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Abstract: Destructive peri-implant bone loss is distressing for both the
patient and the treating dentist(s). In severe cases peri-implant bone
loss may cause jawbone mutilation, making re-treatment highly
complex or impossible and violating the treatment philosophy of “first,
do no harm”. There are a multitude of causes of bone loss around a
dental implant. These include, but are not limited to, post-operative
bone remodeling; the skills or otherwise of the surgeon, the restorative
dentist and technicians; patient factors (smoking, bruxing, health and
disease of the oral hard and soft tissues, systemic disease); a dis-
balanced immunobiological response to the placement of a foreign
body; the physical, chemical and topographical properties of the
implant; and the response of the commensal bone biofilm populations
to the placement of the implant. This paper looks at one possible cause
of destructive, peri-implant bone loss and the response of the
commensal bone biofilms to the placement of the implant, including the
influence that surface topography may have on the behavior of the
biofilm populations. A new classification of bone quality and health,
based on radiographical anatomy and the associated microbial ecology,
is proposed. An aetiology of biofilm-mediated, surface-induced,
destructive peri-implant bone loss is described.
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prostheses. The use of multiple implants rather than a
single-unit device, such as a subperiosteal implant,

Introduction

Dental implants in use prior to the introduction of

Branemark’s osseointegration concept comprised a
variety of intra- and extra-bony devices such as the
subperiosteal implant, the blade implant, the transosteal
bone staple, the ramus frame and bone pins. All were
susceptible to infection which often caused significant
bone destruction and jawbone mutilation. These implant
types never gained acceptance in the wider dental
community because of their potential for harm and the
experimental nature of these devices.

Per-Ingvar Branemark - the Father of Modern-Day
Implant Dentistry.

The seminal publication by Branemark and co-
workers entitled “A 15-year study on osseointegrated
implants in the treatment of the edentulous jaw” (Adell
et al., 1981) saw the dawn of a new era in dental
rehabilitation using implantable devices. Branemark
showed that osseointegrated implants could indeed
provide safe, predictable, long-term function using
multiple root-form implants to support dental
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reduced the chance of failure of the complex as a whole
and importantly, it was found that should an implant
fail, it caused little or no additional hard tissue loss,
similar to that caused by the loss of a loose tooth
(Branemark et al., 1985).

Acceptance of the osseointegration concept by the
dental profession was initially quite slow due to the
professions’ concerns about the safety of root-form
implants and the potential harm that they could cause.
Indeed, Jemt and Olsson (2014) note that “research
had to focus on implant failures and associated
complications to try to convince a sceptical dental
community that osseointegrated dental implants
functioned in clinical practice”.

Would a “Sceptical Dental Community” Have
Embraced Osseointegration if Outcomes as Seen in
Fig. 1c Had Been Reported?

The bioethic of “first do no harm” (primum non
nocere) is a fundamental cornerstone of healthcare.

© 2019 Andre J. Viljoen. This open access article is distributed under a Creative Commons Attribution (CC-BY) 3.0
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Branemark understood this and stated that
“reconstructive procedures to be used in defect
situations that are not life-threatening must be
designed so that if the procedure fails, the patient
is not in a worse situation than before the
treatment...” and, further, that the patient should be
left with “basically the same retention anatomy as
before installation of the fixtures” (Branemark et al.,
1985). Branemark found that when machined surface
implants  failed, a thin fibrous capsule formed
between the implant and the bone, the implant was
easily removed and there was minimal additional
bone loss (Fig. 1a).

Although high levels of long-term success were
achieved, especially in the mandible, Machined
Surface Implants (MSIs) were not 100% successful,
especially in poorly trabeculated (Q4) bone, often
found in the maxilla and posterior mandible, where
primary stability could be difficult to achieve. In the
search for ever greater success, Wennerberg (1999),
amongst others, showed that Moderately Roughened
Surface Implants (MRSIs) integrated faster and with
greater Bone-Implant-Contact (BIC) than MSIs. Early
research showed that a greater torque force was

required to remove these implants than that required
to remove smooth surface implants (Henry et al.,
2000). They found that a moderately roughened
surface induced a genetic upregulation of the
progenitor stem cells in bone and periosteum, causing
faster stem cell aggregation onto the implant surface
and reducing early failure rates compared to those of
turned surfaces. Importantly, the bone bed was
believed to be sterile. The possibility of the presence
of cells other than mammalian, including bacteria,
was simply not entertained, despite the fact that
Sanders and Sanders (1984) noted that of the one
hundred trillion cells that make up the human body,
only 10% are mammalian and that “the remainder are
the microorganisms that comprise the resident
microflora of the host”.

Modified surfaces have been shown to have higher
levels of initial success than machined surfaces
(Smeets et al., 2016) and this success has led to an
international shift away from the use of the
traditional, tried-and-tested minimally rough MSIs (Sa
0.5 to 1.0 um), which Branemark and co-workers
favoured, to various forms of moderately rough
implant surfaces, ranging in S, from 1 to 2 pm.

Fig. 1: (a) a failed machined surface implant after ten years of function. Note the benign mode of failure even though the implant had
been mobile for several months. The patient only presented because of crown super-eruption; (b) radiograph of an anodised
implant reconstruction two years after placement of the prosthesis showing stable marginal bone; (c) the same case as (b) 5
years after placement — note unacceptable cratering or cupping bone loss about the mesial implant.
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Many techniques have been utilised to alter surface
topography. Surfaces may be roughened by adding to
the surface, subtracting from the surface or modifying
the surface, e.g., LASER modification (Wennerberg
and Albrektsson, 2009; Smeets et al., 2016). Each
different technique used for surface modification may
produce vastly different surface topographies (but still
have similar S, values), as (Ballo et al., 2011)
graphically showed; for example, anodising increases
surface roughness but it also creates micropores of 3-15
micron diameter that other techniques do not.

In summary, modern-day dental implants have a
surface roughness between 1 and 2 micron and
anodised surfaces include micro-pores. MRSIs
integrate more quickly than MSIs with greater BIC.
Both initial and medium-term results are better for
MRSIs (Jemt et al., 2015).

On Human Jawbone, Biofilm and Surfaces

Although a moderately roughened surface appears
to hold advantages over a smooth surface, there were
a few early warning signs that mode of failure for
MRSlIs could be an issue. Astrand et al. (2004) were
one of the first groups to report on a different, more
destructive mode of failure associated with modified
titanium surfaces when they compared outcomes of
titanium plasma-sprayed (TPS) implants against
MSIs. They found that 9.1% of the TPS implants
suffered unacceptable, highly destructive, peri-
implant bone loss, whilst none of the MSIs suffered
destructive bone loss.

This raises a number of questions: why is there a
difference in mode (not incidence) of failure? What if
human jawbone supports permanent, resident bacterial
biofilm communities? Could an altered surface
topography also cause a genetic up- or down-
regulation of the bacterial communities, just as it does
to progenitor stem cells? Could this explain the
destructive pattern of bone loss sometimes seen about
porous, anodised surfaces (Fig. 1c), as compared to
the benign mode of failure round MSIs. Could an
altered surface be a factor in the reported rise in peri-
implant bone loss (Jepsen et al., 2015).

This paper will look at these questions and cast a
wide net both inside and outside the dental literature in
an attempt to find answers.

Whilst it is true than different authors use different
criteria to measure and define pathologic peri-implant
bone loss, making comparisons between studies
difficult, there has been an increase in refereed
publications regarding this problem in the literature.

Derks and Tomasi (2015) found that 46% of
moderately roughened implants were associated with
peri-implant mucositis, of which 22% progressed to
peri-implantitis with associated bone loss. Carcuac et al.
(2017) found that up to 65% of MRSIs were affected
and Browaeys et al. (2014) found that 49% were
associated with unacceptable peri-implant bone loss
after 3 years. These rates compared to a rate of
observed peri-implantitis for MSls of just 2.4% over
20 years (Astrand et al., 2008) and 1.8% over 12-32
years (Simion et al., 2018).

Is There a Difference in the Amount of Peri-Implant
Bone Destruction when an Anodized Implant Ails
or Fails as Compared to the Failure of a MSIs?

In order to answer the question, 28 machined
surface and 48 anodized surface ailing or failed
implants (Nobel Biocare, Kloten, Switzerland) were
randomly selected from three private clinic settings,
two in Australia and one in New Zealand. The
qualifications of the surgeons who placed the implants
are MDSc, FRACDS(OMFS) (Clinic 1), PhD (Clinic
2) and MDS, MPhil, FRACDS (Clinic 3) and their
combined implant dentistry experience is greater than
80 years.

ImageJ, a public domain software program
(National Institutes of Health, USA) was used as a
surface area measurement tool. The length and width
of the implant was known and was used to calibrate
ImageJ. The surface area of the implant was then
outlined to test the accuracy of the calibration. Once
the calibration was shown to be accurate, the
radiographic, two-Dimensional (2D) surface area of
peri-implant bone loss associated with the ailing or
failed implant was measured. Loss of peri-implant
bone was then expressed as a percentage of the
radiographic 2D surface area of the implant which
allowed implants of differing sizes to be compared.
Thus, a measurement of 0% relative additional bone
loss describes the failure of an implant with no
measurable additional bone loss (the ideal situation),
20% relative additional bone loss describes a bony
defect one-fifth the size of the 2D area of the implant
and a measurement of 130% relative additional bone
loss describes a 2D defect 1.3 times the 2D size of the
implant, which represents a major osseous defect,
falling outside of the bioethic “primum non nocere”.

As can be seen in Fig. 2 below, the results from all
three clinics reflect the same trend: mostly, there is
significantly greater percentage of relative additional
bone loss associated with ailing/failing anodised
implants as compared to machined surface implants.
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Fig. 2: (a) results for clinic 1; (b) results for clinic 2; (c) results for clinic 3. Note that all three clinics demonstrate the same trend:
significantly greater peri-implant bone loss associated with the failure of anodised implants, compared to machined-surface
implants. From unpublished data Aitken, Nelson, Viljoen 2017.

On Human Jawbone

There is general agreement in the orthopedic
literature that “bones and joints are normally sterile
areas” (Mader et al., 1999). The current model on which
clinical implant dentistry is based also accepts that the
human jawbone is a sterile compartment (there may be
occasional planktonic bacteria in bone during blood-
borne bacteraemias and tooth infections, but these
planktons are quickly eliminated by the host’s humoural
and cellular immune systems). The Swedish team
suggested that a well-vascularised bone-bed, free of
residual infection, is essential for successful, long-term
implant outcomes and regarded a three to six months
post-extraction healing period as adequate for the
resolution of tooth-associated bone infections, with a
return to bone health and (presumed) sterility
(Albrektsson et al., 1981).

The endodontic literature too describes a vigorous,
unimpeded cellular and humoural immune response,
which ensures that the presence of any extra-radicular
planktonic bacteria is transitory and that dispersed
planktonic bacteria are confined to the infected space of
the root canal. Numerous authors suggest that the
extraction of diseased teeth results in spontaneous bone
healing and a return to bone sterility (Nair, 2006;
Siqueira et al., 2014). However, when the periapical
lesion persists and becomes chronic, a mixed
osteolytic/osteosclerotic  lesion develops and the
presence of confining sclerosis delays or even prevents
healing by convergence. Ingred Brynolf examined 320
cadaver specimens immediately post-mortem using
histopathology and radiography and found that chronic
apical tooth pathology is a mixed lesion, being both

osteolytic and osteosclerotic (Brynolf, 1967). Eliasson et al.
(1984) also found that sclerotic bone formed as a direct
result of a chronic periapical infection. The sclerotic
bone confined the periapical radiolucency. Whilst
reactive sclerosis confines the lytic infection, it also
isolates the residual pathologic biofilm nidus from the
host immune defence mechanisms, from the capillary
microvasculature, from antibiotic perfusion and from the
surrounding margins of healthy, normalised tissue and
healthy microbiota, thus allowing a nidus of chronic
infection to persist. The orthopaedic literature supports
the observations of the dental literature, noting that if
bone infection has had a duration of one month or more,
reactive sclerotic bone formation occurs (Waldvogel et al.,
1970). Orthopaedic surgeons Zimmerli and Sendi (2017)
agree, having found that the therapeutic value of
antibiotics by themselves, without the additional
assistance of surgery, ceases in the treatment of biofilm
infection beyond one month. This finding is consistent
with the observation that sclerosis creates “a host
initiated bacterial line of defence” (Nelson et al., 2005).

Taken collectively, these findings indicate that if the
nidus of infection is isolated from the host by sclerosis or
if it is inadequately debrided (Patzakis and Zalavras,
2005), pathogenic biofilm communities may persist in
the bone as latent infection, with an ever-ongoing
potential for future pathology.

On what Basis was Human Jawbone Deemed to be
Sterile?

Essentially, human jawbone has been deemed to be
sterile based on flawed methodology. Traditional
examination of human jawbone utilised culture
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microbiology, histological examination and Gram staining
to detect the presence of bacteria. These techniques resulted
in repeated negative results and thus supported the finding
that bone is sterile. However, Tipton et al. (2017) noted that
the above methods are not suited to the detection of
biofilms. Tuttle et al. (2011) found that at best, the use of
culture methodology may detect only 2% of the bacterial
community populations. Thus, the use of methodologies
best suited to the detection of planktonic bacteria rather
than bacteria in biofilm, provided false negative results.
Noted orthopaedic surgeon Dr Anthony Gristina
describes wiping biofilm “slime” off an infected hip
implant with his surgical glove, yet the culture results
came back negative for the presence of bacteria
(Gristina and Costerton, 1985). Costerton et al. (2003)
captured this anomaly when they stated that “when a
model used to analyse a [natural] process is incorrect,
our attempts to understand and manipulate the process
will fail [and] many honest and conscientious people
will be frustrated [and hurt] and the reputations of
whole research groups will be damaged”.

Medicine has also used inappropriate methodology
for the detection of microbes. For example, chronic
otitis media with effusion was believed to be a sterile
inflammatory  lesion  without any  bacterial
involvement. This misdiagnosis was perpetuated
because “the majority of chronic effusions were
culture negative, refractory to antibiotic treatment and
positive for a variety of inflammatory mediators”.

When this persistent, recurrent pathology was
examined using biofilm-based methodologies such as
Scanning Electron Microscopy (SEM) and Confocal
Laser Scanning Microscopy (CLSM), bacterial
biofilm communities were revealed in all mucosal
specimens (Ehrlich et al., 2002).

Bjarnsholt (2013) noted that more than 80% of
medical and dental bacterial infections are now known to
be caused by organisms growing in biofilms.

So, is the Human Jawbone Sterile?

The seminal thesis by Nelson (2016) examined this
question. Using 454 pyrosequencing suited to the
detection of biofilms, Nelson found that the human
jawbone is not sterile and that it supports permanent,
commensal (resident) biofilm communities. He found
that these communities may range from those that are
non-pathogenic to the host tissue, polymicrobial, stable,
diverse, even in genus, resistant and resilient to pathogen
invasion; to communities low in diversity and high in
pathogenicity. His results suggest that an almost infinite
number of alternative stable (and non-stable) states exist
(Shade et al., 2012).

Represented as a pie charts, two examples of biofilm
communities found in human jawbone are presented in
Fig. 3 below: (a) represents a non-pathogenic, stable
bone-bed biofilm community and (b) represents a
pathogenic community.

a Exiguobacterium  Veillonella
Marinomonas 204 3%
Other

0/
Algoriphagus 3%
3% 9%

Bacillus
3%

Xanthomonas

Enterococcus 13%
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Clostridium

12%
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Pseudomonas,
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Acidovorax Acinetobacter
2% 2% Other
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38%
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Fig. 3: (a) Pie chart that represents the resident genera in a pristine, non-pathogenic human jawbone community. Note that no one

genus dominates (evenness of genera) and that there is a large mix of genera (rich in diversity). This diversity makes the
community resistant to invasion and if invaded, it bounces back quickly (resilient). (b) Pie chart representing a pathological
site. Note the unevenness of genera and the dominance of the pathogen Kingella. This sample was taken at the time of an
implant insertion. Not surprisingly, the implant failed 12 days later. Courtesy of Dr Stephen Nelson 2016.
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Nelson took 222 samples from 68 patients during
traditional two-stage implant treatment. Samples
included the following clinical groups:

e Inherited (non-debrided) Apparently Healed Bone
(IAHB)

Debrided, Apparently Healed Bone (DAHB)

Lytic (Q4) bone

Scleratic (Q1) bone

Pristine or Congenitally Absent Bone (CAB)
Granulation tissue

Serous effusion from extraction sockets

Failed implants

Additionally, plague and saliva samples were
collected from each patient and Terminal Restriction
Fragment Length Polymorphism (TRFLP) analysis
was used to monitor for contamination, in accordance
with established biofilm detection guidelines. SEM
was used to visually confirm the presence of bacterial
biofilm. DNA was extracted from dental samples
directly and the presence of bacterial populations was
determined using 454 pyrosequencing (b-TEFAP).
SEM also confirmed pathogenic bacterial biofilms
persisting in diffuse osteosclerotic periapical bone and
in long-term osteolytic and osteosclerotic bone.

Nelson found universal bacterial biofilm presence in
all samples, independent of bone health, disease or
healing time after disturbance. A 20-phylum human
jawbone microbiome was identified.

Areas of congenital tooth absence (agenesis of
both the deciduous and permanent teeth) provided
sites of pristine bone; these sites had never been
contaminated by tooth pathology and were used to act
as a ‘control’ of the bone microbiome resident in
healthy, normal, homeostatic bone. Having a
reference population of the composition of a healthy
microbial ecosystem allowed him to compare, using
multivariate statistical ordination, other communities
against this health-control and thereby determine the
health-status of those communities.

Multivariate statistical ordination of the bacterial
community members present in the biofilm samples
revealed ecological separation between the different
clinical groups described above. For example,
regenerative surgically debrided groups (DAHB)
revealed improved microbial ecological recovery and
radiographic bone quality, compared to their pre-
debridement microbiome and radiographic anatomy.
Significantly, they ordinated closer to the health-
control than the non-debrided groups.

What is Regenerative Surgical Debridement?

Regenerative Surgical Debridement (RSD) is a
procedure whereby diseased bone (bone supporting
pathogenic biofilm communities and with altered
anatomy) is surgically reunited with bone supporting
healthy biofilm communities (Simpson et al., 2001).
RSD mostly causes a commensal population shift in
the diseased bone back to a diverse, stable, resistant
and resilient (healthy) community. Additionally, a
radiographic return to normal bone anatomy was
noted if the debridement was successful in effecting a
population shift. Nelson found that although RSD
resulted in the resident microbial communities
ordinating closer to the health-control, with the return
of normal radiographic bone anatomy, RSD did not
return bone to sterility, i.e., all bone samples still
hosted biofilm communities.

Have Jawbone Quality and Health Been Previously
Defined?

As Lindh et al. (2014) observed, “bone quality is
considered to be an important parameter for implant
treatment outcome, but there is no consensus on what
bone quality means or on how to assess bone quality”.

When Lekholm and Zarb introduced their proposed
bone quality index (Branemark et al., 1985), they
commented that there was “great variety in jawbone
anatomy” and they proposed that bone with altered
cortical and trabecular anatomy were simply variants
of normal healthy bone. Their index failed to define a
health-control of normalised, homeostatic bone.
Rather, it provided “a reference range” of apparently
normal variants of bone quality. Surprisingly, the
Lekholm and Zarb index remains the most commonly
used bone quality assessment tool in implant dentistry
(Lindh et al., 2014).

What are the Bone Bed Requirements for Successful
Osseointegration?

From the outset, healthy bone tissue was seen as an
essential prerequisite for the osseointegration of oral
implants (Albrektsson et al., 1981). A non-infected
bone bed was deemed to be imperative for proper
osseointegration. Brénemark’s research on
microvasculature  had  established that bone
regeneration required a wound that was connected to
the periosteum and the capillary microvasculature as
well as the eradication of endotoxin-secreting gram-
negative microbial pathogens (Branemark and Breine,
1964; Branemark, 1965; Branemark and Urbaschek,
1967). Residual infection was seen as a
contraindication to implant installation (Adell et al.,
1981). Despite understanding the importance of bone
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health, the Swedish team did not test the theory that
tooth removal in itself delivered a sterile recovery
from pre-existing infection.

Nelson and Thomas (2010) tested this hypothesis
using enhanced bacterial culture and found bacterial
persistence in apparently healed, edentulous bone in
21% of cases. Around the same time, Kassolis et al.
(2010) found, using histopathology, that 51% of bone
(after a minimum 12 months healing) was either non-
viable or osteomyelitic, confirming the long-term
presence of bacteria in bone.

Lekholm and Zarb considered apparently healed
bone with osteolytic or osteosclerotic architecture as
just a normal variation of spontaneous sterile healing
(Brénemark et al., 1985). However, as early as 1962,
Parfitt showed that the absence of trabeculation in
both lytic and sclerotic bone was a biological marker
of residual pathology (Parfitt 1962). Therefore,
Lekholm and Zarb’s suggested variations of healthy
bone with altered trabecular architecture may actually
represent bone with impaired healing, supporting
pathogenic biofilms, sufficient to contraindicate
implant placement.

A New Classification of Bone Quality.

Based on Nelson’s research, bone quality as
determined radiographically (Fig. 4) can now be
directly related to the microbial populations that they

support, which allows an ecologically-based
classification of bone quality to be described.

Nelson’s samples included both osteosclerotic
(Q1) and osteolytic (Q4) bone. He also sampled Q2
and Q3 bone. Pyrosequencing and ordination of the
supported commensal biofilm communities enabled
the development of a new classification of bone
quality, health and disease. Both sclerotic bone
(Q1/D1) and lytic bone (Q4/D4) are diseased bone
and were shown to support a pathogenic microbiome.
An additional bone type was identified, which is
described as a mixed bone type (D5) often seen post-
extraction, with areas of lysis confined by sclerosis
and trabecular disruption. Only H2 and H3 are healthy
bone, with normal radiographic anatomy, which
Nelson has shown supports a non-pathogenic, stable,
diverse and homeostatic microbiome, ordinating
closer to that of the health-control.

What does D5 Bone Look Like Radiographically?

Just as the recognition of radiographic anatomical
structures takes time and practise to learn, so too does
the radiographic recognition and classification of bone
quality and the detection of residual niduses of
infection bounded by sclerosis. Nonetheless, it does
not take long to acquire the skill. An example of D5
bone is shown in Fig. 5. Figure 6 shows the outcome
of placing anodised implants into D5 bone.

Diseased, need to be treated first x
Healthy 4
D1 H2 H3 D4 D5

Fig. 4: A new classification of bone health and disease. D1 = diseased sclerotic bone with a compromised capillary blood supply,
increased cortical thickening and trabecular densification, supporting a pathologic microbiome that ordinates away from that
of the health-control; H2 = normal healthy bone exhibiting robust cortical and trabecular bone supporting a stable and diverse
microbiome (mostly anterior mandible); H3 = thinner cortex but similar trabecular bone to H2, with a stable and diverse
microbiome (mostly anterior maxilla); D4 = diseased bone exhibiting trabecular disruption and lytic areas, supporting a
pathologic microbiome; D5 = diseased bone exhibiting areas of dense or diffuse sclerosis surrounding lytic areas (often post-
extraction) with trabecular disruption, in which the microbiome ordinates away from the health-control
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Structureless
Trabeculation

Corticosclerotic

Reactive Sclerosis

Fig. 5: D5 bone. The orthopantomogram (OPG) was taken 3 years after tooth removal. No debridement was carried out at the time of
tooth removal. Note multiple areas of Iytic bone surrounded by confining sclerosis. The two maxillary implants are MSls.
The superimposed periapical view shows more specific detail, with diffuse sclerosis surrounding areas of disconnected

pockets of bone with trabecular disruption

Fig. 6: The same patient as in Figure 5. The placement of anodised implants into undebrided D5 bone in the mandible resulted in the
destructive loss of all 4 implants after 8 years. The left-hand maxillary posterior implants failed destructively after 5 years
(superimposed periapical image). Remedial treatment will be complicated because of the size of the defects. The anterior 2
maxillary machined surface implants remain unaffected after 25 years of continuous function

Only H2 and H3 Bone Beds are Suitable for
Implant Placement.

A classification of bone quality and ecological
microbial health or disease has been described based not
only on radiographic observations but also on the
resident microbiome shown to be associated with that
bone quality. Accepting that implants should be placed

into healthy tissue, then only H2 and H3 are suitable
bone beds and D1, D4 and D5 need to be either returned
to microbial ecological health using RSD prior to
implant placement or avoided. Notably, not all bone beds
respond to a single surgical debridement and the
debridement procedure itself may be surgically and
technically demanding (Lidgren and Toérholm, 1980).
That tooth extraction does not result in a spontaneous
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return to a non-pathogenic microbiome community
invalidates the placement of implants immediately post-
extraction if there is apical tooth pathology.
Furthermore, because H2 and H3 are both bone beds of
robust health and quality, the use of moderately
roughened surfaces to stimulate progenitor stem cells
and facilitate osseointegration is not required. Smooth,
non-“alien” (Ehrlich et al., 2008), biofilm-resistant,
minimally rough MSIs can be used with high levels of
primary stability and predictable, long-term success, as
shown by Simion et al. (2018).

In summary, human jawbone is not sterile and D1,
D4 and D5 bone qualities are diseased bone states, unfit
for implant placement.

On Bacteria and Biofilm

Accepting that the human jawbone is not sterile
and supports permanent biofilm communities, then
further understanding of these microbial communities
is required.

In what Form do Bacteria Live in the Earth’s
Environments?

Of the Earth’s entire microbial biomass, 99.9% of
bacteria live in biofilm communities. Only 0.1% occur as
free-floaters, otherwise known as planktonic bacteria
(Costerton et al., 1995).

What are Biofilms?

Biofilms are mostly polymicrobial aggregations or
communities of microbes encased in a protective
extracellular matrix (slime) that are adherent to a surface.
Biofilms are sessile and do not form without the presence
of a substrate. Microbiologists have long known that
smooth surfaces (Sa 0.5 pum or less) resist planktonic
attachment - the first stage in biofilm formation - and
subsequent  biofilm  formation  whilst moderately
roughened surfaces (S; 1 to 2 um) promote planktonic
attachment and biofilm formation (Costerton et al., 1978).

How do Biofilms Form and Grow?

Biofilms form when planktonic bacteria find a
suitable surface and adhere to it. These early colonisers
explore the surface and environment and, if suitable,
irreversibly adhere to it. If unsuitable, the initial
attachment is reversible. Within as little as 12 minutes,
the production of an extracellular matrix can occur and a
young biofilm colony is formed. A secreted matrix is a
distinguishing hallmark of all biofilms. The matrix
comprises polysaccharides, alginates, extracellular DNA,
proteins and lipids. It is an outstanding defensive
structure and protects the bacteria from UV light,
antibiotics, desiccation and the host’s humoural and

cellular immune systems. Antibiotic resistance also
occurs due to the much lower metabolic rates of bacteria
resident in biofilms than that of their planktonic
counterparts. Biofilms have well-developed efflux
pumps that remove waste and bactericidal agents.
Additionally, a small percentage of the colony exists as
persister cells, which are metabolically dormant and do
not initially undergo cell replication. Lewis (2005) stated
that "persisters are essentially altruistic cells that forfeit
propagation in order to ensure survival of kin cells in the
presence of lethal factors". They avoid immunological
detection and are not harmed by antibiotics, but these cells
may “awaken” once conditions improve and this strategy
may give rise to inflammation and chronicity of infection
(Wannfors and Hammarstrom, 1989; Costerton et al.,
2003). The biofilm gradually matures with the formation
of nutrient channels and mushrooming. Genetic changes
occur and the members of the community behave quite
differently than their planktonic cousins. Cell
specialisation occurs and a cell-cell signal system
develops called Quorum Sensing (QS). Importantly for
the survival of polymicrobial biofilm communities, QS
occurs between bacteria of different species. QS is the
“lingua franca” of biofilms. It also controls biofilm
formation, species interaction, growth, endotoxin
production and virulence. The final phase in the lifecycle
of a biofilm is planktonic dispersal, with the formation of
new colonies (Deva et al., 2013).

On Implanted Surfaces

Microbiologists have long understood the
relationship between the implanted surface and biofilm
formation with associated infection. Just as the surface
topography can upregulate progenitor stem cells and
stimulate bone growth and osseointegration, surface
topography has also been shown to be able to up- or
down-regulate microbial genetic expression, which
may play a role in the selection of which bacteria stick
to the surface. This selectivity on bacterial adhesion
can in turn deliver a biofilm of specific pathogenicity
both on the implant surface and in the neighbouring
bone (Zimmerli, 2014). In short, surface topography
can determine the pathogenicity of the attached biofilm.
Mukherjee and Bassler (2019) showed that micropores
and crevasses (grooves) play a vital role in providing
an ideal environment for biofilm microbes to transition
to a “quorum-sensing-on mode”, allowing the
production of endotoxins, which destroys the peri-
implant capillary bone bed (Fig. 7), leading to
ischemia, necrosis and destruction of the bone-bed. The
phenotypic expression of a surface-adherent persister-
cell biofilm is characterised by chronic, recalcitrant,
relapse infection (Lewis, 2010; Fisher et al., 2017).
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Fig.7: (A) Anodised implant at the time of removal with attached necrotic bone and biofilm slime (B) SEM of the same implant (a)
necrotic bone (b) coccoid bacterial biofilm (c) micropores (d) endotoxin producing biofilm within the micropores. Courtesy

Dr Rob Aitken

What Type of Surface is Most Resistant to
Microbial Attachment?

Biofilms do not form without a surface and the
surface topography of the substrate is an all-important
factor in biofilm formation, because the smoother the
surface, the harder it is for microbes to gain foothold
and hence, for a biofilm to form (Arnold and Bailey,
2000). Additionally, if not a smooth surface, the
characteristics of the surface topography will favour the
adhesion of certain microbes over others, both non-
pathogenic and pathogenic. Sweet et al. (2011)
demonstrated that the physiochemical properties of the
surface of marine coral favours the attachment of some
marine  microbiota over others.  Appropriate
topographic surface selection is critical for implanted
medical devices to be able to resist pathogens (Berne et al.,
2018). Costerton et al. (1978) observed that “if
adhesion has a central role in the success of pathogenic
bacteria, then prevention of adhesion should be an
effective way to prevent infection”. Thirty years later,
Ehrlich et al. (2008) noted that the placement of an “alien”
(roughened) surface can cause pathology by causing the
loss of some of the biofilm community members. This
makes the remaining community less diverse and
therefore more susceptible to invading pathogens. Thus,
the placement of a MRSI into a healthy bone
microbiome (ie., H2 or H3 bone) is not without risk
because the modified surface may alter the native,
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homeostatic community to a less resistant one, allowing
pathogenic invasion. This risk is there for “the life-time
of the implant” (Zimmerli et al., 2004). Percival et al.
(2015) took the importance of the surface further when
they stated that “an ideal in-dwelling medical device
should possess surfaces that are similar to those of a
healthy human cell, limiting bacterial adhesion and thus
preventing infection. To achieve biocompatibility, the
surface of the medical device should be smooth and
uniform to allow the growth of healthy tissue and
evasion of invading pathogens”.

Clearly, two factors are essential for long-term
implant success: an implant with a smooth, cell-like
(non-alien) surface and a healthy bone bed supporting a
stable, homeostatic bacterial microbiome. As Stephen
Nelson (2016) observed, “the fact that bone regenerates
around an oral implant may ultimately amount to
nothing. The primary event for implant success is the
restoration of the health ecology of the bone bed”.

Discussion

This author first observed destructive, cupping or
cratering bone loss around four anodised (moderately
roughened) surface dental implants in 2010 (Fig. 6). This
mode of failure was unlike anything previously seen
about MSiIs and the bone loss was so significant that the
bioethic of “first, do no harm” was violated. Further
cases presented and other clinics began observing and
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reporting the same destructive mode of failure. Thus
began my quest for answers.

Does Clinical Observation Play Any Role in the
Study of Pathogenesis?

Clinical observation plays a pivotal role in the study
of pathogenesis. Costerton (2003) stated that “The gold
standards in studies of human pathogenesis are clinical
observations and patient data”. He also pointed out that
“biofilms are involved in the aetiology of both
osteomyelitis and prosthesis-related infections” and that
this phenomenon “is supported by the observations that
these infections often develop months or years after
surgical intervention and that the infections remain
localized and often develop relatively slowly”.

This statement closely reflects clinical observations
seen around some moderately roughened surface dental
implants. That is, initial high levels of success and
marginal bone stability followed by unexplained,
significant, peri-implant bone loss after approximately
five to ten years of implant function. This observation
may appear to conflict with published data, such as the
conclusion of a recent large meta-analysis examining
modified surface implant success and marginal bone
height stability (Karl and Albrektsson, 2017). Their
conclusion states that “implants with TiUnite (anodised)
surface provide a predictable treatment modality”.
However, the authors also note that there is a “scarcity of
data for the years 6 to 10” and “consequently, cautious
interpretation of data beyond 5 years of follow-up is
mandatory”. This is exactly the time frame established
by clinical observation that persister-cell-mediated peri-
implant destructive bone loss is observed and a meta-
analysis with a paucity of data within this critical time
frame may provide a misleading conclusion.

In summary, smooth surfaces do not favour
planktonic bacterial attachment and persister-cell biofilm
formation, whilst moderately rough surfaces do.
Additionally, and importantly, surface topography may
determine the pathogenicity of the attached biofilm.
Pores in the surface have been shown to be linked with
the production of endotoxins (Mukherjee and Bassler,
2019). An understanding of the relationship between
bone quality, the microbiomes that bone supports and the
role of surface topography allows us to generate a model
of the aetiology of microbially-mediated, surface-
induced, destructive, peri-implant bone loss.

The Aetiology of Biofilm Mediated, Surface-
Induced, Peri-Implant Bone Loss

The preparation of an implant osteotomy using a series
of twist drills into a bone bed that supports permanent,
resident microbial biofilm communities fragments the
biofilm and causes dispersal of planktonic bacteria, similar
to that caused by sonication of failing prosthetic hip
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implants prior to aspiration for enhanced bacterial
culture (Tunney et al., 1998; Trampuz et al., 2000).

Following the placement of the implant into the bone
osteotomy, there is a “race for the implant surface”
between progenitor stem cells and biofilm-dispersed
planktonic bacteria, as described by Gristina et al. (1988-
1989). Both stem cells and planktonic bacteria compete
for attachment to the implanted surface. Importantly, the
health/disease status of the dispersed planktonic bacteria
reflects that of the parent biofilm and this in turn
determines the health/disease status of the new biofilms
that form on the surface of the implant.

A moderately roughened implant surface causes a
genetic upregulation of the progenitor stem cells and
aggregation on the implant surface. The competition
between host cells and microbes for the surface creates a
stressful ecosystem, causing a so-called environmental
“SOS” signal (Lewis, 2010), which encourages the
bacteria to go into a survival mode and form a dormancy-
type biofilm known as a persister-cell biofilm. This
biofilm is almost metabolically inactive and initially non-
replicative; as such, it avoids detection and destruction by
the host’s immune system (Fisher et al., 2017).

Although an apparent oxymoron, persister-cell
biofilm is not completely dormant and over a few to
several years, from time to time it will disperse
pathogenic planktonic bacteria, which impacts the
homeostasis of the peri-implant bone bed. A gradual and
progressive inflammation occurs in the neighbouring
bone bed (Wannfors and Hammarstrom, 1989;
Wannfors and Gazelius, 1991) which causes both
physical and microbial community changes in the peri-
implant bone. The peri-implant bone bed gradually
becomes what Marsh (2003) describes as a “micro-
environment, which now favours different microbial
communities and an opportunity exists for invading
pathogens, with a potential for “ecological catastrophe”.

In summary, the formation of persister-cell biofilm
caused by the stress of competing with surface-induced,
upregulated host primordial stem cells gradually changes
the resistance and resilience of the commensal peri-implant
microbial communities to those that are less able to resist
invasion by other communities, including pathogens.

The Stage is Set for Invasion

For any number of reasons; systemic, local or both, a
pulse or press-type disturbance (Shade et al., 2012) of
the microbiome present in the peri-implant gingival
sulcus may cause a population shift in the resident
gingival community to a more pathogenic community
and a peri-implant mucositis develops that is
characterised by soft tissue inflammation without loss of
supporting bone (Berglundh, 2019). This effect may in
turn directly subject the crestal bone to an inflammatory
infiltrate, delivering the initial phase of disturbance and
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causing a shift in the resident communities. Early post-
disturbance colonisers may adapt rapidly to local
conditions and may persist long-term, out-competing
native community members and impeding community
resilience (Shade et al., 2012). Ultimately, a population
shift follows in the now-susceptible neighbouring bone
microbiome to a more pathogenic community and/or
initiates a full awakening of the persister-cell biofilm
attached to the surface of the implant; this mechanism is
known as a ‘contiguous focus osteomyelitis’. Invasion of
the peri-implant bone bed and metabolic activation of the
persister-cell  biofilm causes increased endotoxin
production and a cascade of consequences. Endotoxin
production may be further promoted by the presence of
grooves and micropores in the implant surface, which
facilitate quorum-sensing dependant production of
endotoxins (Mukherjee and Bassler, 2019).

Further significant direct and indirect destruction of
the single-cell bone bed endothelial capillary network
occurs by compression lysis and/or endotoxin release
(Wannfors and Gazelius, 1991). This development in
turn causes avascularity, in which loss of the capillary
microvasculature deprives the local tissue of the
cellular immune system through loss of white cell
diapedesis and loss of oxygenation and nutrients,
causing bone necrosis and build-up of waste products.
Ultimately, bone lysis and necrosis stimulate a reactive
confining sclerosis. Clinically, this effect can be
observed as destructive cupping bone loss surrounding
the implant. The lesion becomes self-perpetuating and
the bone destruction is significant, with implant-

adherent biofilm causing a pathogenic population shift
in the proximal bone microbiome until (if left untreated
or undetected) a cavernous jawbone defect results,
entirely surrounding the implant. This is graphically
illustrated in Fig. 8, where such significant bone
destruction has occurred that there is a risk of
pathologic fracture of the mandible.

This mechanism is in contrast to the non-destructive
mode of failure around smooth-surface implants.
Osteotomy preparation causes exactly the same cloud of
planktonic, biofilm-dispersed bacteria as previously
described. Once again, there is a “race for the surface”
between progenitor stem cells and planktonic bacteria, but
the smooth surface of the implant does not illicit a genetic
response, either in the stem cells or the planktonic
bacterial cells. As Percival et al. (2015) note, a smoother
implant surface, closer in surface characteristics to healthy
human cells, plays an important role in “the evasion of
invading pathogens”. Some colonisers attach and if the
bone bed is homeostatic, the resulting biofilm mimics that
of the native bone biofilms. Importantly, pathologic
persister-cell biofilms do not form on the surface of the
smooth implant, avoiding chronic immune activation,
chronic inflammation and chronic infection. As
Jacombs et al. (2014) observed, the bacterial load after 24
h on smooth surface breast implants was 72 time less than
that on roughened implants. There is a direct relationship
between bacterial load and observed pathology and
Jacombs noted that smooth-surface implants were

associated with less pathology than rough-surface
implants

because of a lower bacterial load.

Fig. 8: Example of destructive peri-implant bone loss surrounding anodised implants (Nobel Biocare, Kloten, Switzerland) after 12
years of function. The axial slice at position 90 shows bone erosion through the inferior boarder of the mandible, with risk of
pathologic fracture. Additionally, cavernous bone loss was observed in the 110 and 116 implant sites. Remedial treatment will
be difficult, if not impossible. In addition, should new MRSIs be placed into this bone bed?

12



Andre J. Viljoen / Current Research in Dentistry 2019, Volume 10: 1.17
DOI: 10.3844/crdsp.2019.1.17

The planktonic cloud released during osteotomy
preparation is susceptible to both the host’s immune
system and antibiotics and many of these bacteria will
succumb. Following the “pulse-type” surgical
disturbance during implant placement, the bone bed
rapidly returns to pre-disturbance ecological
homeostasis (Shade et al.,, 2012) and bone and
titanium osseointegrate. Since persister-cell biofilm
formation is not initiated, late pathogenic biofilm
reawakening does not occur and once integrated,
smooth-surface implants provide decades of stable
function with stable marginal bone height. Should the
implant fail to integrate (overheating or overloading,
for example) or lose integration at some future time, a
thin, fibrous capsule forms and with a low bacterial
load, bone loss is minimal, with little or no observable
infection.

Case Presentation

The multiple variables that exist between individual
patients and their health and habits, their treating
practitioners, technicians, the use and abuse of their
implant reconstructions, confound comparisons of their
implant outcomes. However, in the case presentation
below (Figs. 9 and 10), the only variable is implant
surface — smooth in the maxilla and anodised in the
mandible. This makes for an interesting comparison in
outcomes. The implants (Nobel Biocare, Kiloten,

Switzerland) were placed and restored by the same
dentist, the prostheses were made by the same technician
and the implants were exposed to the same oral and
systemic patient environment.

A healthy 61-year-old male, non-smoking, non-
diabetic patient presented with terminal bi-maxillary
dentition. Initially, a maxillary clearance was performed,
with the fitting of a full upper denture. After several
months of post-extraction healing, 6 machined-surface
implants were placed, which were installed using the
traditional two stage protocol. Following six months of
healing, they were uncovered and healing abutments
were fitted. The implant in the 1SO 15 location failed to
integrate and was removed, along with a thin, peri-
implant connective tissue interface. With minimal bone
loss, the site was be re-prepared and a wider (5 mm)
implant was placed. A provisional bridge was fitted
whilst the new implant integrated. Several months later,
the case was completed with the placement of a 12-unit
ceramo-metal bridge.

In 2002, a mandibular clearance was performed, with
the fitting of a full lower denture. Four months later, 5
anodised implants were placed into the apparently healed
mandible. Outcome at five years for the mandibular arch
was excellent (Fig. 9).

However, radiographs taken at 11 years after
placement, show unacceptable jawbone destruction
associated with three of the mandibular implants (Fig. 10).

Fig. 9: (a) pre-operative OPG showing D5 bone (b) OPG taken after 5 years of mandibular implant function. There is no evidence of
any peri-implant bone loss in either jaw. This finding is consistent with the slow onset of destructive, biofilm-mediated peri-

implant bone loss associated with MRSIs
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Fig. 10: The maxillary implants were placed in 1998, several months after the remaining teeth were removed. All were minimally
rough (machined) surface implants. After 21 years of continuous function, there was no measurable bone loss around any of
the implants. The mandibular implants were placed in 2002, 4 months after tooth removal (during which time an assumed
spontaneous return to a sterile bone bed should have occurred). However, destructive, biofilm-mediated infection caused
peri-implant osteomyelitis with complete bone loss surrounding the implants in the lower left quadrant. This level of tissue
destruction violates Branemark’s bioethic of “first, do no harm. Radiographs courtesy of Dr Greg Peake.

Conclusion

The understanding that the human jawbone
supports permanent resident biofilm communities
mandates an immediate re-appraisal of the use of
implant surfaces known to be attractive to or known to
foster planktonic bacterial adhesion and subsequent
persister-cell biofilm formation. Importantly too, we need
to understand that different surface topographies will be
associated with different pathologies and that micropores
and grooves foster endotoxin production. Additionally,
since we can now classify bone quality using both
radiographic anatomy and known microbial health or
disease, only H2 and H3 bone should be considered
suitable for implant placement. D1, D4 and D5 bone need
to be returned to health prior to implant placement or
avoided, with other treatment options offered. Replication
studies confirming the presence of biofilms in human
jawbone and relating those communities to bone quality
and anatomical health are required.
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