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Abstract

Biomaterial-implants are frequently used to restore
function and form of human anatomy. However, the
presence of implanted biomaterials dramatically elevates
infection risk. Paradoxically, dental-implants placed in a
bacteria-laden milieu experience moderate failure-rates,
due to infection (0.0-1.1 %), similar to the ones of joint-
arthroplasties placed in a near-sterile environment (0.1-
1.3 %). Transcutaneous bone-fixation pins breach the
immune-barrier of the epidermis, exposing underlying
sterile-tissue to an unsterile external environment. In
contrast to dental-implants, also placed in a highly
unsterile environment, these pins give rise to relatively
high infection-associated failure-rates of up to 23.0 %.
Herein, we attempt to identify causes as to why dental-
implants so often succeed, where others fail. The major
part of all implants considered are metal-made, with
similar surface-finishes. Material choice was therefore
discarded as underlying the paradox. Antimicrobial
activity of saliva has also been suggested as a cause for
the success of dental-implants, but was discarded because
saliva is the implant-site-fluid from which viable bacteria
adhere. Crevicular fluid was discarded as it is largely
analogous to serum. Instead, we attribute the relative
success of dental-implants to (1) ability of oral tissues
to heal rapidly in the continuous presence of commensal
bacteria and opportunistic pathogens, and (2) tolerance
of the oral immune-system. Inability of local tissue to
adhere, spread and grow in presence of bacteria and an
intolerant immune-system are identified as the likely main
causes explaining the susceptibility of other implants to
infection-associated failure. In conclusion, it is the authors’
belief that new anti-infection strategies for a wide range
of biomaterial-implants may be derived from the relative
success of dental-implants.
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Introduction

Increased life expectancy has led to the use of a diverse
range of biomaterials, with the purpose of restoring or
maintaining the function and form of the human anatomy
(Busscher et al., 2012). Biomaterial-associated infections
are the main cause of medical implant failure (Le ef al.,
2014), often requiring the total removal of the implant,
aggressive debridement and a prolonged course of
antibiotics. Infection-associated failure rates of implants
vary depending on a number of factors, including:
associated co-morbidities, presence of trauma, overall
condition of patients, sterility of the wound and surgery,
post-surgical care, material used and the surgical site.

Of particular interest is the comparison between dental
and orthopaedic implant failure rates due to infection and
the sterility of these surgical sites. Joint arthroplasties are
placed in largely “sterile” tissue, yet experience moderate
infection-associated failure rates (see Fig. 1 and 2),
which are, incidentally, similarly as low as in implant-
fixation of damaged jawbone (Shaik et al., 2014). The
Nordic Arthroplasty Register, including 432,168 total
hip arthroplasties reported a failure rate due to infection
of 0.6 %, with the highest risk occurring in the first three
months after surgery (Dale ef al., 2012). In a review of
347,889 total hip arthroplasties with a follow up period of
10 years, general implant failure rates of 4.1-10.0 % were
reported within 10 years, dependent upon implant type
(Makela et al., 2014), of which 0.1-1.1 % were identified
as infection-associated failure within the first six months
after surgery. Note that in the case of joint arthroplasties,
the term “sterile” tissue should be used cautiously as tissue
surrounding orthopaedic implant sites is almost certainly
contaminated by low levels of bacteria during surgery or
later, possibly from haematogenous sources. However,
this still represents a low level of bacterial contamination
compared to dental implant sites. Dental implants are
placed in the oral cavity containing a vast number of
commensal bacteria and opportunistic pathogens (see Fig.
1 and 2), yet only experience moderate infection-associated
failure rates (see Fig. 1) of up to 1.1 %. The infection-
associated failure rate for dental implants, given in Fig.
1, coincides with recent data on dental implant failure in
general. In a group of 11,311 implants, general failure was
reported for 1.4 % of all implants within 1 year and 2.0 %
after 9 years (Derks et al., 2014). In another study, 1.7 % of
198,538 dental implants failed within a median time of 247
days (Antalainen et al., 2013). These general failure rates
occur for different reasons, amongst which is infection.
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Fig. 1. lllustration of the implant infection paradox: bacterial load is not predictive of infection-associated failure
rates. The graph reflects the high bacterial loads encountered by dental implants and transcutaneous pins, while their
infection-associated failure rates vary dramatically as opposed to joint arthroplasties characterised by a low bacterial
load and low infection-associated failure rate. In addition, the most common pathogens of each site are listed; those
underlined have been reported for all implant types. (CNS refers to coagulase negative staphylococcei). Exact infection
rates for each site are shown in the table, together with references.

Note: not all infection-associated failure rates given in the literature for the three implant scenarios distinguish
between early and late failure, as we discuss in the introduction section of this article. Moreover, reasons for and
timescales of “early” and “late” differ for the different implant scenarios. Early infection in joint arthroplasties is
often associated with bacterial contamination during surgical implantation. However, microorganisms can remain
dormant on an implant surface for several years before they cause infection resulting in failure (Aboltins et al., 2014).
Equally so, the second most common route of infection through haematological spreading from infection elsewhere
in the body, can cause clinical signs of infection any time after implantation.

That they are in the range of reported infection-associated
failure rates (compare Fig. 1), suggests that infection is also
the major cause of failure for dental implants. Both the
data summarised in Fig. 1, as well as the above analysis,
indicate that despite vastly different bacterial loads in the
orthopaedic and dental implant scenarios, failure rates due
to infection are remarkably similar.

This represents a paradox that can be further extended
to include transcutaneous pins used in external fixators to

el
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treat complicated fractures, control damage in trauma and
lengthen limbs. Transcutaneous pins can be considered
to be the orthopaedic analogue of dental implants: both
implant types are typically made of metals and breach
the innate immune barrier of the epidermis, exposing the
underlying “sterile” tissue to the external environment
and creating an epithelial-free edge (see Fig. 2). Due to
this breach, much like in one-step placement of dental
implants above the alveolar crest (Villar ef al., 2012), the
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bacterial load to which transcutaneous pins are exposed is
relatively high, constituting both the skin microbiome and
contamination from the non-sterile external environment.
Also, in the two step placement of dental implants — when
the implants are placed at the level of the alveolar crest and
covered by gingival tissue during undisturbed healing —
uncovering of the implant for abutment placement requires
subsequent formation of a soft tissue seal against the
pressure of the high oral bacterial load, as well as soft tissue
adaption to the neck of the implant and final restoration.
Despite the similarities between dental implants and
transcutaneous pins, with respect to epithelial down growth
in the wound (Chehroudi and Brunette, 2002) and bacterial
load, the infection-associated failure rate for external
fixators reported over the life of the device ranges from
2-23 % dependent on the implant application and length
of use (see Fig. 1).

Together, these observations reveal the full paradox and
lead to the following question: Why do implants placed
in the oral cavity resist infection so effectively, yielding
relatively low infection-associated failure rates whilst
other implants sites do not? By solving the causes of this
paradox, new pathways for the prevention and treatment of
biomaterial-associated infections in general may become
available, potentially requiring a shift in research paradigm.
Therefore, in the current article, we will evaluate the factors
that influence infection and associated failure in the above
three implant scenarios in order to explain why dental
implants succeed when others fail.

Implant materials

All implant types involved in the implant infection
paradox include a major metal component, commonly
titanium, which is applied in all the discussed implant sites
and therefore can be used as a comparison. Within each
implant type, slight variations in the surface characteristics,
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mainly in hydrophobicity and roughness, of the materials
are available. Joint arthroplasties and dental implants are
available with hydroxyapatite coatings (Hailer ez al., 2015;
Lee et al., 2000), mainly to stimulate osseointegration.
However, with respect to infection-associated failure,
a study of 116,069 total hip arthroplasties revealed no
clinically significant effect of hydroxyapatite coatings in
comparison to standard micro-rough titanium (Hailer et
al.,2015). In dental materials, failure due to infection was
approximately twice as prevalent with machined implant
surfaces (1.1 %) in comparison to osseotite acid-etched
implants (Stach and Kohles, 2003). Overall, however,
the clinical effects of material choice with respect to
infection-associated failure rates are small if demonstrable
at all. More effective implant materials may exist in the
preclinical literature, but these have yet to make their way
to regular clinical use. The lack of evidence for material-
induced differences in failure rates due to infection,
combined with the similarity of the materials applied in
both orthopaedic and dental applications, suggest that other
biological factors must be responsible for the paradox.

Implant site fluids

Upon implantation, a biomaterial is immediately in contact
with complex host bodily fluids. The exact nature of these
fluids is patient and implant site dependent (Wilson et
al., 2005). Blood serum is present in most tissues of the
body and contains a diverse array of proteins; including
complement and immunoglobulins, key mediators of early
immune responses. Dental implants, external fixators and
internal orthopaedic implants will all come into contact
with serum components; however, in contrast to the
other sites, additional factors in the form of saliva and
crevicular fluid are encountered in the oral cavity. The
presence of antimicrobial peptides within saliva and the
constant turnover of the microbial population, by removing
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microorganisms through shear, are involved in the
maintenance of a healthy oral microbiome. An extensive
review of antimicrobial factors present in saliva, such
as defensins and cystatins, can be found in an article by
Gorr and Abdolhosseini (2011). Furthermore, crevicular
fluid located where the gingiva directly contacts the
tooth or implant surface, contains tissue exudate, plasma
proteins, antimicrobial peptides, immune cells and other
immunological components such as immunoglobulins and
cytokines (Pisano et al., 2005; Shillitoe and Lehner, 1972;
Skapski and Lehner, 1976). Qualitatively, the content of
crevicular fluid is very similar to that of serum. Quantitative
levels of IgG, IgA, IgM and complement C3 are two- to
four-fold higher in serum than in crevicular fluid (Shillitoe
and Lehner, 1972). Therefore, neither the qualitative
similarity nor the quantitative differences between
crevicular fluid and serum found around orthopaedic
implants can be major factors in our paradox.

Together, the role that both saliva and crevicular fluid
play in the development of implant associated infection is
less clear. Saliva itself contains approximately 10° viable
bacteria per mL (Petti et al., 2001), which leads to the
colonisation of dental implants by around 10° potentially
pathogenic bacteria cm™ after just 30 min exposure (Al-
Ahmad et al.,2013). Thus, by acting as a source of potential
pathogens, the presence of saliva cannot be directly related
to reducing infection risk in the oral cavity. The ability of
bacteria, including potential pathogens, to colonise dental
surfaces rapidly, in the form of oral biofilm, on a daily
basis would suggest that the antimicrobial capabilities in
the oral cavity are limited. Ultimately, this means that the
host fluids in the oral cavity cannot be the cause of the
relatively low infection-associated failure rates of dental
implants.

Implant site bacterial strains

Early bacterial contamination of implants and implant sites
is generally considered unavoidable and accordingly in all
implant scenarios discussed, combinations with antibiotic
prophylaxis and post-operative hygiene measures are
applied, details depending upon the patient, surgeon and
nature of the implant. The specific composition of the
bacterial load encountered by implants varies dependent
upon the implant site (Benito et al., 2014; De Bruyn et
al., 2013; Mombelli and Decaillet, 2011; Stoodley et al.,
2011), although it must be emphasised that the complexity
of the oral microbiome is almost beyond description,
encompassing several hundreds of strains (Dewhirst et al.,
2010). Orthopaedic implant infections are most commonly
caused by a small number of pathogenic strains, including
Staphylococcus aureus, coagulase negative staphylococci
and streptococci (Peel ef al., 2012), all of which are also
implicated in peri-implantitis (Mombelli and Decaillet,
2011) (Fig. 1) and present in large numbers in saliva. For
example staphylococci are present in saliva of 84 % of the
population at concentrations of 10*-10* colony forming
units per mL and constitute a common cause of dental
implant infection (Ohara-Nemoto et al., 2008), though the
infection-associated failure rates remain remarkably low.
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A key difference is that an arthroplasty will be
surrounded by largely “sterile” tissue, containing low
quantities of bacteria if any, whereas a dental implant
is placed in a milieu containing high numbers of both
commensal strains and opportunistic pathogens (Wade,
2013). Much of the microbiota present in the oral cavity
form a symbiotic relationship with the host, maintaining
a so-called healthy microbiome which can extend to the
surface of an implant through competitive exclusion
and bacteriocin release. Streptococcus gordonii and
Lactobacillus strains for example, produce hydrogen
peroxide that inhibits the growth of other bacteria
(Jakubovics et al., 2008). Many other commensals produce
bacteriocins or bacteriocin-like substances, which actively
kill many other microorganisms (Kreth et al., 2009;
Santagati et al., 2012).

Although the presence of a large number of commensal
strains is unique to the oral cavity, and may locally suppress
growth of opportunistic pathogens, in many patients the
oral microbiome often shifts in an unhealthy direction
leading to caries and periodontal diseases (Berezow
and Darveau, 2011). Therefore, the authors’ belief that
the presence of high numbers of commensal strains and
opportunistic pathogens exerting competitive exclusion
cannot be implicated in an explanation of the implant
infection paradox.

Healing

The soft tissue seal at the external face of a transcutaneous
implant represents an important barrier to prevent infection,
the rapid restoration of which provides protection from
pathogens. Clinically, it has been observed that oral
mucosal wounds demonstrate faster healing with minimal
scar formation as compared with epidermal wounds
(Hakkinen et al., 2000; McKeown et al., 2007; Schrementi
etal.,2008), despite similar spatial and temporal processes
being involved (McKeown et al., 2007; Schrementi et al.,
2008; Sciubba et al., 1978). For example, 3 days after
injury, collagen fibrils in wounded oral mucosa already
appear to be similar to those of unwounded mucosa, whilst
fibrils in skin wounds are still smaller and less uniform than
unwounded skin even at 14 days post-injury (Schrementi
et al., 2008). Furthermore, saliva promotes healing by
maintaining a moist environment conducive to host cell
viability and contains an abundance of growth factors
including epidermal growth factors, transforming growth
factor (TGF)-a and f, fibroblast growth factors, nerve
growth factors and insulin like growth factors (Zelles et
al., 1995).

The fast healing of oral tissue in the continuous presence
of commensal bacteria and opportunistic pathogens may
have developed as an evolutionary outcome in response
to the eruption of teeth. In a dental implant scenario, this
enables a non-osteogenic soft tissue seal around the neck of
an implant to form rapidly and protect the osseointegrated
part against invasion of periodontopathogens towards the
bone (Chai et al., 2012). Periodontal ligament fibroblasts
have even been demonstrated to take advantage of
the presence of Streptococcus mutans, increasing 1
integrins expression (Engels-Deutsch et al., 2011). This

www.ecmjournal.org



C Yue et al.

specific bacterial stimulation, without the development
of infection, may therefore improve healing that in turn
reduces future infection risk and associated failure. This
type of stimulation has not been observed in other tissues,
such as around orthopaedic implants, and may account in
part for the low infection-associated failure rates of dental
implants in comparison to transcutaneous fixators.

Local immunological factors

When contamination of an implant occurs, it is the task
of the host immune system to prevent infection. Many
foreign bodies, including commensal microorganisms and
food particles are encountered in the oral cavity and oral
mucosal tolerance is important in preventing excessive
and destructive immune responses. In normally sterile
tissues, there is no requirement for tolerance towards
foreign bodies, as any foreign material normally needs to be
removed to prevent infection. Therefore, oral immunology
is not analogous to host responses in the usually “sterile”
tissues present around orthopaedic implants. This
discrepancy between tolerances can be observed using a
number of characteristics unique to the oral mucosa.

Within the oral mucosa, dendritic cells — specifically
Langerhans cells — have been identified as important
arbiters of developing immune responses (Mowat,
2005; Stumbles et al., 2003; Williamson et al., 2002).
However, in contrast to the skin, dendritic cells present
in the gingiva demonstrate a particular orientation, with
the dendrites facing towards the external environment
explicitly for sampling antigen from the oral cavity (Ito et
al., 1998). This feature is advantageous, when reacting to
the large external challenges. Furthermore, the mucosal
membrane demonstrates a degree of permeability to sample
material present in the oral cavity, resulting in the regular
stimulation of these cells. This feature is not shared with
the skin, which is largely impermeable to the external
environment and, below the stratum corneum, normally
antigen free.

A further difference between the epidermis and oral
mucosa is the abundance and location of T-lymphocytes
(Van Loon ef al., 1989). In normal skin, T-lymphocytes are
localised around the blood vessels in the papillary layer.
In contrast, the oral mucosa contains an increased number
of cells at the epithelium-papillary boundary, closer to the
external surface. This distribution is likely because most
invasive foreign material associated with skin tissue will
be present in the vasculature or in blood associated with
wounds. In the oral cavity the largest challenge arises
from the immediate external environment; therefore,
the greater number and more homogenous distribution
of T-lymphocytes in oral mucosa may aid the tissue in
responding to the external threat (Van Loon et al., 1989).
Furthermore, salivary polymorphonuclear neutrophils
demonstrate decreased phagocytic activity and ingestion
rates, yet increased ability to kill bacteria following
ingestion, in comparison to the skin equivalents (Lukac
et al., 2003). This may reflect a more balanced immune
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response, in general associated with the oral cavity, due to
life-long adaptation to the presence of bacteria and foreign
materials, trading broad inflammation for a more specific
reaction to antigen.

In the presence of an implant, diminished inflammation
may be a key feature of the rapid repair of oral mucosa
(Szpaderska et al., 2003). Lower levels of neutrophil,
macrophage, and T-cell infiltrations are consistently
observed in oral wounds compared with corresponding
skin wounds, drawing parallels with rapidly healing
foetal wounds (Hékkinen et al., 2000; Wilgus, 2008).
Furthermore, RT-PCR analysis has shown that oral
wounds stimulate lower quantities of inflammatory
cytokine interleukin (IL)-6 and CXCL-1 (the murine
analogue of IL-8) gene expression, and less pro-fibrotic
cytokine TGF-B1 than skin wounds in mice (Mak ef al.,
2009; Schrementi et al., 2008; Szpaderska et al., 2003).
This implies that the inflammatory response to an oral
wound is reduced, thus permitting a greater degree of
sensitivity to react with individual signals to the specific
nature of the pathogenic challenge rather than generating
a non-specific broad inflammatory response. In addition,
life-long immunomodulation induced by commensal
bacteria may also induce a broader effect, whereby
microorganisms can influence immune responses at the
implant site. For example, in the gastrointestinal tract,
probiotic bacteria have been shown to stimulate interferon
(IFN)-y production, modulate phagocytosis and decrease
lymphocyte proliferation (Isolauri ef al., 2001). The exact
role of bacterial immunomodulation in the oral cavity
has yet to be fully investigated; however, similar host-
commensal-pathogen relationships may be expected as in
the gut. Despite the comparatively limited research into
oral host-bacteria interactions, an example of commensal
bacteria influencing gingival responses and inducing
tolerogenic effects has been observed. The presence of
the cytoplasmic glycolytic enzyme enolase, as associated
with the bacterial cell wall of Streptococcus sobrinus was
found to induce immunosuppressive responses, resulting
in a notable increase in serum levels of IL-10 in mice
following injection of the protein (Veiga-Malta et al.,
2004). Therefore, it may be inferred that the presence
of immunosuppressive commensals in the oral cavity
prevents the immune system from being overrun by the
inflammatory virulence factors of pathogens. In general,
the immune responses within “sterile” tissues is intolerant
to any foreign body incursion, as demonstrated by the
non-specific broad inflammatory responses observed in
subcutaneous tissues (Prabhakara ef al., 2011), which
may lead to an ineffectual response to both the implant
and a pathogenic challenge. In many ways, members
of the commensal oral microbiota may be viewed as an
extension of the host immune system by forming bilateral
interactions. In normally “sterile” tissues, the lack of
both bacterially induced immunological tolerance and
competitive exclusion combined with the more aggressive
immune responses may result in relatively small bacterial
challenges being able to induce infection more effectively
and evade immune responses.
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The crux of the paradox

In this article, we attribute the decreased infection-
associated failure rate of dental implants as compared to
orthopaedic ones to two factors: (1) the ability of soft tissue
to adhere, spread and grow in the presence of bacteria in
the oral cavity, due to the evolutionary prerequisite for
this tissue to deal with an erupting dentition; and (2) the
generation of a specific local immunological deficit due
to the presence of a foreign body in non-oral tissues (Elek
and Conen, 1957). This deficit prevents a targeted and
controlled host response to pathogens from developing,
as it does in individuals without a biomaterial implant,
eventually resulting in a biomaterial-associated infection
and possible failure. We believe that these two factors
constitute the crux of the paradoxically different infection
susceptibilities, and associated failure rates, in the different
implant scenarios discussed. Oral tissue is different from
other tissues surrounding implants, as it has evolved to
better accept bacterial presence; while the oral immune
system is unique, due to an innate tolerance towards many
bacterial strains and the presence of food particles, which
may extend to implant materials.

A potential shift in paradigm

By trying to understand the causes of the relative success
of dental implants, we can potentially design new anti-
infection strategies for a wider range of implants. The
unique scenario of dental implants in the oral cavity may
serve as an example to make “sterile” tissues accustomed
to bacterial presence and induce more tolerant immune
responses to implant materials, along with more targeted
immune responses against pathogens. This line of thinking
may require a significant paradigm shift in translational
implant research. Orally inspired treatment options could
include, for example, the application of specific cytokine
profiles observed when dental implants are placed. The
aim of these treatments should be to reduce the general
inflammation associated with the presence of a foreign body
in normally sterile tissues, permitting targeted antibacterial
responses to develop. Alternatively, giving “sterile” tissues
experience with bacterial pathogens through exposure
to, or vaccination with, the most prominent pathogens
threatening a particular type of implant prior to surgery
may also be an option to reduce infection-associated
implant failure. This “experience” may then allow the
immune responses to target contaminating bacteria more
effectively, over the general inflammation caused by the
presence of the implanted foreign body. By modulating the
host response in such a way and stimulating an oral tissue
type of response, we might use the paradox in our favour
and reduce the risk of infection-associated failure within
a wide range of biomaterial implants.
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Discussion with reviewers

L. Harris: The authors make no reference to the fact that
we brush our teeth regularly to remove bacteria build up
on our teeth. Is this not an important difference in the
environment of the dental implant that would influence
the success of such implants? Can the authors comment
on this?

Authors: Post-operative hygiene measures are
implemented, in association with all of the surgeries
discussed in the manuscript. For dental implants,
common care instructions involve the use of antibacterial
mouthwashes in the days following surgery and routine
brushing thereafter. These measures will reduce bacterial
colonisation in the short term. However, the rapid
recolonisation of bacteria following cleaning is evidenced
by the daily build-up of oral biofilms even in healthy
individuals. Therefore, the microbial load is rapidly
restored. Furthermore, brushing alone does not remove
bacteria from the oral soft tissues and critical sites such as
the crevices and the gingival margins surrounding implants.

L. Harris: Does the implant biomaterial have any influence
on the success of dental implants compared to other
implants? Are some dental implant types more susceptible
to infections than others?

Authors: The specific bulk and surface characteristics of
a material impact upon biological interactions, including
infection risk. However, dental implants, transcutaneous
pins and arthroplasties are manufactured from similar
materials, as illustrated in Figure 2. Titanium and its
alloys are the most prevalent dental implant materials and
these devices generally feature a polished neck to reduce
bacterial adhesion at the gingival margin, which has been
shown to decrease infection rates. In addition, novel
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biomaterials and coatings have also been suggested, in the
literature, but rigorous clinical evaluations of their infection
rates are not yet available for statistical reasons (Busscher
et al., 2012, text reference). To illustrate this point for the
dental implants, in a multi-centre study including 281
patients and six different implant types, representing the
largest clinical and microbiological analysis of patients
with peri-implantitis, authors themselves cautioned for
over-interpretation of their results due to statistical reasons
and called for the need of prospective, multi-centre studies
(Charalampakis et al., 2012).

D. Grainger: Oral re-epithelialisation rates are not
addressed in this opinion paper but could play a role in more
rapid wound healing, synchronised with the attenuated
inflammatory response the authors describe. Is anything
known about the signalling between oral epithelial cells
and leucocytes, which produces this rapid healing that is
different from soft tissue (i.e., dermal) healing?
Authors: Rapid re-epithelialisation rates in the oral cavity,
included as part of the healing paragraph, show that oral
healing proceeds relatively fast in comparison to skin.
This may offer some explanation as to the difference
between dental and transcutaneous implants. However,
the immediate sealing of the surgical site for arthroplasties
negates this factor in explaining the paradox. In general,
oral wounds stimulate a much reduced infiltration of
inflammatory cells in comparison with skin wounds.
Furthermore, oral wounds have been observed to contain
far lower amounts of inflammatory cytokines such as
IL-6 and similar levels of anti-inflammatory IL-10 when
compared to the skin.

D. Grainger: What is known about how commensal
flora avoid the plethora of antimicrobial agents produced
mutually in this context?

Authors: The huge number of strains present means that
specifics of interspecies interactions have yet to be fully
described. However, in other situations, such as the gut,
commensal microorganisms decrease the production of
toxins by other species of bacteria using quorum quenching.
Additionally, competitive exclusion prevents anyone
species from becoming dominant which subsequently
keeps the concentration of individual bacterial toxins
down. Meanwhile, commensals produce fewer toxins and
as described in the manuscript commensal bacteria interact
with the host immune system through chemicals such as
enolase to prevent excessive immune activation. However,
the variety of bacterial strains and species as existing in
the oral cavity is considered a characteristic of the oral
microbiome at health, providing stable protection against
the plethora of antimicrobials mutually produced (Yang et
al.,2011; Zarco et al., 2012).

R.G. Richards: The authors mention that joint arthroplasties
are placed in largely “sterile” tissue. In my view, this
statement does not really account for the flora of the skin,
especially at the hair root follicles, which can be introduced
into a wound upon opening with a scalpel. Patient history
of whether they have had an infection at any time prior
to operation is also not considered, as the bacteria can
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reside in stasis within cells — within the bone architecture
(such as bone canaliculi, of the lacunae of ossified bone)
itself — and are only active under opportunistic conditions,
such as the implantation of an artificial joint. How do the
authors consider these unregistered, unexplored avenues
to the infections of joints? Or, do the authors believe that
the infection is purely nosocomial in these cases?
Authors: It is true that the skin is far from a sterile
environment; however, the number of bacteria typically
contaminating an arthroplasty surgical site is still much
reduced in comparison to those present in the oral cavity.
This is especially true, due to the post-surgical closing of
the wound associated with an arthroplasty, in comparison
to the “open” dental device. In the case of the external
fixator, the amount of bacteria present is much increased
due to the mentioned skin microflora and this contributes
to the much higher infection rates observed, as described
in our opinion and discussion paper. It is also true that
pre-existing infections constitute an important factor in
the development of a new infection. However, this is a
factor at all the implant sites discussed and therefore cannot
be identified as specifically affecting one more than the
other. The presence of bacteria in the tissue or arriving
from other sources, haematogenously for example, may
contribute to infection rates. However, the largest doses
leading to infection are likely from external sources: the
skin, operating theatre air or the oral cavity.

G.Rh. Owen: In this paper you quote the infection rate of
dental implants as being 1.7-9.6 % over the implant life-
time, (over 10 years) compared to 4.0-96 % in external
fixator/transcutaneous pins (less than 100 weeks). Recent
data suggests that dental implant infections are much
higher than expected after 5 years. One publication
suggests peri-implant mucositis (defined as a reversible
inflammatory reaction in the soft peri-implant mucosal
tissue) occurs in approximately 80 % of subjects, affecting
50 % of the implant sites, whereas peri-implantitis (defined
as an inflammatory reaction associated with the loss of
supporting bone) has been identified in 28-56 % of subjects
and 12-43 % of implant sites, respectively. On what level
of infection did you base your low infection rate?
Authors: In our manuscript, we try to make a clear
distinction between infection and infection-associated
failure. Infection does not necessarily lead to failure,
which is why general infection rates are generally higher
than the infection-associated failure rates reported in our
manuscript.

R.G. Richards: The authors suggest a similarity between
dental implants and transcutaneous pins. [ would challenge
this general assumption. Often external fixator pins are used
for treatment of open wounds with large degrees of soft
tissue damage, including vascular compromise and multi-
fragmented bone pieces leading to instability. Each of these
individual areas are known to increase the susceptibility
to infection and the combination of each gives a totally
different risk, compared to the dental situation. In my view,
this is much more serious assault on the body compared
to a dental implant, naturally giving rise to higher rates of
infection. Please comment.
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Authors: The presence of trauma will be a factor in the
development of host-responses. However, in all cases
discussed the placement of the implants alone constitutes
a major challenge for the host; for example, the drilling
required to place a dental implant or the insertion of the
hip arthroplasty stem into the femur. It is of course difficult
to directly compare the three different surgeries in clinical
settings given the diversity of the problems leading to the
requirement for these implants. However, the rate of pin-
tract infection is also high in limb-lengthening procedures,
where the wound is controlled in comparison to an open
wound from an incident of trauma (e.g. Antoci et al., 2008).
This evidence further adds to the paradox.

G.Rh. Owen: Teeth are transmucosal organs, permanently
exposed to the external environment, and underlying
periodontal tissues are sealed by a soft-hard tissue interface
known as the junctional epithelium. The goal of dental
implant placement is to limit trauma to the soft tissue
so that this seal can be regenerated. When making an
incision in the skin for transcutaneous pins the skin barrier
is compromised with minimal surgical strategies to seal
the opening around the implant. In your view, what is the
role of surgical technique and the importance of the seal
between soft tissue and dental implants in reducing the
level of infection?

Authors: The soft tissue seal represents a very important
barrier to infection and indeed the importance of this seal
is known in dentistry. The rapid formation of a soft tissue
seal acts as a barrier to prevent pathogens from accessing
the deeper tissue. This feature is further enhanced by the
rapid healing associated with oral tissue discussed in this
paper. In the case of external fixators, however, the transient
nature of the implants means that extensive soft tissue
integration reduces the ease by which the implant can be
removed after use. This may also contribute to infection
risk. In practice, the risk of infection at these weak points
is countered by the strict hygiene regimes applied to these
specific areas post-surgically. This gives an advantage over
dental implants, where the soft tissue implant interface is
often difficult to access and clean directly.

G.Rh. Owen: The junctional epithelium in teeth is a
specialised structure, with functional adaptation to control
the constant microbiological challenge experienced in
the oral cavity. In your opinion, to what extent does the
presence of the junctional epithelium influence the lower
infection rates seen in dental implants?

Authors: The junctional epithelium represents a unique
type of tissue at the implant interface, which possesses
interesting immunological characteristics. This tissue acts
as one of the first lines of defence in healthy oral tissue and
also develops associated with implants. Many pathogens
seek to compromise this tissue as it represents the route by
which infection can develop associated with both teeth and
implants. This specific tissue is an extension of the general
unique immunology of oral tissue further adds to the
hypothesis discussed in this paper: that oral immunology
reduces infection risk.
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G.Rh. Owen: The range of infection rates for external
fixators/transcutaneous pins is variable (4-96 %) and can
be influenced by many factors. Higher rates of infection
in external fixator/transcutaneous pins have been seen
especially in areas where there is dynamic movement
of the implant. In the case of transcutaneous pins, this
motion could be amplified due to implant length causing
skin movement and irritation at the skin wound site. Have
you considered the possibility of dynamic movement of an
implant playing a part in the higher infection rates seen in
external fixator/transcutaneous pins?

Authors: Movement in transcutaneous pins may contribute
to increased infection risk by loosening the tissue around
the implant and mechanically moving pathogens down the
tissue. However, dental implants also experience a range
of movement and in addition the pathogens are present
suspended in liquid which would require less mechanical
stimulation to enter the implant interface. Therefore, we
consider this factor to be minor in the paradox.

R.G. Richards: In the early 90s, at the AO Research
Institute Davos, Dr Henk Eijer (clinician) and Dr Slobodan
Tepic (scientist) made a very interesting observation
during infection studies comparing, 1) titanium and steel
(Schlegel and Perren, 2006), and 2) compression plating
versus locking plating for susceptibility to infection (Eijer
etal.,2001; Arens et al., 2001). Various doses of S. aureus
(clinical strain) were applied to rabbits between the plate
and bone to determine the ID 50 for infection. Both studies
were published, but in low doses of bacterial challenge (that
did not cause clinical sign of infection) very high bone
overgrowth was observed (unpublished). Recently I met
Dr Slobodan Tepic and he strongly believes that exposure
to the low bacterial challenge stimulated fast bone growth
over the plates and that this could also stimulate faster
bone healing through a modified immune response. As
this is an opinion paper, and your thoughts indicate that
continual bacterial exposure may reduce susceptibility to
infection in the dental area, I would like your opinion on
his idea that such exposure (like a vaccination) to a low
bacterial challenge may speed up fracture healing through
a modified immune response.

Authors: There is increasing evidence that the presence
of low levels of bacterial contamination could increase
healing (for example: Thomas and Puleo, 2011). The
stimulation of the immune system by bacteria leads to the
recruitment of immune cells, increased vascularisation
and inflammation, all of which are involved in natural
healing processes. However, excessive inflammation
leads to the destruction of tissue as seen in inflammatory
diseases. There could indeed be a balancing point at which
healing is stimulated; however, very little is known about
the development of immune responses in the presence of
both biomaterials and bacteria. If it is possible to identify
the pathways or specific signalling molecules which cause
these phenomena it would be possible to deliver bacteria
“inspired” treatments.

T.F. Moriarty: The authors propose one avenue of future
therapy may be to provide “sterile tissues experience with
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bacterial pathogens through exposure to the most prominent
pathogens threatening a particular type of implant”. This
is an interesting concept, although it could also in theory
be a double edged sword as such “experience” may in fact
potentiate infection. For instance, some polymicrobial
infection models indicate that this may be the case. In any
case, the most common bacterial species causing implant
infection tend to include the staphylococci. These bacteria
are common skin colonisers, and so each of us will already
have “experience” of such species. How do the authors
envisage exposing host organisms to such bacteria in a
way that is not already covered by natural host : bacteria
interactions.

Authors: Though it is true that that some bacteria potentiate
infection, the application of specific bacterial components
might be a method of exposing the host to pathogens
without increasing infection risk. This may be particularly
effective in the deeper tissues where unlike the skin there
is typically no contact with bacteria. Furthermore, the
application of components specific to bacteria may aid the
immune response in targeting known pathogens.

R.G. Richards: In infection research healthy animals
that have never had exposure to bacterial pathogens
are generally used, which does not simulate the clinical
situation. Do you feel that studies should be performed,
testing the standard models against models where there
has been exposure to low doses of bacterial pathogens.
Authors: Indeed, the lack of exposure of laboratory
animals to pathogens is a limiting factor in infection
research. This may be an interesting avenue of research
to pursue, measuring the effect of exposure on immune
responses in a standard model.
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