Ti particles surroundiagntalimplants.Therefore studies

onroot form dental implantaere evaluatedn the present investigation.

M aterialsand M ethods

Information Sources

An electronic and manual search in dental literature was performed by two
independent‘reviewers (FSLA and CG) in three datab@sesPubMed, Web of Science,
and Cochrane Central Register of Controlled Trials datapasidished in the English
language up to March 2017.

Review question
This review aimed to systematically search turrenly available evidenceelated
to the presencef Ti particles surrounding dentaiplants and the potential mechanisofis

release.

Screeningsprocess

The searchwas conductedin three major electronic databas@ubMed, Web of
Science,and Cochrane Central Register of Controlled Trials databases. The PRISMA
(transparent _reporting of systematic reviews and tapédyses) guidelirrewereused to
prepare_the manuscrigt. consistedof a checklist and a flow diagram. For the PubMed
database;sthe combinations of terms used, where “[mh]” represented the MeSH terms and
“[tiab]” represented the titles and abstracts search, were as follows: (“implant'[all] OR
"dental implants"[mh] OR “dental implant’[tiab] OR “dentahplantatiori [tiab] OR
“dental implantation, endosseous”[mh]) AND (“foreign body’[tiab] OR “foreign

bodies”[tiab] OR *“foreign substance”[tiab] OR “reactive lesion”[tiab] OR “reactive
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lesions”[tiab] OR “titanium particle’[all] OR *“titanium particles’[all] OR “metal
element’[all OR "metal elements"[all]) AND ("dental"[tiab] OR "oral"[tiab] OR
"tooth"[tiab] OR "teeth"[tiab]). For the other databases, the keywords used ieahehs
included “dental implarif “foreign body, “reactive lesiofy “titanium particlé, and
“metal element”.

We also searched for the references of the selected papers and review Articles.
hand search*was carried out from January 2016 to March 2017 by two reviewers (FSLA
and CG)in‘related dental journaishichincluded the Journal of Oral and Maxillofacial
Implants, Clinical Implant Dentistry and Related Research, Clinical Oral Implants
Research; lmplant Dentistry, European Journal of Oral Implantology, Journal of Oral
Implantology; International Journal of Oral and Maxillofacial Surgery, Journal of Oral
and Maxillofacial Surgery, Journal of Dental Research, International Journal of
Prosthodontics, Journal of Prosthetic Dentistry, Journal of Clinical Periodontology,
Journal ‘of Periodontology, and The International Journal of Periodontics and Restorative
Dentistry=For the search dhegrey literature, Google Scholams usedo identifying any

articles ‘notiincluded in the databases above.

Eligibility-criteria

Articles were includedf they evaluatedhe presencand/ordebridement of Ti or
metatlike particlesreleasedrom dental implants in humatissues animal models, or in
vitro. Investigations were selected if at lease anethod for particles identification was
carried outte’detectTi or metatlike particles. Articles wereexcludedif: (I) implantsother
than dental implantaere investigatedConsequently, studies reporting on the presence of
particles relagd to artificial joint replacement, plates for maxillofaciaghabilitationand
other implants outside the oral cavity for purposes other than dental restoraéions
excluded.We also excluded studies qH) metatlike particlesand reactive lesions
patients_that did notdve dentalimplants except for the cdmol group (l11) Published
materialsthat were review articles, letters, personal opinions, book chapters, conference

abstractsand(1V) articles published in a language other than Engliste also excluded

Data extraction & analyses
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The same twauthors (FSLA and CG) independently reviewed alttet articles.
Discussions between the two authors initially resolved any disagreentetite. two
authors did not reach an agreement, a third author (CHS) made the final dekison.
primary outcomeconsideredwvas the histologic outcomes of pariplant tissuesDue to
the observational nature anekported outcomes dhe included investigations, only a
qualitative descriptive analysis was performed and systematically revigsuegltables.
Significant~heterogeneityas foundpreventinga quantitative synthesis of the included
studies;therefore,the metaanalysiswas precludedThis report adhered to the PRISMA
(Preferred Reporting ltems for Systematic Review and Metlyses) statement.

Risk of bias and quality assessment and of selected studies

Assessment of study quality and bias was performeth@mcludedstudies using
the Cochrane review guideline$he human nomandomized cohorts and casentrol
studies‘were assessasding the Newcast®ttawaScale(NOS) (Wells et al., 2011)The
criteria forsthe quality assessment afase reportcase series, caseportsand cross
sectional studiesasfrom the Joanna Briggs Institu{dBl) critical appraisal checklist for
studiessreporting prevalence défde Joanna Briggs Institute, 20 Bupplementary Table
1-3). Currently, no quality assessment method has been developed for analysis of in vitro
studies. Animal research was assessed according to ARRIVE guideforesn vivo
experiments andssigred predefined grade@ilkenny et al., 2010; F. Schwarz et al., 2012)
(Supplementary Tabl#). Two authors (FS and CGP) independently evaluateththeded
studies Next, any disagreements were resolved by discusaiwh thefinal scors were
formed/Summary assessmentstbé risk of bias for outconsgacross domainer criteria
for the guality assessment used) within and across statbespresented in risk of bias
graphicsfollowing Cochrane review guidelines. In summary, a low risk of bias was
estimated _wheiplausiblebias is unlikely to seriously alter the resulis the risk of bias
was lowinall key domains. The unclear risk of bias was estimated when plausible bias that
raises some _doubt about the resaftsisk of biaswas inone or more key domains; and the
high risk of bias was estimated when plausible bias that seriously weakens confidence in
the results or risk of bias was in one or more key domains (Higgins & Green, 2011
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Results
Study selection

Initial screening of electronic databases yielded a total of 151 articles, and manual
search identified 34 publications. After elimination of duplicated studié$ titles and
abstractwere further evaluated. The screening of titles and abstracts result4d
potentially relevant articles to be selected. The full text of the relevant studies was obtained
and thoroughlyevaluated Next, 17 investigationsvere excludeddue to the lack of
investigationon dental implants and Ti presence or release (Supplementary H)able
Overall; 26 studies fulfilled the inclusion and exclusion criteria \®ate assesseth this

systematicseview (Figure 1).

Characteristies of included investigations

e Humanstudies

Eleven articleevaluatedhe presence ofli, metatlike particles and otheforeign
bodies “within perimplant human biopsies Included investigationswere case
reportsseries and retrospective and prospective stud{@able 1) (Flatebo et al., 2011;
Flateboset al., 2006; Fretwurst et al. 1BQHalperinSternfeld et al., 2016; He et al., 2016;
D. Olmedo, Fernandez, Guglielmotti, & Cabrini, 2003; D. G. Olmedo et al., 2013; D. G.
Olmedo,, Paparella, Brandizzi, & Cabrini, 2010; D. G. Olmedo et al.,, 2012; Safioti
Kotsakisy"Pozhitkov, Chung, & Daubert, 2017; Wilson et al., 204%)such thesize ofTi
particlesranged froml00 nM (or0.1um) to 12 um identified atboth healthy and diseased
periimplant stes(Flatebo et al., 2011; Flatebo et al., 2006; Halp8ternfeld et al., 2016;
He et al., 2016; D. Olmedo et al., 2003; D. G. Olmedo et al., 2013; D. G. Olmedo et al.,
2010; D«wG:Olmedo et al., 2012; Wilson et al., 20¥g)ditionally, two studies reported
metatlike-particleswith wider ranges Q.5 to 54um) (He et al., 2016; Wilson et al., 2015).
Particlesshape and description varied from round to elongated anrlikéeappearance.
Higher Ti“eentent was confirmed with pésiplant placement when compared to their
preoperative counterparts (Flatebo et al., 2011; Flatebo et al., 2006; He et al., 2016)
Notably, sgnificant concentrationsf Ti were notedarounddiseased implas conpared to
healthy oneqD. G. Olmedo et al., 2013; Safioti et al., 201Wilson and coworkers
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identifiedforeign bodies in 94% of the samples colleceound dentalmplants and7 out
of 36 samples displayetlaces ofTi (Wilson et al., 2015)Similarly, another study reported
the existence ofi andthe associated occurrenoéiron in 75% ofthe hard and sft tissue
biopsies ofimplans with peri-implanitis (Fretwurst et al., 2016).

The.most common mechanisms of Ti release to theimpetant tissuesliscussed in
the articleswere corrosion of the implant surfacend frictional wear during implant
placementTand themplart-abutment interphaséAdditional feasiblemethodsof particle
releasewerereported such asmplant surface debridement durintpintenanceecalls and
exogenous sources (e.g., diet aedtal produts) (D. G. Olmedoetal., 2013Wilsonetal.,
2015).

Tisparticles were abundant close to the implant anadfacent to the covecrew.
Those particlesvere mody found in the soft tissue, particularly inside and outside of
epithelial cells, in addition to the connective tissue anflammatory cells (i.e.,
macrophages) (Table 1). For examplatebo and coHaguesdemonstrateddeeper
deposition=of particlesvithin epithelial cells and annective tissue levehfter implant
installatieoneompared to the superficidepositionof Ti found preoperatively which also
correlate with thesuperficialdeposition of Ti particles from exogenous sourd@dateboet
al., 2011)" Notably, Tparticleswere locatedinside the cytoplasm of macrophagasd
epithelium cellsfrom periimplantitis tissue(D. Olmedo et al., 2003Alterationsof basic
cell mechanisms may occur in cells with phagocytiZédparticles and might lead to
reactiveglesions such as pyogenic granulomaand peripheral giant cell granulomas
(HalperinSternfeld et al., 2016; D. G. Olmedo et al., 20I0)particles were also reported
in bone marrow (He et al., 2016).

As summarized ifmable 1, the methods employed for the detections of the metal
particles_harvested soft and hard tissue biopsies sype&etroscopy methods, addition to
optic emission spectroscopy with inductively couplelasma (ICP-OES), inductively
coupled_plasma mass spectroscopy ({M¥), and laser ablation with ICRIS (LA-ICP-
MS).

e Invivo studies

A total of 12 in vivo studieswere examined using animal models (Tablé[Z}ppe,

Greim, Brill, & Wagenpfeil, 2002; Franchi et al., 2004; Franchi et al., 2007; Frisken,
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Dandie, Lugowski, & Jordan, 2002; Martini et al., 2003; Meyer et al., 2006; Schliephake,
Reiss, Urban, Neukam, & Guckel, 1993; Tanaka, Ichinose, Kimijima, & Mimura, 2000;
Weingart et al.,, 1994; Wennerberg, Albrektsson, & Lausmaa, 1996; Wennerberg et al.,
2004; Wennerberg, Jimbo, Allard, Skarnemark, & Andersson, 2@digned with the
human studies, Ti ions and Ti particles with varying sizes and morpholegresdescribed
among the peri-implant biopsies. The Ti particle sizes ranged mostly from46Lum.

The release of Ti particles after treatment of qaplantitis was stuéd in vivo
(Deppe“etal’, 2002). The in vivo studasofocused in models studyirte release of Ti
particles due to corrosion of the implant surface and frictional wear during ingilant
preparationsand placemenind analyses were restrictta bone (i.e., maxilla, mandible)
and distant organd\otably, Ti particles were foundn the implant site (bone surface and
bone marrow) as well as in the blood, lymph nodes, and distant organs such as lyng, liver
and kidneys (Deppe et al., 2002; Frisken et al., 2002; Schliephakel&9d; Weingart et
al., 1994; Wennerberg et al., 201Bjigher levels of Ti in the lungs and regional lymph
nodeswere=inanimals with failed implantéFrisken et al., 2002)Surgical contamination
(e.g., aspiration, ingestionyas proposedasa reason for the detection of the particles in
distant'parts of the bodypnethelessDeppe and coworkers found high Ti concentrations
despitesperforming the surgeries with endotracheal intubation (Deppe et al., Q0G3)
authors attributed the transportation of these particles to visceral organs tonibae
related cleaning mechsms(Weingart et al., 1994; Wennerberg et al., 2011), which aligns
with thespresence of Ti particle in macrophages from humans. Such finding cowdthexpl
the reduetion of Ti particles after five months of dental implant place(Behtiephake et
al., 1993) Occasionally, Ti ions were found despite the absence of clinically detectable
signs (Deppeget al., 2002).Methods of detection includesimilar spectroscopy methods
including.Energy DispersiveX-ray SpectroscopyYEDS), Back-ScatteredElectron (BSE),
Secondary. ElectrofSE) probesSynchrotron Rdiation XRay Huorescene (SRXRF),
Flameless™Atomic Absorption SpectroscqipyAAS), Secondary dns MassSpectroscopy
(SIMS), “Inductively Coupled Plasma Atomic Emission Spectrosc@yP-AES), and

VibrationalRamanandinfrared Spectroscopi€$able 2).
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e |n vitro studies

Four articles using invitro assayswere reviewed(Table 3 (Mints, Elias,
Funkenbusch, & Meirelles, 2014; Senna, Antoninha Del Bel Cury, Kates, & Meirelles,
2015; Sridhar et al., 2016; Wennerberg et al., 208d)dies also showed implant surface
damage_in,addition to detection of Ti particles after implant fiesgrparticularly at the
osteotomy walls and at the implamne interphase, with a higher prevalence at the crestal
bone“regionsOne study specified the Ti particle size which ranged fi@mm to 20um
(Senna“et al., 2015)The presence ofi particleswas confirmed by various methods
including Scanning Ectron Microscopy (SEM) and different spectroscopy methods
including EDS and BSE probe.

Quality assessment of included human and animal studies

The quality assessment of all reviewed artiftdi®wed the Cochrane Handbook for
Systematic_Reviews of Interventions (Higgins, Green, 20%tpplementary Tables&.

The evaluations for risk of biaare shown in Figure2. The assessmenf crosssectional
and caseontrol studiesresulted ina lower risk of bias.Issues weradentified with case
seriesand “caseeports studies(Fig. 2A). Some of the nomandomized studies laeH
informatien on the cohorts’ followp, and it is also possible that longudies could affect
the outcometherefore therisk of biaswas unclearExcept for the items mentioned above,
most aspects were considered satisfypayticularly the onessaessed on cohort studies,
casecontrol studiesandcrosssectionalstudies (Fig2A-B). Animal study assessment had
numerowus Criteria and required specific information to be availablbe papers Most
studiessatisfactorily included animal numbers species,and ethical statemenbut lack
information onanimal sourcestrain, sex, age,allocation concealment, randomization,
approval number, welfanelated assessment, statistical methods. exdsequently, most
in vivo studies were classified as unclear risk of bias @&y.
Discussion

Periimplantitis is describedas an inflammatory process of the perplant soft
tissues withthe presence of progressive loss of supporting bone beyatdal bone
remodeling("Pertimplant mucositis and pennplantitis: a current understanding of their
diagnoses and clinical implications,” 2013; Sanz, Chapple, & Working Group 4 of the,

2012). Recent studies have reported conflicting results regarding the prevalence- of peri
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implantitis. While a low percentage (~2%) of dise&see been reporte(Buser et al.,
2012) systematic reviews indicated the prevalence of-ipgslant mucositis and peri
implantitis as 43% and 22% respectivelfDerks & Tomasi, 2015) Although peri-
implantitis was initially considered periodontitidike lesion; it is well establishedow

that it represents a more complex entity with pupns etiologic and contributory factors
(Dalago,, Schuldt Filho, Rodrigues, Renvert, & Bianchini, 2017; Derks et al., 2016; Suarez
Lopez Del"Amo et al., 2017Bacterial plaqugmbalancebetween the implant and the host
altering the*foreign body equilibriurand other causesere proposedas mechanismfor
marginal bone loss and pamplantitis (Trindade, Albrektsson, Tengvall, & Wennerberg,
2016). Thusthe influence of different implargurfaces andystemson the incidence,
severity,wand treatment outcomes for pinplantitis has been investigated (Albouy,
Abrahamsson, Persson, & Berglundh, 2011; Derks et al., 2015; Fickl, Kebschull; Calvo
Guirado, Hurzeler, & Zuhr, 2015These studies demonstrated high variability among the
different.implant system&Vhile thepresent systematic reviemas not able tcomparehe

Ti particlesssurrounding different implant systenttse reviewedstudies on healthy and
periimplantitis sites reported higher concentratiorof Ti particles around the peri
implantitis (D. G. Olmedo et al., 2013; Safioti et al., 2017).

The substitution of turnesurfaceimplantsfor implants with moderately rough and
rough surfaces decadago is of paramount importance and aimed at providing faster and
greaterosseointegration and preservation of the marginal bone levels, among others
biological*“henefits. Nonetheless, while presenting with numerous advantages, the
utilization.of‘these newer surfaces also led to potentialddentages and complications.
Some Studies shad that surfacespresentinga higher degree of roughnesmight
experience more bone loss once {@plantitis occurred while turned surface implants
responded_more favorably to treatment. (Albouy, Abrahamsson, & Berglundh, 2012;
Albouy et al., 2011; Berglundh, Gotfredsen, Zitzmann, Lang, & Lindhe, 2007). Moreover,
rougher_implants with higher peakgere relatedwith an increased number of gales
releasedvat, the bonmplant interface during insertiofschliephake et al., 199%enna et
al., 2015).

While Ti alloys with several other metalse commonly useth implantable devices

such as screws and plates, commercially pure Ti and #&AIT4V alloy are primary
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materials used on endosseous impldBtsas, Lima, Valiev, & Meyers, 2008). Ti and its
alloys are the most widely employed material for dental and medical applic@Eicass et

al., 2008) Many advantages cde attributedo the use of Ti in dental implants including
strength and biocompatibility (Sykaras, lacopino, Marker, Triplett, & Woody, 2000)
Despite the excellent properties of the Ti, the local and systemic accumulation of Ti
particles _hadeen reportedThe reports indicated that it might esult of implant surface
corrosion(Flatebo et al., 2011; Flatebo et al., 2006; D. G. Olmedo et al., ,20t®@ugh Ti

and Ti alloys*were initially considered capable of withstanding corrosionr($Saback, &
Korostaff, 1979) Exogenous sources and other dental produete propose@s possible
sourcesy Multiple investigators also associated the cause of the Ti release to the insertion
and frictionof the implant into the ostiemy site. (Flatebo et al., 2006; He et al., 2016;
Martini et al}; 2003; Schliephake et al., 1993; Tanaka et al., 200@)in vivo studies
confirmed thafTi particlescould bereleasd duringimplant insertion and corrosion, while

in vitro investigations mainly focusemh the insertion proces@nceTi particles detached
from thesimplant surface, thegan remain embedded in the pamplant tissues obe
transported«toother body sitesuch aslymphatic nodes, lungs, kidneys, and livey
macrophages.(D. Olmedo, Guglielmotti, & Cabrini, 2002; D. G. Olmedo, Tasat,
Guglielmeotti, & Cabrini, 2003; D. G. Olmedo, Tasat, Guglielmotti, & Cabri008;
Schliephake et al., 1993).

Multiple reviewedstudiesreportedon the higher prevalence of thearticles around
diseased=implantslepicting a strong association betweeili particlesand perimplant
diseasdRretwurst et al., 2016; Safioti et al., Z01The reports of Ti particles sizes in the
nanometer (nm) and micrometgmf) range are oparamount importance for this iop
The tested implants originated particles ranging from 15nm tondth the animal model
studiesgwhile similar the size particleere foundin human samples. The Ti particles
found inshuman tissuesangedfrom 100 nm to 54um. Interestingly,particlesof similar
sizes_weraisedto investigatethe inflammatory responseytotoxicity, and DNA damage
response caused by the (Gadosch et al., 2010; Liu et al.,, 2013; Meng et al., 2009;
Nishimura et al., 2014; Pettersson et al., 2017).

The results from this systematic review indicated that Ti pastmle a common

finding aroundthe dental implants. This observation aligns with the findings related to
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orthodontic miniimplants and Ti devices for maxillofacial purposes, which also release Ti
particles(de Morais et al., 2009; Nautiyal, Mittal, Agarwal, & Pandey, 2013). Additionally,
the releaseof Ti particleswasreported in the medical field after joint replacem@kibu-
Amer, Darwech, & Clohisy, 2007; Case et al., 1994; Grosse et al.,.Zl}ib)potal joint
replacement hastagh longterm success ratalthough irequiresfrequentrevisions due to
asepticloosening caused by weaebris (Marshall, Res, Paprosky, & Implant Wear
Symposium=Clinical Work, 2008)The Ti particles were foundin multiple locations
Similar to"particle fronthe dental implantgheir rangas in the nanometeand micrometer
units, although @me reports even dedoeid paircles in the millimeterrange (Bitar &
Parvizi, 2015; Grosse et al., 2015).

The most common methods of Ti partickdease discussed in the reviewed papers
were the implant corrosion, insertion, implattutment friction, and wear during
debridementimplantoplasty and other decontamination meth{&agure3). An example of
Ti release into thegoi-implant tissuedue to implantoplastis depictedn Figure 4.

Based on the data presented tims review, possibleclinical measures could
potentiallyreducethe release of Ti and metéike particles imo the perimplant tissues.
First,the precise installation of the fixture without excessive pressure agaimnstéotomy
site couldsignificantly reduce the detachment of particlks. ttilization ofturnedsurface
implantscoulddiminish the presencaef such particlesfter insertionfGoodman, Davidson,
Song, Martial, & Fornasier, 1996; Scarano et al., 200&) turnedsurface implants also
present with,disadvantagaadlimitations (Smeets et al., 2016The careful manipulation
of the implant surface during maintenaremuld also limit the damage to theuperficial
aspect (of the fixtureand the release of particles. Similarthe utilization of different
barriers. methodduring implantoplastycould reducethe impregnation of the surrounding
tissues.

Limitations of the presenvestigation include¢herisk of bias.Severalstudiesvere
restrictedte'the analyss ofimplant affected by pefimplantitis or reactive lesiond.ack of
randomization anchealthy contros was commonly observedSimilarly, studies often
employeddifferent method®f investigationfor particles identification at one specific time
point, whichmay affect theletermination of the exact origin of the particles and potentially
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leading to inaccurate assumptiohsstly, the biological impact of Ti particles on cells
around the implant and in different organs needsetturther elucidated
Conclusion
While additionalstudies are necessaryftother elucidate theffectsof Ti particleson the
tissuearound the implantseveral conclusions can be drafnom the present review. First,
the prevalence ofi particles around diseas@dplants is highethan surroundindpealthy
fixturesrSimilarly, moreparticlescan be foundn sitesand patientsvith the dentalimplant
than inpatientswithout fixtures Second, theurrent literature presents four maheories
or explanations to the presengeTi particlesand metalike particlessurrounding dental
implants(i.es, implantinsertion; frictionof abutment-implantplatfornt implant surface
decontamination, namelymplantopbsty and debridement procedures; audrosion)
Notably, the jpotential detrimentagffect of such particlegn different cell populations
remains tobe further explored. hese Ti and metdike particleswere found locally and
systemically and varin size and shap&urtherconsiderations arthe enhancement ofthe
installatien=procedures tavoid excessivdriction on the osteotomy sitendprecise and
delicatemaintenance and surgical procedures around implaastly, the employment of
turnedsurface implantsvould be a consideration fatecreamg the detachment ogparticles.
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0.41-0.88 ppb.
No metal-like
particles or
traces of Ti
signals by ICP-
MS

Cytologic smears
showed metal-like
particles not
corresponded to Ti.
Higher concentration
of Ti (2.02-2.44 ppb)
compared to control
sites. Separated or
clustered particles
present inside and/or
outside epithelial cells

and macrophages.

Cytologic
smears.
LM, ICP-MS

Varying in
quantity, shape,

and size.

Corrosion of
implant surface,
Placement/removz
| of prosthetic
pieces
(abutment/copping
post), Exogenous
sources (i.e. diet,

dental products)
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36 biopsies of diseasec

implants harvested from

Radiopaque foreign particles were

identified in 34 of 36 biopsies.

Implant insertion,
Wear during
debridement or

previous surgical

Wilson et _ 31 patients Predominant foreign bodies were Tiin LM, SEM, Diameter: 954 attempt to arrest
Retrospective _ . N/A _ _ ]
al. 2015 Analysis: Peri-implant samples with concentrations ranging frc EDS pm bone loss,
tissues 2%-43% and cement-related elements ( corrosion of the
FU: N/A Si, Al) in 19 samples. implant surface,
friction Implant-
abutment
Control Test
From all investigated
elements (Ti, Al, Cd,
. Cr, Co, Cu, Fe, Mn,
Test: 7 biopsies from 10 _ _
o _ Mo, Ni and V), only Ti
cadaveric jawbones witk
_ _ content was
implants N/A (n=3), Average Ti o _
o significantly higher ) )
Control: 6 biopsies from Astra Tech* content was 634 LM, SEM, Implant insertion
He et al. ) _ ) (1940 + 469 pg/kg-
Case series /same 6 jawbones witho.  (n=2), + 58 pg/kg-bone . EDS, 0.5-40um Implant-abutment
2016 _ _ bone weight)
implants Straumann* weight. ICP-MS, wear
) o _ _ compared to control
Analysis: Peri-implant (n=2) No Ti particles LA-ICP-MS

hard and soft tissues
FU: N/A

sites and increased a

were identify

upper half of bone

crest. Ti particles

identified in bone
marrow area at 60-70!

nm from implant
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surface.

Test: Hard (n=7) and Control Test
soft (n=5) biopsies from
( ) biop Ti Grade 4 Ti and Iron elements
12 patients with disease .
P (Camlog*, noted in 9/12 (75%) of
Fretwurst implants. . . SRXRF,
_ _ Straumann* the samples. High Ti _ Implant-abutment
et al. Prospective Control: 1 ceramic _ No presence of . Polarized N/A
, SteriOss* concentrations wear
2016 implant Ti or Iron N LM
and Nobel observed mainly in
Analysis: Peri-implant )
. . Biocare*) soft tissues (7.530°
hard tissue biopsies
FU: N/A count)
Control Test
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o Significantly lower
Similar
_ _ values of
histologic _ ]
multinucleated giant
features betwee!
cell count, lower

_ o T-RL and I-RL, _ _
Halperin- Test: 28 biopsies from |- density of Black, crystalline
and T-PGCG
Sternfeld RL, I-PG and I-PGCG mesenchymal cells an or colorless
_ o and I-PGCG. 18 _ _ _
et al. Retrospective= Control: 88 biopsies {ofda more diffuse stromal  Polarized structures with a
out o
2016 from T-RL, T-PG and T- N/A biopsi morphology on I- LM fragment and N/A
iopsies _
PGCG _ PGCG. 13 out of the needle-like shape
_ . revealed foreign
Analysis: Peri-implant _ 14 samples were
o _ bodies and ) _ _
and gingival tissues _associated with foreigi
located within _
FU: N/A ) bodies and located
connective o _
. within connective
tissue stroma _
tissue stroma
Test: 20 samples from Controal Test
diseased implants
Control: 20 samples Mean Ti levels
Safioti et collected from healthy Mean Ti levels significantly higher in Corrosion of the
Case control _ N/A ICP-MS N/A _
al. 2017 implants were 0.07 diseased (0.85 + 2.47 implant surface
Analysis: Submucosal 0.19ng/ul ng/pl) compared to
peri-implant plaque control samples
FU: N/A

Table 1: Human studiesreporting on the presence of Ti and/or metal particles

Abbreviations - Ti: Titanium; SEM: Scanning electron microscopy; LM: Light microgdéfC: Immunohistochemistry; EDS: Energy dispersive

X-ray spectroscoppr EDX; ppb: Parts per billionjCP-MS: Inductively coupled plasma mass spectroscag\:ICP-MS: Laser ablation
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inductively coupled plasma mass spectroscopy; ICP-OES: Optic emission spectroscopy with inductively casipied $RXRF: Synchrotron

radiation X-ray fluorescence spectroscopy; Al: Aluminum; Cr: Chromium; Cd: CadmiuntCaalt; Cu: Copper; Fe: Iron; Mn: Manganese;
Mo: Molybdenum; Ni: Nickel; V: Vanadium, I-RL: Peri-implant soft tissue reactive lesibii®l: Tooth-associated reactive lesions; I-PG: Peri-
implant jpyogenic granuloma, I-PGCG: Peri-implant giant cell granuloma, T-PG: -destitiated pyogenic granuloma, T-PGCG: Tooth-

associated giant cell granuloma, *: Implant brand name and surface reported on the original article.
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Suspected

Method for _
Author/ o o . Type of _ _ ) Particles method for
Description/Condition of Sites _ Prevalence/L ocation of Particles particles o
Y ear implant ) o description release of
identification _
particles
Test: 12 implants (n= 2 per mini-
pig) placed in mandibles of 6 mini
pigs. . , .
L _ o Tl particles embedded in peri-implant bone aft: _
Control: 9 mini-pigs with no Titanium _ _ _ Implant site
_ _ _ implant placement. No traces of particles after SEM, BSE  Round solid (15x3C _
Schliephak implants fixtures _ . o preparation,
_ _ months at implant sites. Significanhit probe, EDS, um) and thin leaf-
al. 1993 Analysis: Implant surface, peri- (Nobelpharma _ _ _ . . Implant
_ _ concentrations found in lungs, liver and kidney FAAS like 10x1050.5 um) _ _
implant tissues and parenchyma ABY*) insertion
of test group compared to control group.
organs
FU: Immediately and 5 months
post-surgery.
Test: 12 implants placed in
_ _ Implant
maxillae and mandibles of 19 _ _
insertion,
beagle dogs.
_ _ o _ Transport of
Control: 5 animals with no Iron-free metallic pigment was found in lympfF _ _
_ _ Plasma-coatec _ _ Ti particles
Weingart implants. . nodes of 12/19 animals of test group. Ti level LM, SEM,
_ . Ti implants N/A by
et al. 1994 Analysis: Submandibular and _ ranged between 0.1%6 pg/g in lymph nodes and EDS, FAAS
_ (Bonefit 3.3%) phagocytes
deeper cervical lymph nodes, 0.010.21 pg/g for visceral organs. .
to regional
cerebrum, cerebellum, spleen,
. . lymph
kidneys, lungs and liver
nodes

FU: 9 months post-surgery
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Screw-shaped _ _
Test: 60 implants placed in tibiae Slight smoother texturie 75um blasted implant:

Ti Implants ] ] )
and femur of 10 New Zealand whi after insertion. Particulates noted under SEN
with a 25 um 203 LM, SEM,
rabbits speculated to be AD® blasting medium as thei Corrosion
Wennerbei Contral: N/A (n=30) and 75 SPeCY n9 . ' Auger N/A fimolant
ontrol: source of origin. orimplan
et al. 199¢ Analvss Periimolant t pm (n=30) a g electron f
nalysis. Feri-implant issues anc - Also, Al signaling detected via spectroscopy i suriace
' coating of 9 9 P Py spectroscopy
implant surface A1203 areas with no visible particleso negative
FU: 12 weeks post-surgery . effects of bone were found.
particles
. L LM, SEM,
Test: 18 implants (n=6 per dog) Pure titanium .
X-ray Granular-like

Traces of granular-like components (HA and

placed in 3 beagle dog mandibles cylinder with _ _
microanalyzer components witha Implant

Tanakaret _ o
Control: N/A Ti sprayed Titanium) at bone surface and rarely found _ _
al. 2000 _ o ) _ _ . TEM, 1.83.2 um insertion
Analysis: Peri-implant tissues coating. beyond the implant-bone interface _
_ Electron diameter
FU: 3 weeks post-surgery (Nikon?) _ _
diffraction
Test: 60 implants irradiated with
CO? laser placed in 6 beagle doc No clinically detectable titanium related pigme
mandibles (n= 10 per dog). Plasma spray-  found in peri-implant tissues. Titanium ions
Treatment of ligature-induced peri coated Frialit- identified in all examined organs. Mean Ti c _
orrosion
Deppe et _ implantiti nth ith eith 2 titanium concentration of 1.83 ug/g Fresh Weight in oral
pp implantitis (3 months) with either ' ne/e g ICP-AES N/A of Implant
al. 2002 air-powder abrasive, laser therap implants mucosa and ranged betweeB@4.14 pg/g .
surface

and Ar-powder plus laser therapy  (Friadent within the examined organs. No correlation

Control: N/A AG¥)

Analysis: Peri-implant tissues,

between titanium concentration in local tissue

and method of treatment.

spleen, liver, regional lymph node:
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lungs, kidneys
FU: 4 months post-surgery.

Test: 12 implants inserted in
Smooth

mandibles of 12 sheep.

Control

Test

, , surface self- No differences in Atomic
_ Control: 4 sheep with no implants N _ _ _ _
Frisken‘et _ tap Mark Il levels of Ti in any of Higher Ti concentration absorption
Analysis: Lymph nodes, lungs, _ ) _ ) ) _ N/A N/A
al. 2002 _ implants the examined organs in animal tissues with  spectrophoto
spleen and liver. o
(Nobel when compared to failed implants. meter
FU: 1, 4, 8 and 12 weeks post- _ )
Biocare?® test sites.
surgery
Control Test
Test: 12 implants placed in 2 TPScoated implants FHA particles found in LM, SEM,
mongrel sheep femur and tibia T q revealed Ti particles medullary spaces near SE and BSE
: o . apere . . .
diaphysis with a TPS + FHA# findrical found at implant implant surfaces with a probes, EDS,
o , cylindrica . o I
Martinhet coating. molant surfaces and inside broader distribution anc Vibrational N/A Implant
implants
al. 2003 Control: 12 implants with a TPS (B P fing) the newly formed located at greater Raman and insertion
iocoating o _
bone within 200250 distances than TPS- Infrared

coating alone.
Analysis: Peri-implant tissues

FU: 12 weeks post-surgery

nm or greater
distance. Ti debris

detectable in the bon

coated implants. The spectroscopie
greater the distance, th S

smaller the particles.
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medullary spaces.

Test: 14 of 38 implants with an Control Test

AI203 blasted coating of 25 pm, i
asted coating o um Ti was concentrated

75 um and 250 um particles placed .
K Hmp p more in bone marrow

in proximal tibiae of New Zealand

Commercially Lesser Tirelease fron than cortex. Gradual T Corrosion
Wennerbel white rabbits. . _ . SRXREF, .
Pure Ti (Grade turned implants when ion release extended u N/A of implant
etal. 200< Control: 2 of the 14 implants had , SIMS
) compared to rough to 400 um from implant surface
onesided turned surface :
implants. surfaces and
Analysis: Peri-implant tissues .
concentration ranged
FU: 12 weeks and 1-year post-
yearp between 20-100 wt.ppr
surgery
_ _ ) Conic screws
Test: 28 implants inserted into _ _
o ) with STi, TPS,
femoral and tibial diaphysis of 2 _ _
alumina oxide ) )
_ mongrel sheep. Only TPS implants showed Ti granules at the LM, SEM,
Franchivet SLA, . . . _ Implant
Control: N/A ) _ boneimplant interface immediately and 14 day SE and BSE 9-45 um _ _
al. 2004 ) o ) zirconium ) insertion
Analysis: Peri-implant tissues _ after implant placement probes
] oxide SLA
FU: Immediately and 14 days pos
surfaces
surger
e (Or-Vit*)
Test: 4 implants with a 0.4m Cylindrical Control Test Small angular or
Meyeret ) ) _ .. _ Implant
surface roughness installed in thc  screw-type  Ti contamination alonc  Ti more frequently SEM, EDS round elongated _ _
al. 2006 insertion

mandible of 2 Gottinger mini-pigs. implants with peri-implant bone as ir observed at crestal pai

particles next to
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Control: 8 implants with a 1.5um
(SLA) and 2.2um (TPS) surface

roughness (n=4 per surface)
Analysis. Peri-implant tissues

FU: 1 day post-surgery.

SLA and ILI

implants. Large anc

SLA and TPS
coating
(Straumanny  with TPS, followed by TPS and SLA surfaces

test sites. Highest of the block samples

amount of Ti observec Less Ti amount than

oval-shaped

and a novel SLA surfaces particles around
coniaal-type TPS implants.
turned surface Nano-sized

implant particles (up to 10
nm) were also
noted
Ti detectable at bone trabeculae, bone marrc
and tibia diaphysis canal. Higher concentratio Small Ti particles
Test: 24 implants placed in tibia . . e : ;
P P in marrow tissue than bone matrix. Significan of different sizes
diaphysis of 2 sheep. . . LM, SEM,
Franchi-et Py P overall particle reduction by 66.4% between 1 (<250 umz and Implant
L 200 Control: N/A TPS implants 5 SE and BSE ) _ .
al. . . . d d 90 days. Small ticles (<250 - Insertion
Analysis: Peri-implant tissues ays an ays. Smaller particles ( Hm*) probes, EDS 2512000 pm®)
were reduced by 81.5% while larger particles ( ithi
FU: 14 and 90 days post-surgeny y ° gerp within peri-implant
not showed variations. Particles extendedo environment.
500 um away from implant surface
Test: 20 implants with nanometer- Crystalline particles Corrosion
sized HA placed in tibiae among 1 . . . . with an apatite  of Implant
Commercially ~ Particles deposited and aligned along implar Autoradiogra
Sprague-Dawley rats. 16 of 20 . crystal structure. surface,
Wennerbel N . pure (Grade 4) surface. Gradual decrease of the Calcium coa phy, SEM,
implants had an additional Calciur o . . Distinct, needle- Transport of
et al. 201 turned overtime in peri-implant tissues and blood. powder X-ray
coating 65Ca) . _ _ shaped Ti particles
implants Increased*>Ca levels was noted only in the live diffraction .
Control: N/A nanoparticles of to other
Analysis. Peri-implant tissues, 15x100 nm. organs due
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brain, liver, thymus, kidney, blood to biologic
FU: 1, 2, 4 and 8 weeks post- cleaning

surgery system

Table 2» Im=vivo studiesreporting on the presence of Ti and/or metal particles

Abbreviations - Wt.ppm: Weight.Parts-per-million; FU: Folloy: Ti: Titanium; Al: Aluminum; SEM: Scanning electron microscopy; TEM: Transmission electioroscopy; LM: Light
microscopy; JPS: Titanium plasma sprayed; HA: Hydroxyapatite; FHA-Ti: Fluorokydpatite coating; SLA: Sand-blasted, large grit, acid-etched; STi: SmootliufitaEDS: Energy
dispersive X-ray spectroscopy; SRXRF: Synchrotron radiation X-ray fluorescenceaspeptr, ICP-AES: Inductively coupled plasma atomic emission spectroscopy; SIMS: Secondarys&ons ma
spectroscopy; SE: Secondary electron; BSE: Back-scattered electron; FAAS: Flamelesskestorpitoa spectroscopy; N/A: Not available; *: Implant brand name and surfagg¢ecepa the
original article.
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Suspected

Type o . Method for _
Description/Condition of _ _ . _ Particles method for
Author/Year  of _ Typeof implant  Prevalence/L ocation of Particles particles o
Sites _ o description release of
Study identification _
particles
Test: 24 of 38 implants
immersed in 10ml of 1%
lactic acid aqueous solutio
Control: Implants Commercially - _
_ _ , Ti ions released into aqueous ,
Wennerberg immersed in 10ml of Pure Ti (Grade I) o _ Corrosion of
media with no difference betwee SRXRF, SIMS N/A
et al. 2004 0.1mol/l PBS turned or _ Implant surface
_ _ both control and test implants
Analysis: lons in aqueous sandblasted
media
FU: a month post-
immersion
_ TiUniteTM Mkl
Test: 18 implants (n=6 pel . . . _ _
) (Nobel Biocare?), All implant sites showed Ti Size: 10nm to
rou
aroup OsseoSpeedTM  particles mostly at crestal bone 20um. Up to
Control: N/A ' _
Senna et al. _ ) TX (Astra level. More particles noted with  SEM, BSE 0.5 mg of ) )
N/A Analysis: Cow rib bone _ _ . Implant insertion
2013 block Tech*), and Astra implants at micro-thread  probe, EDS particles from
ocks
_ SLActive® region. Straumann also showec reduced
FU: Immediately post- _ , .
(Straumann alumina patrticles implant volume
placement
AG*).
Mints et al. Test: 9 implants (n=3 per  Turned, acid- 1 PFB per grougvasevaluated. Nano- to ) )
) _ _ SEM, EDS _ _ Implant insertion
2014 examined surfage etched, and Only anodized implants revealet micro- Ti
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Control: N/A anodized implants  particles along osteotomy site. particles along

Analysis. PFB blocks with Smaller and larger particles note block with the
FU: Immediately post- commercially at crest and mid-apical regions, anodized
placement pure Ti grade 3 respectively implant
Test: 16 implants (n=8 pel
block density o _ Non-metallic
Standard SLA Digital optical _
_ Control: N/A _ . o . exfoliated
Sridhar et al. _ Tissue Level Exfoliated material within microscopy and ) Implant
N/A Analysis: PFB blocks of material _ _
2016 Implants osteotomy walls of the PFB Powder X-ray insertion/removal
10, 12, 30 and 40 PCF _ , (polyuretheane
_ (Straumann®) diffraction _
FU: Immediately post- debris)

placement

Table 3: Invitro studies reporting on the presence of Ti and/or metal particles

Abbreviations.- FU: Followtp; PCF: Per cubic foot; SLA Sand-blasted, large grit and acid-etched; Ti: Titan&®n,Fhosphate buffered solution; PFB: Polyurethane foam blocks; SEM:

Scanning electron microscope; EDS: Energy dispersive X-ray spectroscopy; SIMS: Secomslangse spectroscopy; SRXRF: Synchrotron radiation X-ray fluorescence spectroscopy; BSE:
Back-scattered electron; N/A: Not availapte*: Implant brand name and surface reported on the original article.
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