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1  |  INTRODUC TION

Bone regeneration procedures have been performed together with 
implant placement since the early days of implant dentistry with the 
aim to re-establish an adequate alveolar ridge dimension before im-
plant placement (staged technique), or with the aim to regenerate 
peri-implant bone simultaneous to implant placement (simultaneous, 
one-stage regeneration) and allow a prosthetically driven implant-
supported rehabilitation.1,2

A plethora of hard tissue augmentation techniques has been 
documented for alveolar ridge regeneration/augmentation, includ-
ing guided bone regeneration (GBR), onlay grafting, combinations 
of onlay and interpositional grafting, distraction osteogenesis, ridge 
splitting, and free vascularized autografts.2,3

While nowadays implant survival is considered highly predict-
able, continuous efforts are directed to fine-tune the long-term suc-
cess of implant rehabilitations and to lower the risk of complications 
during healing.4 This is of relevance in cases where implant rehabil-
itations require a certain level of bone regeneration, as the predict-
ability and stability of the regenerated bone may play a crucial role in 
the success and survival of implant rehabilitations. Despite the fact 
that regenerative procedures have been applied for several decades, 
there are still knowledge gaps and uncertainties in relation to how 
the type of implant surface/design and biomaterials employed, as 
well as different surgery-related (e.g., submerged vs. unsubmerged 
healing), prosthesis-related (e.g., abutment characteristics, plat-
form switching, etc.) and patient-related (e.g., systemic health, oral 

hygiene, compliance, etc.) factors can impact on the expected out-
comes (Figure 1).

This manuscript aims to provide a clinically oriented review that 
could guide clinicians in the decision-making process related to 
bone regeneration in implant dentistry. In particular, it will critically 
appraise and explore the main factors that may have an impact on 
peri-implant bone regeneration, trying to focus, whenever possible, 
specifically on bone regeneration procedures performed simultane-
ously to implant placement to treat dehiscences, fenestrations or for 
bone contouring.

2  |  BIOLOGY OF BONE REGENER ATION

From a biological point of view, a deep knowledge of the key steps 
and molecular events taking place during bone regeneration is of 
utmost importance to understand how different local and systemic 
factors may influence the regenerative process.

Our current understanding on the cascade of events taking place 
during bone regeneration and the key signaling pathways regulat-
ing this complex biological process has significantly improved over 
time thanks to a more refined selection of the experimental models 
and advancements in the methods of analyses employed.5 Almost 
30 years ago Schenk et al.6 described from a histological point of 
view that the use of a barrier membrane can guide the formation and 
maturation of bone tissue in dogs' mandibular defects by recapit-
ulating the same steps occurring during intramembranous osseous 
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formation. It is now clear that for bone regeneration to take place 
it is important to have a source of cells (osteoprogenitor cells and 
immune-inflammatory cells), a scaffold (the blood clot) that facili-
tates the deposition of the bone matrix, signaling molecules, as well 
as an adequate blood supply and mechanical stability to allow the 
maturation of the immature woven bone into mature lamellar bone 
(Figure 2).

In the past years, our group has made significant efforts to shed 
light on the biological events and signaling pathways involved in bone 
regeneration mainly through a series of pre-clinical studies applying 
the GBR principle in the critical size defect model in the rat calvar-
ium. Since critical size defects are challenging defects that overcome 
the physiological threshold of bone regeneration, they have been 
extensively used in bone regeneration research, where a new bio-
material or technique (such as GBR) is applied in one defect, while 
an empty defect acts as a control. In this way, the intrinsic regenera-
tive potential of a new material/technique can be easily tested. The 
calvarial critical size defect, in particular, is extensively utilized for 
its several advantages, related for example to the inertness of the 
skull,7 the easiness of the surgical access, and the enhanced support 
provided to biomaterials, owing to the presence of the dura mater 
and overlaying skin.8,9 Moreover, the structure of the calvarial bone 
allows creating standardized defects in a uniform and reproducible 
way,8 thus making these defects valuable when studying/character-
izing biological processes like bone regeneration.

We previously applied microarray technology to compare the 
gene expression profile at 7 and 14 days of healing of critical size 
defects treated with an intracranial expanded polytetrafluoroeth-
ylene (ePTFE) membrane and an extracranial disk made of polished 
titanium.10 We selected 7 and 14 days of healing since this is a critical 
period in the healing process, being representative of both the early 
response mechanisms and of the subsequent events involved in the 
initiation of osteogenesis within the defect. Remarkably, at 7 days 
of healing, when the regenerative process was still relatively imma-
ture and the newly formed tissue scarcely organized, there was an 
over-representation of genes associated with cell proliferation and 
mitosis, as well as apoptosis. Moreover, the immune/inflammatory 
processes were over-represented, with an upregulation of genes as-
sociated with leucocyte and T-cell activation. Conversely, at 14 days 
of healing cell differentiation and a variety of developmental pro-
cesses, such as anatomical structure and organ development were 
among the Gene Ontology categories over-represented, thus indi-
cating a maturing wound.

We also compared the gene expression profile during GBR 
when a polished or micro-rough (SLA) disk was employed as ex-
tracranial barrier and e-PTFE was applied as an intracranial barrier 
in the same critical size defect model.11 This experimental model 
could mimic the clinical situation of a dehiscence defect around 
a titanium implant in need of regeneration. At 7 days of healing 
a relatively small number of genes were differently regulated 

F I G U R E  1  Main factors affecting guided bone regeneration.
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between polished and SLA barriers, with a preponderance of genes 
involved in cell proliferation and immune-inflammatory processes 
at this early time point. Conversely, at 14 days of healing, a sig-
nificant number of genes associated with the biologically relevant 
processes of regeneration, skeletogenesis, mesenchymal cell dif-
ferentiation, angiogenesis and neurogenesis were differentially 
regulated between polished and SLA surfaces. These biological 
processes are largely controlled through the Wnt pathway, which 
was, therefore, identified as a key signaling pathway mediating the 
influence of titanium surface topography on the osseous healing 
cascade.

More recently, we described in parallel the histology features 
as well as the genes differentially expressed during the early stages 
of GBR performed with e-PTFE membranes.12,13 At 7 days of heal-
ing, the defects were filled mainly by a richly vascularized granu-
lation tissue, while at 15 days a significant amount of woven bone 
could be appreciated extending from the defect margin (28.3%), 
with a percentage of defect closure of 50.94% ± 9.23%. Similar to 
what previously described when using titanium discs, a clear upreg-
ulation of the immune and inflammatory responses was found at 
day 7 compared to 15 days, with an upregulation of specific genes 
such as IL6, IL1-α, IL1-β, and Ccl3. Conversely, at 15 days of healing 
a more complex cellular activity was evident, with an upregulation 
of growth factors and hormones involved in bone formation (e.g., 
BMP3, BMP4, FGFR2) and of Gene Ontology terms related to cell 
metabolism, ossification, and skeletal development.

We then explored, for the first time, the sequence of proteins 
and signaling pathways in critical size defects treated with a com-
bination of intracranial and extracranial collagen membranes and 
deproteinized bovine bone mineral (DBBM) particulate graft.14 At 
7 days of healing the histology features indicated a preponderance 
of poorly organized granulation tissue associated with a proteome 
mainly consisting of acute phase proteins and proteins involved in 
the inflammatory-immune response. At 14 days, the initial matura-
tion of the granulation tissue into woven bone (mainly at the pe-
riphery of the defect) coupled with the expression of proteins still 
belonging to the inflammatory-immune response (mainly proteins of 
the complement cascade), but we started also identifying proteins 
involved in angiogenesis, cell proliferation, and osteogenesis and be-
longing to Rap-1, HIF-1, PI3K-Akt, and TGF-β signaling pathways. At 
30 days of healing, 17% of the defects were filled by bone and the 
proteome identified the presence of proteins involved in extracellu-
lar matrix–receptor interaction, cytoskeleton regulation, and energy 
transduction/ATP synthesis, as well as proteins of the MAPK, HIF-
1, VEGF, and PI3K-AKT signaling pathways, thus suggesting a more 
mature stage of bone formation.

Remarkably, the aforementioned studies also suggested that the 
type of biomaterials used (type of barriers and grafts), may signifi-
cantly influence the regenerative outcome by differently modulating 
the underlying molecular events and signaling pathways.

It is important to highlight that animal models like the critical size 
defect model in the rat calvarium have important limitations and 

F I G U R E  2  Graphical representation of the key elements needed for bone regeneration to take place.
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should be mainly used for proof of principle studies or to investigate 
biological processes. Whenever the outcomes of an experimental 
project have to be translated into the clinical setting, larger animal 
models or properly designed clinical studies are needed.

3  |  THE IMPAC T OF SURGERY-REL ATED 
FAC TORS

3.1  |  Submerged versus non-submerged healing

To minimize the risk of fibrous integration and microbiological con-
tamination due to implant micromovements during osseointegration, 
a submerged healing protocol was introduced in the early days of im-
plant dentistry.15 However, in the past decades the development of 
one-piece implants and non-submerged implant protocols have sug-
gested the possibility of eliminating the second stage surgery, with 
the aim of preventing also the coronal migration of the mucogingival 
junction that might be seen in submerged implants.16 A number of 
studies indicated minimal differences in short- and moderate-term 
healing outcomes, as well as crestal bone level changes between sub-
merged versus non-submerged implants placed without GBR.17–19 
Fiorellini et al.20 demonstrated radiographically that the crestal bone 
loss was not influenced by that surgical technique (i.e., submerged or 
non-submerged implants), and similar findings were also reported in 
a histological analysis by Weber et al.21 and Hermann et al.17

While the aforementioned studies focused on implants placed in 
pristine bone, different considerations should be made when bone 
regeneration concomitant to implant placement is required, since 
non-submerged healing may increase the risk of contamination of 
the inserted biomaterial due to the inability to attain complete pri-
mary closure following surgical implant placement. Moreover, one 
hypothesis suggests that the implant shoulder in submerged im-
plants might support and stabilize the membrane and overlying flap, 
leading to better space maintenance, hence improving outcomes.22 
Moreover, in submerged implants the membrane is usually placed 
over the defect, extending over the implant and across the palatal/
lingual surface. This might even result in an enhanced barrier effect 
function of the membrane.

An early canine study comparing bone regeneration around im-
plants with e-PTFE membranes in case of submerged compared to 
non-submerged healing showed that implant osseointegration and 
bone regeneration occurred in both instances.23 However, due to 
numerous membrane exposures in the non-submerged implant 
group, it was recommended that even non-submerged implant de-
signs (i.e., tissue level) should be placed with a submerged protocol 
when used along with ePTFE membranes.

In a similar study in beagle dogs, posterior teeth were extracted 
and after a 3-month healing period, standardized buccal dehiscence 
defects were surgically created following implant site preparation.22 
Implants were then assigned to either the submerged or the non-
submerged healing protocol. In histological sections, it was noted 
that submerged implants had a higher percentage of bone fill, 

new bone height, and bone-to-implant contact compared to non-
submerged implants. Remarkably, submerged implants had higher 
bone fill in the central aspect of the dehiscence defect area, hence 
suggesting better space maintenance in this area when following 
this protocol. Conversely, in a subsequent study in dogs, minimal 
differences in the healing outcomes were reported for immediate 
implants placed along with GBR using either the submerged or the 
non-submerged protocol.24

It should be noted that in the majority of the described studies, 
GBR was performed by combining a particulate DBBM graft with a 
porcine-resorbable collagen membrane.

If we evaluate the clinical evidence on the impact of the 
healing protocol on bone regeneration, only limited studies are 
available in the literature. The initial attempts to promote trans-
mucosal healing in patients undergoing GBR were performed in 
post-extraction immediate implants and employed non-resorbable 
ePTFE membranes.25–27 Hence, despite the fact that implantation 
and bone regeneration were combined into one surgical procedure, 
a second surgery was still necessary for the removal of the barrier. 
Subsequently, Hammerle and Lang28 were amongst the first to doc-
ument the successful regeneration of peri-implant bone defects in 
type II implant placement by applying bioresorbable materials in 
conjunction with transmucosal healing.

More recently, an RCT compared submerged versus transmuco-
sal implant healing in non-molar cases of lateral GBR simultaneous 
to immediate implant placement. At up to 5 years of follow-up, simi-
lar radiographic crestal bone loss was observed in the two groups.29 
Moreover, peri-implant parameters such as probing depth, clinical 
attachment level and bleeding on probing were similar in both groups 
and patient satisfaction was good or excellent for over 90% of the 
subjects regardless of the groups. Conversely, a controlled clinical 
trial showed increased PPD and CAL for immediate implants placed 
in molar extraction sites with buccal dehiscences treated with a graft 
and a barrier and left for unsubmerged healing, as compared to im-
plants placed in healed sites.30

In summary, the majority of the clinical evidence on transmucosal 
healing is available for immediate implants and it seems to suggest 
that primary closure of the site of implantation and regeneration 
is not an absolute prerequisite for successful treatment outcomes. 
However, studies reporting on transmucosal healing protocols stress 
the importance of meticulous plaque control during the regenera-
tion period to achieve predictable outcomes.31 Further research, 
namely long-term RCTs, is warranted to assess the differences in 
healing between submerged and non-submerged implant placement 
protocols associated with bone regeneration and the long-term sta-
bility of the regenerated bone.

3.2  |  Surgical complications

Despite bone regeneration procedures performed simultaneously 
to implant placement are predictable and well-documented, they 
are also relatively technique-sensitive. As such, it is not uncommon 
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    |  5DONOS et al.

to experience post-surgical complications, which mainly include 
soft tissue dehiscence, exposure of membranes/biomaterials, and 
infection. Understanding and minimizing the impact of such com-
plications becomes of crucial importance to ensure predictable re-
generative outcomes.

One of the first reviews on lateral augmentation indicated that 
the most frequently reported complications in controlled studies on 
GBR for lateral ridge augmentation were per-implant mucosal prob-
lems, including redness, hyperplasia, suppuration, pain, and swell-
ing.2 More recently, a systematic review focusing on GBR-based 
lateral augmentation procedures performed concomitant or before 
implant placement and including 15 studies (both prospective and 
retrospective) indicated that overall the weighted rate of soft tissue 
complications (including membrane exposure, soft tissue dehiscence, 
and acute infection) was 16.8%, with no significant differences be-
tween resorbable and non-resorbable membranes.32 When focusing 
on lateral augmentation simultaneous to implant placement, another 
systematic review by Thoma et al.33 indicated a slightly higher mean 
complication rate of 20.8% at 18 months based on 144 implant sites, 
but in their analyses they included not only implant exposure, barrier 
exposure and soft tissue dehiscence, but also peri-implantitis, recur-
rent bone loss and bone loss >1.5 mm. Interestingly, when looking at 
longer follow-ups (mean 56.8 months), they indicated a similar com-
plication rate between ePTFE and non-cross-linked collagen mem-
branes (13.9% and 13.6%, respectively), but a higher complication 
rate for cross-linked collagen membranes (44.4%).

More recently, a systematic review on lateral bone augmenta-
tion reported a site-level weighted mean incidence of minor wound 
dehiscence and minor infections at the augmented sites of 9.9% and 
1.5%, respectively.34 At patient level, the incidence of minor and major 
complications was 16.1% and 1.6%, respectively. The review also con-
firmed a non-significant difference in the incidence of complications 
when dealing with resorbable vs. non-resorbable barriers. Remarkably, 
sub-group analysis indicated a higher site-level incidence of minor in-
fections (4.2%) for staged GBR compared to simultaneous GBR.

When comparing non-cross-linked to cross-linked membranes 
for simultaneous augmentation, few studies reported a tendency 
for higher complications (exposure and risk of infection) with the 
latter type of membranes.35–37 One study was also terminated 
earlier than anticipated because of unacceptable safety issues and 
severe infections related to the use of a cross-linked membrane, 
which exposed in 56% of the cases and in 33% of the cases it was 
associated with infection and therefore needed to be removed.36

While it is beside the remit of this review to discuss the manage-
ment of post-surgical complications (refer to38), the impact that such 
adverse events may have on the regenerative outcome deserves 
some consideration.

When focusing on peri-implant dehiscence sites, a meta-analysis 
of five studies indicated a 27% higher defect reduction when mem-
brane exposure did not occur.39

This confirms an older review by Machtei40 based only on two 
articles on the effect of early membrane exposure on guided tissue 

and bone regeneration, which indicated a six-time greater differ-
ence in bone gain if membrane exposure did not occur during the 
early healing period. Likewise, another review looking at both simul-
taneous and staged regeneration indicated that in both scenarios 
non-exposed sites gained significantly more bone (weighted mean 
difference of 1.1 and 3.1 mm, respectively).41

Obviously, the risk of tissue dehiscence and biomaterial expo-
sure can be more critical when using materials more prone to be-
come contaminated by the oral microbiota.39,42 For instance, studies 
have shown that intentionally exposed high-density polytetrafluo-
roethylene (d-PTFE) membranes for socket preservation43 and GBR 
procedures44,45 may not compromise the regenerative outcomes, as 
the small pore size (around 0.2 μm) of d-PTFE provides superior re-
sistance to bacterial colonization as compared to the larger pore size 
that can be found in e-PTFE membranes (around 25 μm). Moreover, 
exposed e-PTFE barriers showed a more favourable outcome as 
compared to exposed synthetic resorbable membranes.33

A clinical classification of healing complications in GBR proce-
dures performed with e-PTFE membranes was introduced in 2011 
to guide clinicians in treatment decisions, with the aim to obtain 
more predictable outcomes (Table 1).46 Briefly, the most common 
and “predictable” complication is premature membrane exposure 
and, according to the authors, treatment depends on the presence 
or absence of purulent exudate and the extent of the soft tissue 
dehiscence. If a ≤3 mm exposure occurs without purulent exudate 
within the first 2 months, the suggested approach is to leave the 
membrane in place for a maximum period of 1 month, use topic 
antiseptics and follow up the patient weekly. As an alternative, the 
small exposed membrane could be removed and the dehiscence 
closed with a connective tissue graft or by suturing. In case of large 
(>3 mm) exposure, the membrane must be removed immediately 
even if no purulent exudate is present, in order to avoid infection 
of the regenerating tissues. In case the membrane exposure is as-
sociated with a purulent exudate, the barrier must be removed im-
mediately to limit the damage caused by the infection spreading to 
the underlying regenerating tissue and antibiotic therapy should 
be prescribed. After removal, a gentle curettage of the graft is also 
essential to remove the infected particles and inflammatory tissue 
that could jeopardize the regenerative process. If an abscess is ob-
served, local antibiotic wash and systemic antibiotic should also be 
considered.

More recently, Vroom et al.47 adapted this classification to d-
PTFE membranes to account for the structural differences between 
these two barriers (mainly in terms of bacterial permeability), which 
should reflect also on a different management of surgical compli-
cations (Table 1). In summary, the authors suggest controlling with 
topical antiseptics d-PTFE membrane exposures whenever there is 
no purulent exudate and edges of the membrane are covered by tis-
sue, while immediate removal and vigorous irrigation to remove any 
involved graft is recommended when there is membrane exposure 
with a purulent exudate or when there is an abscess/fistula without 
membrane exposure.
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As compared to non-resorbable membranes, resorbable collagen 
membranes exposed in the oral cavity are usually easier in terms of 
management and in situ maintenance (which is usually performed 
with the use of topic antiseptics), however, they rapidly degrade and 
lose their integrity (even in case of cross-linking), thus inevitably 
leading to an increased risk of compromised bone regeneration.48

Interestingly, out of three studies that performed a histological 
assessment of the healed bone in cases that had shown graft ex-
posure or soft tissue dehiscence, two indicated no differences in 
terms of bone quality and no granulocytic infiltration regardless of 
the barrier (collagen-based or e-PTFE).49,50 Conversely, in one study 
the sites presenting membrane exposure (both in the case of cross-
linked and non-cross-linked collagen membranes) showed lower 
remodeling rates, with some sites displaying missing or minimal os-
teogenesis and the graft material (biphasic calcium phosphate) cov-
ered by dense collagen tissue populated by multinucleated cells.51

Based on the aforementioned, it can be concluded that healing 
for primary intention is a crucial aspect for the success of bone re-
generative procedures. As such, clinicians should pay particular at-
tention in controlling all those factors that can increase the risk of 
soft tissue dehiscence, which include tissue inflammation, thickness 
of the flap, and flap design (including adequate flap release).38,52 
Operator's experience and manual skill, as well as patients' compli-
ance with the pre and postoperative instructions, are other key fac-
tors that can significantly impact on the incidence of post-surgical 
complications.

4  |  THE IMPAC T OF IMPL ANT SURFACE

Over the past years, extensive research has been performed on the 
development of titanium implants with modified surface proper-
ties (such as topography, porosity, wettability, surface charge, and 

chemistry), essentially with the aim to improve osseointegration 
and shorten healing times.53,54 In fact, it has been well documented 
that surface properties and chemistry of implants directly influ-
ence the binding capacity of fibrin and the adhesion, proliferation, 
and differentiation of cells, thus affecting the overall process of 
osseointegration.55–57 In particular, moderately rough, hydrophilic 
surfaces have shown faster osseointegration in comparison to hy-
drophobic surfaces both in pre-clinical and clinical studies,58–60 
although after 4 weeks of healing the outcomes are comparable be-
tween the two surfaces. Remarkably, titanium surface topography 
and chemistry have also shown to influence the proteomic profile 
released by platelets, which can subsequently influence macrophage 
pro-inflammatory cytokine expression. More specifically, hydro-
philic surfaces are able to elicit a macrophage phenotype associated 
with reduced inflammation and enhanced pro-osteogenic signaling 
(M2).61,62

Different types of modified titanium surfaces have been tested 
for their ability to promote new bone formation in bone defects cre-
ated around implants.

Studies in dog models showed that hydroxyapatite-coated im-
plants promoted better bone-to-implant contact (BIC) in the regen-
erated bone as compared to pure titanium,63 plasma-sprayed (TPS), 
and acid-etched surfaces64 at 4 months of healing. In a study by Lima 
et al.,65 when comparing pristine bone to regenerated bone, the 
fraction of implant-bone integration was always higher in pristine 
bone, but TPS surfaces positively influenced the fraction of osse-
ointegration in comparison to machined surfaces for both regener-
ated and pristine bone.

Schwarz et al.66 analyzed histometrically the healing of untreated 
(no membrane employed) acute dehiscence defects around sub-
merged micro-rough hydrophilic (SLActive) and hydrophobic (SLA) 
implants placed in beagle dogs. At 12 weeks of healing, SLActive im-
plants showed significant new bone formation and osseointegration 

TA B L E  1  Classification of healing complications in GBR procedures performed with e-PTFE membranes46 or d-PTFE membranes.47

Healing complications for GBR procedures performed with e-PTFE membranes

Healing complications Surgical complications

Class I: small membrane exposure (≤3 mm) without purulent exudate A. Flap damage

Class II: large membrane exposure (>3 mm) without purulent exudate B. Neurologic complications

Class III: membrane exposure with purulent exudate C. Vascular complications

Class IV: abscess formation without membrane exposure

Healing complications for GBR procedures performed with d-PTFE membranes

Class I a = Membrane exposure without purulent exudate

b = Edges of the membrane covered by tissue (E+) or not (E−)

c = Time of exposure (T) (measured in number of days post-operation)

Class II a = Membrane exposure with purulent exudate

b = Time of exposure (T) (measured in number of days post-operation)

Class III a = No membrane exposure but the presence of an abscess and/or fistula

b = Time of presence of an abscess and or fistula (T) (measured in number of days 
post-operation)

Abbreviations: d-PTFE, high-density polytetrafluoroaethylene; e-PETE, expanded polytetrafluoroaethylene; GBR, guided bone regeneration.
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    |  7DONOS et al.

in the defect area, while around SLA implants there was a predom-
inance of dense connective tissue. In order to assess if this result 
had been influenced by the submerged healing of the implant, bone 
regeneration was subsequently tested in standardized dehiscence 
defects created around SLA and SLActive implants following ei-
ther a submerged or non-submerged healing protocol.22 While SLA 
implants had inferior performance in both protocols, within the 
SLActive implants the submerged ones showed the highest level 
of bone regeneration. According to these results, it was concluded 
that SLActive implants support bone regeneration in acute dehis-
cence defects and submerged healing patterns, even in the absence 
of a barrier membrane. A later study by the same group corrobo-
rated this finding when comparing acute dehiscence-type defects 
created around SLActive implants and around implants with dual 
acid-etched surfaces with a calcium phosphate nanometer particle 
modification (DCD/CaP). After 2 and 8 weeks of submerged heal-
ing, both surfaces promoted similar bone fill, but SLActive implants 
showed significantly higher new bone height.67 Our group68 con-
firmed that hydrophilic titanium surfaces support significant bone 
formation in combined chronic and acute dehiscence-type defects, 
even when no graft/GBR is applied. This study also indicated that 
loading of SLActive implants inserted in dehiscence sites, treated 
or not by grafting/GBR, resulted in a tendency toward an increased 
BIC.68

In another preclinical study, our group also showed similar BIC in 
case hydrophilic implants were immediately placed and immediately 
loaded or loaded at 4 weeks (delayed loading).69

In order to understand the biological mechanisms behind the 
effect of implant surface on osseous formation, we investigated 
with different omics technologies (transcriptomics and proteom-
ics) the genes/proteins and signaling pathways differentially reg-
ulated by SLA and SLActive surfaces during osseointegration and 
bone regeneration and we showed that hydrophilic surfaces are 
able to downregulate the initial inflammatory response and to 
promote an earlier expression of pathways involved in cell prolif-
eration, osteogenesis, and angiogenesis.70–72 In particular, when 
combining gene and protein expression outputs, our data identi-
fied 7 days as the most critical time-point accounting for the en-
hanced pro-osteogenesis properties of hydrophilic compared to 
hydrophobic surfaces.

When looking at the clinical evidence, it is often difficult to 
isolate the effect of implant surface on implant outcomes and the 
stability of peri-implant bone regeneration, since implants do not 
only differ in surface topography but also implant design, prosthetic 
connection and loading protocol. A systematic review evaluating 
the effect of implant surface roughness on long-term bone loss sug-
gested that peri-implant bone loss around minimally rough implant 
systems was significantly less in comparison to moderately rough 
and rough implant systems.73 However, the review did not specify 
if and in how many cases bone regeneration was performed simul-
taneously to implant placement, so it is not possible to comment on 
the impact of implant surface in cases where bone regeneration is 
performed.

In summary, implant surface-related properties may have a 
significant impact and directly influence the regeneration of per-
implant bone defects. Fine-tuning implant surface properties is 
therefore likely to further enhance bone regeneration in the future 
and might be a particularly valuable option when dealing with chal-
lenging clinical scenarios.

5  |  THE IMPAC T OF BIOMATERIAL S

Barrier membranes and bone grafts/substitutes are still the pre-
ferred regenerative materials for bone regeneration in implant den-
tistry.1 An overview on the impact that their different properties and 
characteristics can play on bone regenerative outcomes is herein 
presented.

5.1  |  Barrier membranes

The principle of guided bone regeneration (GBR) is based on the use 
of an occlusive barrier membrane with the aim to create a secluded 
space around a bone defect and facilitate the recruitment and pro-
liferation of osteoprogenitor cells from the marrow spaces directly 
into the defect while preventing the downgrowth of the neighboring 
soft tissues.74 The composition as well as the physical and mechani-
cal properties of barriers can obviously influence the regenerative 
outcomes of peri-implant bone defects. Table  2 summarizes the 
main advantages and disadvantages associated with the different 
types of membranes available for GBR.

5.1.1  |  Occlusiveness/porosity

An ideal level of occlusiveness and porosity enabling the mem-
brane to act as an effective barrier but at the same time allowing 
the passage of nutrients, fluids, oxygen, and bioactive substances 
for cell growth has not been clearly defined. Commercially available 
membranes present a wide variability in the pore size and degree 
of permeability, ranging from micro-porosity (5–20 μm), which may 
limit the passage of cells but allows the passage of chemicals, bio-
molecules and viruses; moderate porosity (non-resorbable mate-
rials ≤100 μm) that allows the passage of bacteria, cells and tissue 
integration/migration; or macro-porosity (non-resorbable materials 
>100 μm), which allows the unrestricted passage of chemicals, bio-
molecules, viruses, bacteria, cells and promotes tissue integration 
and migration.75

The impact of membrane porosity on regenerative outcomes has 
been mainly tested at pre-clinical level through different bone re-
generation models.

Non-resorbable barriers
Zellin and Linde76 evaluated e-PTFE membranes with different de-
grees of porosity (8, 20–25 and 100 μm) to achieve GBR in calvarial 
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8  |    DONOS et al.

defects in rats. Their results at 6 weeks of healing showed that the 
amount of soft tissue invasion was proportional to the increasing 
perforation size and that a membrane porosity in the range of 25–
100 μm promoted enhanced bone formation in the early phases of 
bone healing, while the material with the smallest internodal dis-
tance did not integrate well with the surrounding tissues.

A couple of years later another study tested the influence of dif-
ferent porosities on GBR using a stiff plastic plate as a solid or occlu-
sive membrane and polyester meshes with different porosities (10, 
25, 50, 75, 100 and 300 μm).77 While a slow rate of bone formation 
was associated with the totally occlusive barrier, polyester meshes 
with perforations exceeding 10 μm resulted in a faster rate of bone 
augmentation as compared with 10-μm meshes.

Our group has recently shown that while in healthy conditions 
an occlusive membrane (e-PTFE) compared to a perforated mem-
brane enhanced the regeneration of calvarial critical size defects, 
in uncontrolled diabetic conditions a perforated barrier improved 
the outcomes as compared to an occlusive membrane.78 A possible 
explanation of this unexpected result in the uncontrolled diabetic 
group might rely on the fact that the perforated membrane allowed 
the contribution of undifferentiated mesenchymal cells coming from 
subcutaneous connective tissues, periosteum, and dura mater. This 
pool of cells promoted and triggered the bone regeneration cascade, 
thus partially reversing the impaired recruitment and homing of 
inflammatory and mesenchymal cell populations typical of uncon-
trolled diabetes.

However, it is also important to point out that the presence of 
pores with a size of 5–30 μm that we typically find in e-PTFE mem-
branes has been reported to facilitate bacterial contamination.79,80 
This is the reason why a high-density (d)-PTFE with a submicron 
(0.2 μm) pore size was later developed to avoid the migration of 
bacteria into the membrane structure.81,82 However, d-PTFE mem-
branes have the important drawback to show minimal tissue inte-
gration as they do not allow fluids and nutrients from the overlying 
periosteal vessels to pass through, thus creating potential problems 
for initial clot formation, wound stabilization, and membrane stabil-
ity.83,84 As a consequence, when d-PTFE membranes are used it is 
advisable to perform multiple perforations of the cortical bone in 
order to enhance blood supply in the augmented site.85

Resorbable barriers
Owing to the need of a second-stage surgery and the more com-
plicated management in case of exposure, resorbable barriers have 
gained increased popularity in the past years.

Amongst them, collagen-based and polymeric membranes are by 
far the most widely employed. With the aim to improve membrane 
adaptation and integration to the defect sites and enhance the re-
generative outcome, bilayered resorbable membranes (collagenic or 
polymeric) have been developed, which present one compact layer 
that is able to prevent infiltration of epithelial cells into the bone 
defect (facing the bone) and a second, porous, spongy layer that pro-
motes tissue integration (facing the soft tissue).84

TA B L E  2  Summary of the main advantages and disadvantages associated with the different types of barriers and bone grafts available.

Advantages Disadvantages

Barriers

Native collagen Biocompatible, biologically active, easier to handle, 
cell occlusion/porosity, biodegradable (no need 
for second surgery)

No space maintenance (collapse), resorption time might 
be fast

Cross-linked collagen Cross-linking may impair tissue integration and 
angiogenesis

Polymeric Inflammatory foreign-body reactions associated with 
their degradation products

Non-resorbable (e-PTFE, d-
PTFE, Ti-d-PTFE; mesh)

Biocompatible, biologically active, space-making, 
cell-occlusive

Clinical handling, need for a second surgery, increased 
susceptibility to complications when exposed (mainly 
e-PTFE and mesh)

Bone grafts

Autografts Osteogenic (mainly cancellous bone), 
osteoinductive, osteoconductive, no immune 
reaction

Need for additional surgery, increased operative time, 
limited quantity, donor site morbidity (infection, pain, 
cosmetic)

Allografts Osteoinductive (mainly DFDBA), osteoconductive, 
unlimited quantity, no donor site morbidity, 
shorter surgical time

Risk of rejection and disease transfer (mainly fresh 
frozen bone), ethical and religious concerns

Xenografts Osteoconductive, unlimited quantity, no donor site 
morbidity, shorter surgical time

Risk of disease transmission, ethical and religious 
concerns, no osteoinductive properties, may remain 
in the defect for years

Alloplastic materials Osteoconductive, unlimited quantity, no donor site 
morbidity, shorter surgical time

No osteoinductive properties, may remain in the defect 
for years

Abbreviations: DFDBA, demineralized freeze-dried bone allograft; d-PTFE, high-density polytetrafluoroaethylene; e-PTFE, expanded 
polytetrafluoroaethylene; Ti-d-PTFE, titanium-reinforced high-density polytetrafluoroaethylene.
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    |  9DONOS et al.

Interestingly, it has been shown that the surface properties of 
collagen materials, such as particle size, porosity, and the released 
ions may be able to modulate the recruitment and polarization of 
macrophages, which play a pivotal role during bone regeneration 
based on their polarization into either proinflammatory or anti-
inflammatory phenotypes.86

Recently, Shim et al.87 suggested that 3D-printed polycaprolac-
tone barrier membranes with 30% porosity (130 μm pore size) had 
the best ability to form new bone compared with membranes with 
50% or 70% porosity.

In addition to the porosity, the three-dimensional topography of 
the membrane with its interconnecting pores and channels is also 
important, as it can modulate cell occlusive properties and the bio-
logical response.88

Remarkably, with the introduction of more sophisticated man-
ufacturing processes, there is now the possibility to modulate the 
characteristics of the membranes and create even gradients of po-
rosity. For instance, Oh et al.89 developed a porous polycaprolactone 
(PCL)/Pluronic F127 membrane with an asymmetric column-shape 
pore structure, where the top surface had nanosized pores (100 nm) 
to prevent infiltration of fibrous tissue but to allow permeation of 
nutrients, while the bottom surface had microsize pores (100 μm) to 
improve adhesion to the surrounding bone tissue. By immobilizing 
BMP-2 in such a membrane and by applying low-intensity pulsed ul-
trasound, the same authors showed the possibility to significantly 
enhance the regeneration of critical size defects in rats.90

Likewise, a three-dimensional, porous reduced graphene oxide/
hydroxyapatite (3D rGO/HA) membrane with two different sides 
was recently fabricated by a two-step electrochemical method and 
successfully tested for the regeneration of calvarial defects. The side 
of this composite membrane facing the bone defect was formed by 
3D porous rGO with HA deposited on the frame of its 3D structure 
to promote osteogenic differentiation of osteoblasts, whereas the 
other side of the membrane presented a dense 2D rGO surface to 
prevent the invasion of the gingival epithelium and promote soft tis-
sue growth.91

In conclusion, there is no consensus on what is the right balance 
between membrane porosity and occlusiveness to promote bone 
regeneration. However, considering the complex milieu in which 
osseous formation takes place, it is likely that a membrane with a 
biomimetic porous structure and a porosity gradient, rather than a 
definite pore size, might have the greatest potential in GBR.

5.1.2  |  Stabilization

Stabilization of the blood clot is a prerequisite for bone regenera-
tion to take place. It is known that micromovements between bone 
and any implanted material prevent bone formation, resulting in the 
development of fibrous tissue.92,93 As such, the stability and immo-
bilization of the membrane (and underlying bone graft) becomes of 
crucial importance, while maintaining the defect space. In order to 
maximize membrane stability when performing GBR simultaneous 

to implant placement a variety of stabilization methods have been 
suggested, including fixation screws,94 non-resorbable pins95 or tita-
nium pins,96 whereas some studies simply indicated that the mem-
branes were tucked under the flaps.97,98

Non-resorbable membranes
A clinical controlled trial indicated similar vertical dehiscence and de-
fect width reduction when an e-PTFE membrane alone or combined 
with allograft particles mixed with tetracycline were employed, thus 
stressing the importance of space provision for a successful GBR.99 
In particular, in that study space provision was ensured by either in-
serting the membrane between the bone and the periosteum or by 
stabilizing the membrane with sutures or with the help of the cover 
screw.

Remarkably, an RCT comparing a resorbable collagen membrane 
to an e-PTFE membrane associated with DBBM for the regeneration 
of peri-implant dehiscence defects concomitant to implant place-
ment clearly indicated that membrane stabilization rather than the 
type of biomaterials used played a major role in the number of post-
operative complications.100 More specifically, in cases where pri-
mary barrier fixation was performed with polylactic acid pins, 63.6% 
of the sites healed uneventfully, as compared to only 28.6% of sites 
where the membrane was only secured with the implant cover screw 
and/or by adapting the membrane beneath the flap.

Resorbable membranes
A pre-clinical study in dogs indicated that the stabilization of poly-
l-lactic acid (PLLA) membranes with fixation pins significantly in-
creased the amount of bone regeneration in alveolar ridge defects 
as compared to PLLA membranes alone.101

The fixation of the barrier can also help maintain the underly-
ing graft (particularly particulate grafts) in the desired site and po-
sition. An in vitro study on pig mandibles where 20 peri-implant 
box-shaped defects were treated according to the GBR principle 
showed that wound closure induces a considerable displacement of 
DBBM resulting in a partial collapse of the collagen membrane.102,103 
However, the stability of the bone substitute and collagen mem-
brane can be enhanced by the application of fixation pins and by the 
use of a block bone substitute instead of a particulate graft.

More recently, in a pre-clinical study in box-shaped defects, Park 
et al.104 evaluated two different types of collagen membranes ap-
plied together with DBBM, which were either unfixed or fixed with 
six mini screws. While membrane fixation made no difference to 
the overall volume stability of the grafted sites, the type of collagen 
membrane employed significantly affected the GBR outcomes, par-
ticularly in cases where the membrane was not fixed. More specifi-
cally, in the case of a uniform, non-cross-linked collagen membrane 
derived from porcine tendon, the use of fixation screws improved 
the augmented tissue width (2.3 ± 0.1 mm vs. 1.57 ± 0.27 mm).

A possible drawback when using certain fixation system is the 
risk of perforating important anatomical structures (like adjacent 
teeth, nerves, and sinus membrane), which could be avoided by the 
use of periosteal sutures.105
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10  |    DONOS et al.

In conclusion, securing the stability of barrier membranes and 
the underlying grafting materials/blood clot plays a crucial role in 
the success of GBR procedures. While there is no guideline on how 
to reach such an outcome (whether with pins, screws or sutures, or 
simply adapting the membrane under the flap), clinical experience 
suggests that the clinician should make a decision based on the de-
fect anatomy, location, and biomechanical properties of the bioma-
terials used.

5.1.3  |  Resorption pattern

An ideal membrane should gradually resorb over time while bone 
forms and matures and its degradation products should not jeopard-
ize the regeneration process.75 While there is evidence suggesting 
that premature exposure of membranes to the oral cavity, as well 
as premature retrieval or resorption of the membranes, could have 
a detrimental effect on bone regeneration,42,106–112 no clear indica-
tions on the minimum and maximum resorption time are available, 
nor on the ideal length the barrier effect should last for.

Despite superior mechanical properties and good compatibil-
ity, it is clear that non-resorbable membranes (e-PTFE, d-PTFE, and 
metal barriers/meshes) present the important drawback of always 
requiring a second-stage surgery in order to be removed, which ex-
tends the overall treatment time, increases patient morbidity and 
poses risks for biological complications.79,113,114 As such, resorb-
able barriers were introduced as second-generation devices, which 
mainly include collagen-derived and polymeric barriers.

While collagen membranes present excellent biocompatibility, 
chemotactic properties, and their degradation does not exert any 
potential deleterious effect on the bone tissue, their lack of rigid-
ity and limited space-making capability often require their combi-
nation with a space-making bone graft. Moreover, there is no clear 
evidence on their degradation time, which may negatively reflect 
on their occlusive properties. Our group assessed the degradation 
pattern of a collagen membrane associated with a particulate graft 
in a pre-clinical model and showed that at 30 days the membranes 
were significantly reduced in thickness and they presented a diffuse 
infiltration by vessels and immature woven bone.115 While in this 
specific animal model, the early loss of membrane integrity and oc-
clusiveness resulted in the promotion of bone formation, this may 
not necessarily translate to other animal/human models.

Different methods of chemical cross-linking have been tested 
to improve the mechanical properties and collagen matrix stability, 
thus slowing the collagen degradation rate. Although clinical stud-
ies support the use of cross-linked membranes for the regeneration 
of peri-implant bone dehiscence defects with stable long-term out-
comes,116–118 cross-linked membranes have also shown to impair 
bone-forming cell response and tissue integration119 and they are 
associated with a higher incidence of premature exposure, which 
may impair soft tissue healing or even cause wound infection.36,120

A sugar cross-linked collagen membrane was introduced in 2002 
for lateral augmentation around implants, with similar outcomes to 

e-PTFE membranes.49 Since then, several studies supported its use 
for lateral bone augmentation in association with different types of 
grafts.37,121,122

A number of membranes based on synthetic polymers, such as 
polylactic acid (PLA), polyglycolic acid (PGA), or polyethylene glycol 
(PEG) have also been successfully documented for GBR simultane-
ous to implant placement.95,123 However, during their degradation 
process, these synthetic polymers might elicit a significant inflam-
matory response that could, in return, negatively influence the re-
generation outcomes.124 Our group suggested to pay particular 
attention on the manipulation and surgical use of PEG membranes, 
which could lead to early rupture of the barrier, with a negative im-
pact on the healing outcome.68

Overall, when comparing the performance of resorbable vs. non-
resorbable membranes for lateral augmentation simultaneous to im-
plant placement, both types of membranes have shown to promote 
successful regeneration and resolution of the defects, as assessed 
at re-entry surgeries and in terms of stability of the radiographic 
regenerated bone.33,125 In a study by Basler et al.,126 the use of a 
resorbable collagen membrane compared to an e-PTFE membrane 
associated with DBBM led to a slightly higher volume loss at 1 year, 
but the outcomes were comparable between the two groups at 
3 years. Regardless of the membrane adopted, a minimal, but con-
tinuous decrease in the buccal contour between the insertion of 
the final reconstruction and 3 years of follow-up was also observed. 
These results are in line with previous evidence of non-statistically 
significant differences in terms of defect resolution when applying a 
resorbable compared to a non-resorbable membrane.100,127

5.1.4  |  Bioactivity

In the past years, increasing and convincing evidence has shown 
that membranes do not simply work as barriers to prevent the 
migration of undesired cells, but they also behave as bioactive 
compartments that directly promote the biological events under-
pinning bone formation.128 Several pre-clinical studies indicated 
that both resorbable and non-resorbable membranes are able to 
promote and direct the regenerative process by virtue of hosting 
cells that express and secrete pro-osteogenic and bone-promoting 
factors.13,115,129

While research is still at the experimental stage in this respect, 
it opens stimulating scenarios for the future, with the possibility to 
direct efforts in manufacturing membranes with different bioactive 
properties that overcome challenging clinical scenarios and promote 
bone regeneration also in systemically compromised patients. The 
incorporation of biological cues and antibacterial agents within the 
membrane follows this direction and has shown promising in vivo 
results.128

A suggestive field of research relates also to the possibility of de-
veloping immune-mediated collagen membranes that can potentially 
regulate the behavior of macrophages, including the recruitment, 
polarization, and the cytokines secreted by different phenotypes 
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    |  11DONOS et al.

during every stage of the healing process.130,131 In other words, by 
modifying surface properties, particle size, porosity, and the re-
leased ions, an ideal immune-mediated collagen membrane could 
promote anti-inflammatory M2-type macrophages and the secretion 
of pro-regenerative cytokines with the ability of preventing migra-
tion of the epithelium and maintaining space for bone ingrowth.86

5.1.5  |  One-layer versus two-layer membranes

The use of a double-layer membrane has been proposed with the 
aim to further enhance the membrane barrier effect and possibly 
increase the stability of the underlying graft, particularly in case of 
resorbable collagen membranes. While one layer of collagen mem-
brane is often sufficient to promote bone regeneration,132,133 the 
double layer technique has shown to delay the resorption time, thus 
prolonging the barrier effect of the material.134

The possible clinical advantage of using double-layer membranes 
for staged ridge augmentation in patients undergoing implant re-
habilitations was first suggested by Buser et al.135,136 In particular, 
they covered sites horizontally grafted by bone blocks with a DBBM 
particulate graft and then applied a double-layer collagen mem-
brane.135 This technique allowed a better protection of the graft 
and increased the stability of the membrane, leading to a reduction 
of only 7% of the total width of the graft after 6 months. Cordaro 
et al.137 also confirmed that the use of DBBM and a double layer 
of collagen membrane around and over a mandibular bone block 
graft placed for lateral ridge augmentation could minimize graft re-
sorption during healing. However, the use of bone substitutes and 
barrier membranes in combination with block grafts increased the 
frequency of complications and the difficulty of their management.

Pre-clinical studies also indicated an advantage when either a 
double-layer collagen membrane or a d-PTFE membrane covered 
by a collagen membrane was used for the preservation of grafted 
alveolar ridges.138,139 On the contrary, a clinical study failed to show 
differences in terms of preservation of horizontal and vertical di-
mensions of the alveolar socket when using single- or double-layer 
collagen membranes.140

Only limited studies assessed the use of double-layer collagen 
membranes for the treatment of peri-implant dehiscences simul-
taneous to implant placement. In particular, one study compared 
FDBA to a combination of DBBM and autograft covered by a double 
layer of collagen membranes and it indicated similar clinical and ra-
diographic outcomes at 1 year post-loading, although in both cases 
CBCT analysis suggested a continuous reduction in the augmented 
ridge dimension over time.141,142

In summary, since the introduction of GBR more than 30 years 
ago, barrier membranes have considerably evolved in terms of prop-
erties, composition, and biological activity, although a barrier mem-
brane with ideal characteristics is still not available.

Different barrier-related characteristics can modulate the re-
generative outcomes when used for the treatment of peri-implant 
bone defects. Future efforts in the development of GBR membranes 

should consider fine-tuning of degradation time, controlling the 
plasticity/rigidity according to the clinical needs, modulation of the 
inflammatory response, commercial availability in different size and 
shape to fit different clinical scenarios, promotion of bone regen-
eration, safety, non-toxicity and non-immunogenicity, predictable 
thickness and flexibility for the controlled cell/molecule invasion, 
antimicrobial features and incorporation of biological cues.75

Considering the complexity of the wound healing milieu, it is be-
coming increasingly evident that future efforts should be directed 
to the development of barriers with different gradient properties. 
Functionally graded membranes (FGMs) can be designed in such a 
way that they offer a gradual transition of their components (e.g., mi-
crostructure and/or composition) along their structure, thus confer-
ring them different regional features and properties.143 In the future, 
FGMs are likely to become an effective strategy to promote bone 
regeneration also in challenging scenarios, particularly if combined 
with the controlled release of growth factors/bioactive molecules.

5.2  |  Bone grafts

Traditionally, the main purposes for the application of bone grafts or 
substitutes included enhancement of bone healing by bridging small 
to large defects, prevention of membrane collapse by maintaining 
the space beneath the membrane, stabilization of the blood clot and 
prevention/reduction of bone resorption.

Bone augmentation materials are commonly classified according 
to their origin into autologous grafts (from the same person), allo-
genic grafts (from another individual within the same species), xe-
nogenic grafts (from another species), or alloplastic grafts (synthetic 
materials). They are usually available in the form of blocks or partic-
ulate grafts. Table 2 summarizes the main advantages and disadvan-
tages associated with the different types of bone grafts.

The properties of an ideal bone replacement graft have been de-
fined as part of the recent Consensus Report of the 15th European 
Workshop on Periodontology on Bone Regeneration and they in-
clude biocompatibility, porosity, osteoinductivity, osteoconductiv-
ity, surface properties adequate for protein adsorption, extracellular 
matrix deposition, cell adhesion, differentiation and migration, bio-
degradability, mechanical properties mimicking bone properties, 
angiogenicity, easiness of handling and manufacturing processes.75

While autologous grafts are the only grafts presenting some os-
tegenic features, the limited availability need for a second surgical 
site and the associated increased patient morbidity limit their clinical 
use and has prompted the search for alternatives (Table 2). Allografts 
are a valid alternative to autologous grafts and are available in dif-
ferent forms: fresh, fresh frozen, freeze-dried, and demineralized 
freeze-dried. While the first two types of allografts are not recom-
mended for the risk of disease transmission and immune reaction, 
freeze-dried and demineralized freeze-dried allografts (FDBA and 
DFDBA) are still successfully used for bone regeneration procedures 
in the maxillo-facial area. In particular, it has been suggested that the 
demineralization process exposes the underlying inner bone matrix, 
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which is rich in bone morphogenic protein and growth factors, such 
as TGF-β and FGF. These growth factors can stimulate the differen-
tiation of mesenchymal stem cells into osteoblasts, thus conferring 
an osteoinductive property to this type of allografts.144,145 However, 
non-significant clinical differences have been reported when FDBA 
or DFDBA were used for bone regeneration in the oral cavity.146,147

Within the past 30 years, deproteinized bovine bone mineral 
(DBBM) graft has probably become the most widely applied bone 
substitute when it comes to peri-implant and periodontal regen-
eration.148–151 It consists of deproteinized bovine bone, with an 
ultrastructure almost identical to human bone and a porosity of 75%–
80%. Despite DBBM has been applied with predictable long-term 
outcomes in association with barrier membranes for peri-implant 
bone regeneration, it should be noted that the use of DBBM does 
not enhance per se the capacity of the membrane to promote bone 
formation. However, it demonstrated osteoconductive properties 
both in pre-clinical and clinical studies, since its peculiar porous net-
work promotes the migration and attachment of osteoblasts as well 
as angiogenesis, thus offering a scaffold that facilitates bone matrix 
deposition.152–155 Nevertheless, a general delay in new bone forma-
tion has been histologically documented when GBR performed with 
a bovine-derived xenograft is compared to GBR alone for bone aug-
mentation in the calvaria/mandible.155–159 Interestingly, pre-clinical 
studies seemed to suggest that this xenograft is beneficial in pro-
moting bone formation in the early stages (1 month), while at later 
healing periods, it might delay the osseous healing process.157,158

With the aim to transfer osteoinductive properties to osteo-
conductive materials, the use of a bone-conditioned medium has 
been proposed.160,161 Although a standardized clinical protocol has 
not been established yet, bone-conditioned medium obtained from 
human autologous bone chips may be able to enhance bone grafting 
procedures performed with DBBM by influencing the cellular viabil-
ity and the release of growth factors.162

Beside xenografts, synthetic bone substitutes, including for in-
stance hydroxyapatite, β-tricalcium phosphate, and biphasic calcium 
phosphate have also attracted increasing interest. Synthetic grafts 
come in different forms, such as mouldable, pellets, injectable, and 
3D printed. One of the main advantages of such grafts is that they 
can be manufactured with specific tailored properties and this is 
why they are used as scaffolds in tissue engineering, usually in as-
sociation with cells and osteoinductive signals.163 Composite bone 
substitute materials have also been proposed to improve the me-
chanical properties of different synthetic materials, such as bioglass 
and polymers by combining their osteoconductive properties.164

5.2.1  |  What is the minimum defect size that 
requires the use of a graft?

The regeneration of peri-implant bony defects usually requires the 
combined use of bone grafts and/or substitutes in order to provide 
adequate mechanical support and for their reported synergistic ef-
fects on regenerative outcomes.2

The minimum peri-implant defect size that would require bone 
augmentation has been questioned in a recent RCT.165 Twenty-two 
patients having small peri-implant bone dehiscence defects (≤5 mm) 
around posterior implants were either left to heal spontaneously or 
treated with GBR (DBBM and collagen membrane). Clinical and ra-
diological findings at 18 months demonstrated 100% survival rates 
in both groups. However, spontaneously healed defects revealed an 
elevated marginal bone loss compared to defects treated with GBR 
at the 18-month follow-up, as well as an increased buccal vertical 
bone loss at 6 months after implant placement. As such, the study 
concluded that GBR procedures improve the stability of the buccal 
bone of implants presenting bony dehiscence defects. At a follow-up 
of 7.5 years, CBCT analysis showed a residual vertical defect depth 
that was higher in the group left for spontaneous healing, while 
the GBR-treated implants showed a higher buccal bone thickness. 
Nevertheless, all implants survived and similar interproximal mar-
ginal bone levels and peri-implant clinical parameters were reported 
in the two groups,166 thus questioning the clinical need for GBR in 
≤5 mm dehiscences.

While there is no consensus on what is the minimum defect that 
requires regeneration, it is important to note that dehiscence-like 
bone defects resulting from previous unsuccessful regenerative pro-
cedures or during implant placement in pristine alveolar bone166 may 
lead to instability of the soft and hard peri-implant tissues, with a 
greater risk of developing biological complications. As a matter of 
fact, a thin buccal bone thickness, often due to a buccal implant po-
sition167 has been shown to increase the risk of peri-implant bone 
resorption during initial healing, thus resulting in a greater suscepti-
bility to develop unfavorable peri-implant conditions, including mu-
cosal recession and peri-implantitis.168–170

5.2.2  |  Micro and macro architecture

Microstructure of grafts
The microarchitecture of a grafting material, including its relative 
cortical and cancellous composition, together with its embryogenic 
origin influences its resorption rate and degree of angiogenesis, 
which in turn can affect volume maintenance over time.1,5,171

The superiority of intramembranous (e.g., calvarial) versus en-
dochondral (e.g., iliac) autogenous bone grafts when combined or 
not with a membrane has been questioned and studies suggest that 
bone graft's survival is determined primarily by its relative cortical 
and cancellous composition rather than its embryologic origin.172,173

Regardless of the embryologic origin, pre-clinical findings sug-
gested better long-term volumetric stability for both autogenous en-
dochondral and intramembranous onlay grafts whenever they were 
covered with a barrier membrane, thus emphasizing the importance 
of GBR and the creation of a secluded space.174 Remarkably, in a study 
comparing different harvesting sites of autologous bone to treat peri-
implant dehiscence defects, it was shown that the mandibular symphy-
sis led to the highest mean bone growth, followed by the mandibular 
ramus, while the tuberosity produced the poorest results.98
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Proximity of the elastic modules of bone grafts to the human 
structure is another important factor when dealing with bone re-
generation procedures. While bovine xenografts are close to human 
bone, synthetic materials might have elevated elastic modules com-
pared to ideal conditions.175

Remarkably, it was shown that the surface area of the graft in-
fluences the growth factor release potential with a positive trend, 
meaning that the higher the absolute surface area of the autograft, 
the more the osteoconductive and osteoinductive potentials are.176 
Likewise, increasing the surface area by diminishing the particle size 
of a synthetic beta-tricalcium phosphate graft to a nano-seized level 
was shown to improve bone formation and enhance the circulation 
of body fluids and micronutrients.177

Finally, the graft structure should have an ideal pore size (i.e., in-
terconnecting pore size >300 μm in diameter178) that enables turnover 
of the required nutrients, signaling factors, proteins, chemicals, and 
end-products within the wound milieu. In general, bone pores should 
be wide enough to allow vascular ingrowth (≥100 μm) and neovascu-
larization within the bone particles. Studies conducted with different 
bone graft materials suggested a greater degree and faster rate of bone 
penetration as the macroporosity of a scaffold increases (where mac-
roporosity can be considered as pores >50 μm in size).179–181 In con-
trast, increased levels of microporosity/strut porosity (pores <50 μm 
in size) also appear to promote osteogenesis and a faster apposition of 
a greater volume of new bone.180,182,183 Similarly, the degree of struc-
tural interconnectivity between the pores of the graft material was 
shown to influence the speed and extent of the development of the 
vascular network essential for new bone formation.179

Macrostructure of grafts
In terms of macrostructure, the size/dimension of the graft to be 
employed may play a role in bone regeneration. For instance, one 
study indicated superior dehiscence resolution when a block DBBM 
rather than a particulate DBBM was applied in combination with 
a non-cross-linked collagen membrane, with 11 out of 12 (91.7%) 
block sites and 3 out of 12 (25%) particulate sites showing a com-
plete vertical defect fill at re-entry.184 On the contrary, the use of 
a particulate versus soft-type block of biphasic calcium phosphate 
associated with a cross-linked collagen membrane did not differ 
in terms of vertical dehiscence resolution at re-entry.118 However, 
the authors highlighted that the morphology of the defect played 
a significant role in the regenerative outcome, with non-containing 
defects showing incomplete vertical defect fill in 61.9% of the cases, 
regardless of the graft used.

5.2.3  |  Resorption pattern

The resorption rate of a grafting material depends on its physical 
and chemical properties.185 It should be gradual and timely in order 
to facilitate its progressive replacement with newly formed bone.75 
When it is faster than ideal, the graft might resorb before the forma-
tion and/or maturation of new bone, with the risk of jeopardizing 

the final regenerative outcome. On the contrary, delayed resorbing 
or non-resorbing materials may prevent maturation and remodeling 
of the newly formed bone by limiting natural stresses that should be 
directed to them without any interferences.

Autologous grafts
Autologous bone grafts are incorporated into the surrounding bone 
through a process called “creeping substitution”.186–188 In case of 
cortical bone, the regeneration process is mainly preceded by re-
sorption, while in cancellous bone the osseous formation is initiated 
directly in the marrow spaces, by the differentiation of graft mes-
enchymal cells into osteoblasts.189 In a series of pre-clinical stud-
ies, Donos et al. tested the volume stability of autologous onlay 
bone grafts applied alone or together with an e-PTFE or a resorb-
able copolymer membrane in the lower border of the mandible or 
maxillary alveolar ridge. The studies showed predictable regenera-
tion outcomes and stability of the autogenous bone graft provided 
that the membranes were properly adapted and kept covered during 
healing.42,110–112 On the contrary, membrane exposure led to an in-
creased risk of infection and compromised regenerative outcomes.

In another clinical study we also clearly demonstrated that mem-
brane removal leads to some resorption of the underlying bone graft, 
although the overall bulk of newly formed bone is maintained.174 
This is in line with other experimental studies that demonstrated 
that following membrane removal resorption of the newly formed 
bone occurs up to a certain extent, but at the same time, bone be-
comes also more mature and trabecular.190–192

Besides the use of a barrier, in order to slow down resorption 
and enhance volume maintenance of autologous grafts, different 
strategies have been proposed, including the combination with a 
slow-resorption particulate graft137,193,194 or the combination with 
bioactive factors.195

Allogenic grafts
Allograft incorporation follows a similar sequence of events but vas-
cular penetration, bone formation, and remodeling are slower and 
reduced as compared to autografts.196

Remarkably, allografts are never completely replaced by new 
bone, and allograft particles can remain embedded within newly 
formed bone for years.

Xenogenic grafts
As already mentioned, DBBM is by far the most applied xenograft 
for the regeneration of peri-implant defects. The resorption pattern 
of DBBM is still debatable. Several studies reported osteoclast-like 
multinucleated cell activity on the surface of DBBM particles and 
scalloped edges of the particles.149,154,155,197 This suggests that, al-
though delayed, the resorption of the graft occurs and eventually 
it may be replaced by bone. However, non-resorbed, inert DBBM 
particles embedded into bone and marrow have been histologically 
and radiographically documented up to more than 10 years from 
their placement, with no or only little signs of resorption, thus raising 
doubts on the actual possibility to clear off the graft.198–201
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Considering the slow-resorption characteristics of DBBM, it 
has been proposed to combine it with autogenous bone particles 
and a barrier membrane in GBR. The rationale behind this is that, 
while autogenous particles undergo a rapid creeping substitution, 
DBBM particles would keep the space and volume for the bone 
regeneration process and would act as osteoconductive materi-
als.202,203 Following this principle, the “sandwich bone augmentation 
technique” has been proposed whenever GBR is applied for buccal 
dehiscences around implants.204–207 According to this technique, au-
togenous bone should be used to cover the exposed implant threads, 
followed by a layer of particulate cortical bone (either human demin-
eralized cortical bone or bovine hydroxyapatite). A collagen mem-
brane should ultimately cover and protect the grafts.207 The aim is 
to mimic the composition of the native bone, since the inner layer of 
autogenous bone should undergo creeping substitution and promote 
early osseointegration, while the outer slow-resorption cortical graft 
should maintain the space and have osteoconductive properties.208 
Long-term clinical success of this approach has been confirmed by 
clinical and radiographic data.209,210

Synthetic grafts
The combination of different chemically processed alloplastic bone 
substitutes mixed in different ratios has been tested with the aim to 
obtain optimal properties, including fine-tuning their degradation. As 
a matter of fact, an important clinical limitation of certain synthetic 
bone substitutes is their fast substitution rate, which limits their 
space-maintenance properties during bone remodeling. Bioactivity 
and resorption of biphasic calcium phosphates can vary depending 
on the HA/β-TCP ratio and the crystallinity of the ceramic.211

In summary, fine tuning of graft resorption plays an important 
role in guiding the bone regenerative process. While research is still 
needed to clarify how to optimize graft resorption to enhance the 
regenerative outcomes, we are witnessing a change in mindset, as in-
stead of applying slow- or non-resorbing grafts, the trend is becom-
ing to use faster resorbing grafts that ensure resorption during the 
tissue remodeling process and avoid delays in osseous healing.211

5.2.4  |  Space maintenance

Together with primary wound closure, angiogenesis, and clot stabil-
ity, space maintenance is one of the key factors for successful new 
bone formation following GBR procedures.212

A favorable correlation has been observed between space pro-
tection and the level of new bone formation.213 Studies employing 
rigid capsules/domes in animal models have even shown the pos-
sibility of regenerating bone beyond the genetically determined 
skeletal profile (neo-osteogenesis). When a secluded space/volume 
was created and maintained with rigid capsules applied to the man-
dibular ramus, a substantial amount of osseous formation occurred, 
which could exceed 5–6 times the original skeletal profile.190,214

Both resorbable and to a lesser extent non-resorbable mem-
branes have limitations for maintaining the architecture of the 

defect due to their limited rigidity. Risk of membrane collapse and 
early degradation has been reported particularly when resorbable 
membranes are applied.215 As such, whenever the risk of membrane 
collapse is high, it is suggested to apply a bone filler with a low substi-
tution rate to avoid an early collapse and to maintain the augmented 
bone volume.216 The space-maintenance capability of a bone filler 
would ensure an ideal microenvironment for the revascularization of 
the augmented volume and enable tissue to form in a preserved and 
protected space. Therefore, underneath the secluded space created 
by the membrane, an ideal bone filler should promote the recruit-
ment, adhesion, proliferation, and differentiation of osteoprogenitor 
cells, which will secrete the bone matrix that will eventually miner-
alize to form mature bone. Mechanical properties (load bearing ca-
pability) significantly influence the space-maintaining ability of the 
grafts,217 as well as manufacturing methods. For instance, freeze-
drying of allografts can reduce up to one fifth the graft strength,218 
while the demineralization process reduces its mineral content.

Although bone grafts play a crucial role in space maintenance, 
when a biomaterial is present (especially a slow-resorption one), 
it can also delay the osseous formation process by occupying the 
space where the newly formed tissue should form. As a matter of 
fact, a delay in new bone formation has been documented when 
GBR associated with a xenograft is compared to GBR alone for bone 
augmentation in the calvaria/mandible.155–159

It has been demonstrated that the displacement of particulate 
grafting material, especially in the coronal portion of the augmented 
site, may lead to a partial collapse of the collagen membrane, with 
the risk of jeopardizing the regenerative outcomes.103 In order to 
overcome this problem, fixation of the collagen membrane has been 
proposed to prevent graft displacement (see section 5.1.2). A recent 
pre-clinical study corroborated the importance of space provision 
through collagen membrane fixation and the use of membrane-
supporting materials in standardized calvarial defects, by docu-
menting improved new bone and mineralized tissue formation as 
compared to the use of unfixed-collagen membranes.219 Moreover, 
bone regeneration-related gene expression (BMP-2, FGF-2, VEGF, 
and osteocalcin) was enhanced when space provision was provided, 
while collapsing membranes were highly correlated with reduced 
bone formation. These findings support the well-established posi-
tive effect of space maintenance philosophy on the wound microen-
vironment via signaling factors and osteogenesis.220

On the contrary, non-resorbable membranes present with bet-
ter mechanical properties as well as space-provision properties. As 
such, the use of a graft might not always be necessary. As a matter of 
fact, Mattout et al.99 indicated similar regeneration of peri-implant 
dehiscence defects treated either with an e-PTFE membrane alone 
or in association with an allograft.

Finally, peri-implant defect characteristics and defect morphol-
ogy (i.e., defect extension, wall number) and defect size (i.e., length 
of the dehiscence, defect depth) are also important determinants to 
take into consideration in terms of space provision. The fact that a 
defect is well-contained rather than non-containing plays a key role 
in determining the bone housing ability and should be considered as 
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a local factor which in turn influences the blood clot stability as well 
as the success of osseous regeneration.166

In summary, the role of bone grafts in space provision seems to 
be particularly relevant when there is a high tendency of membrane 
collapse due to the characteristics of the defects, or to the mechan-
ical properties of the barrier, or a combination of both factors. Loss 
of the augmented space due to the compression of the augmented 
material, or to the migration of the material underneath the barrier, 
or to the fast resorption of the membrane might compromise the 
dimensional stability of the augmented site and the regenerative 
outcome. However, it is also important to acknowledge that using 
a bone graft for space maintenance, especially when it has a slow 
resorption rate, may delay the osseous formation process.

6  |  THE IMPAC T OF PROSTHETIC 
FAC TORS

6.1  |  Implant loading

Traditionally, dental implants have been prosthetically loaded fol-
lowing a healing phase from 3 to 6 months after stage I implant 
surgery. However, in order to shorten the treatment time and to 
meet the requests of patients unwilling to wait months before the 
rehabilitation of edentulous areas (particularly in the aesthetic zone), 
immediate and early prosthetic loading of implants have been intro-
duced. Currently, the different times for implant loading are defined 
as follows221:

•	 Immediate loading, when an implant-retained prosthesis is con-
nected within 1 week following implant placement.

•	 Early loading, when an implant-retained prosthesis is connected 
between 1 week and 2 months following implant placement.

•	 Conventional loading, when implants are allowed to heal for more 
than 2 months after placement, without connecting a prosthesis.

Buser et al.191 were the first to provide histological evidence 
that implants placed in entirely regenerated bone (through GBR) can 
successfully osseointegrate and that regenerated bone can sustain 
functional load like pristine bone. According to their pre-clinical 
study, functional vs non-functional loading did not influence bone 
remodeling, whereas in the control regenerated sites where no 
implants were placed, they observed bone atrophy with a rarefied 
bone structure and a thin cortical layer. They, therefore, concluded 
that implant placement into regenerated bone was able to stimulate 
bone maturation and remodeling.

However, in another study, assessing the effect of loading on the 
outcome of GBR in peri-implant dehiscence defects, a significant 
decrease in bone fill was observed at augmented sites subjected 
to loading between the 3- and 9-month healing period, whereas no 
change was observed at non-loaded sites.222

Our group has also pre-clinically investigated the impact of load-
ing and we showed that bone regeneration and osseointegration 

can be achieved in dehiscence defects at implants with a hydrophilic 
surface treated with or without GBR and grafting, and that regener-
ation is not impaired by functional loading.68

Extensive clinical evidence is available on the success of con-
ventionally loaded implants with simultaneous GBR,123,223,224 with 
a survival and success rate ranging from 95% to 100% over a 5-year 
follow-up.225 Predictable soft tissue aesthetics can also be attained 
in conventionally loaded implants, and the procedure is relatively 
less technique-sensitive.226 Remarkably, conventional loading pro-
vides predictable results also in implants placed with simultaneous 
GBR and lacking adequate primary stability.224

Immediate loading was introduced in the early 1990s, and today 
it has >20 years of clinical and histologic evidence, with the ante-
rior mandible being the most documented area.227–229 Although im-
mediate and early loading protocols provide the advantage of rapid 
rehabilitation, meticulous occlusal schemes are recommended to 
minimize non-axial forces on the implant230 (for review on the im-
pact of loading see231). The concept of immediate loading carries 
some potential issues related to the fact that micromotion and im-
plant instability during the early healing days might result in fibrous 
encapsulation rather than osseointegration of the implant.232 Also, 
an adequate implant primary stability (30–35 N/cm) is a pre-requisite 
for immediate loading,233 which may sometimes be difficult to reach 
in the upper jaw, where the bone tends to be more porous and in 
patients with alveolar bone resorption requiring simultaneous bone 
regeneration along with implant placement.232,234

Since immediate or early loading is generally performed in 
aesthetically demanding areas, most of the available studies re-
late to implants placed in fresh extraction sockets (Type I implant 
placement). For instance, in an RCT where 60 patients were ran-
domly allocated to receive either immediate- or conventionally-
loaded implants with GBR and then followed up over a period of 
24 months, similar bone gain and soft tissue aesthetic outcomes 
were reported.235 In a similar single-arm prospective study, a 
100% implant survival at 1-year follow-up, with maintenance of 
bone levels was noted for immediately loaded implants with simul-
taneous GBR.236 However, in a retrospective study involving post-
extraction compromised sites (thinner than 1 mm, dehiscenced or 
fenestrated, or combination of 2 of those defects) due to previ-
ous periodontal disease, periapical pathologies or traumatic ex-
traction, immediately restored implants combined with GBR and a 
connective tissue graft were frequently associated with recession 
and incomplete papilla.237

Only limited data are available on the effect of immediate load-
ing on GBR around implants placed in healed ridges. In two RCTs 
on single implants in the anterior maxilla, similar radiographic and 
aesthetic outcomes were obtained at 12238 and 18 months239 for im-
mediate non-occusally loaded as compared to conventionally loaded 
implants placed in concomitance (as needed) with GBR.

Our group compared conventionally loaded and immediately 
provisionalized implants with non-occluding crowns. In both 
groups, GBR was performed with a collagen membrane and par-
ticulate graft whenever a fenestration/dehiscence occurred. 
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We showed that immediately provisionalized implants had a 
higher interproximal bone loss (−0.44 mm) at 24 months of func-
tion,240 which was also confirmed at 36 months (−0.32 mm), but at 
5 years bone levels stabilized and reached comparable values.241 
Interestingly, data on aesthetic scores suggested that, by placing 
a crown within the first 48 h after implant placement, it might be 
possible to condition the peri-implant soft tissues earlier, particu-
larly in terms of papilla shape, level of soft tissue margin, and soft 
tissue contour, while the papilla fill might require a longer time 
to be achieved. However, in the long term (5 years), comparable 
results could be achieved with non-functional immediate loading 
and conventional loading.

Taking the aforementioned studies together, it can be concluded 
that overall loading does not seem to have a negative impact in 
case of bone regeneration, however careful considerations need to 
be made in terms of load distribution, patient, and site selection. It 
would be interesting in the future to test whether immediate provi-
sionalization or conventional loading of implants with different sur-
face characteristics and design might result in different outcomes, as 
no data are available in the literature in this respect. Moreover, there 
is currently a lack of understanding of the molecular mechanisms 
taking place in association with different loading protocols when 
GBR is performed or not. In this respect, the use of biomarker analy-
ses (of the peri-implant crevicular fluid) and of new imaging systems 
that can clarify and objectively monitor peri-implant tissue morpho-
metric and vascularization changes during the healing process might 
be particularly useful.

6.2  |  Abutment characteristics

Guided bone regeneration is often performed to allow the cor-
rect prosthetic positioning of implants, which ultimately influences 
their long-term clinical success. Morphologically, the implant supra-
crestal complex extends from the coronal aspect of the peri-implant 
mucosa to the marginal peri-implant bone level, thus encompassing 
the implant-abutment-prosthesis junction.242 In implants placed 
with GBR and immediately loaded, various prosthetic parameters 
such as abutment design, position, or implant-abutment-prosthesis 
junction may possibly influence the regenerative outcome.

Using optically scanned 3D images, Benic et al.243 compared 
the soft tissue contours around implants placed with or without 
simultaneous GBR. It was noted that the implant-abutment con-
nection increased the buccal contour of the marginal mucosa at 
the augmented sites. In another study, metal temporary abutments 
were hand-tightened onto immediately placed maxillary anterior 
implants.244 The labial osseous defects were classified as U-, V,- 
or UU-shaped, and were simultaneously grafted using autologous 
and xenogenic bone. The provisional restorations were cemented 
on the abutment and were kept out of occlusion in centric and ec-
centric movements. While a 100% survival rate for the implants 
was reported, few cases of gingival recession were seen for the 
U-shaped defects.

To the best of our knowledge, no evidence is available on the in-
fluence of abutment materials on the regenerative outcome around 
dental implants. However, a systematic review by Linkevicius and 
Vaitelis245 indicated no significant differences between titanium and 
zirconia implant abutments when evaluating probing pocket depth, 
bleeding on probing, marginal bone levels, and mucosal recessions. 
Zirconia abutments were associated with more biological complica-
tions but demonstrated superiority in terms of achieving natural soft 
tissue color.

In summary, although current literature suggests a minimal influ-
ence of prosthetic parameters on the outcomes of peri-implant bone 
regeneration, robust conclusions cannot be drawn due to the pau-
city of available RCTs. Future studies should consider evaluating the 
impact of the labial contour and emergence profile of the temporary 
implant-supported prosthesis on the results of GBR procedures, and 
the stability of the gingival margin contour. Moreover, the influence 
of the nano-, micro-, and macro-structures, as well as the cleaning 
(chemical composition of the surface) of the trans-mucosal com-
ponents would deserve investigation in relation to their potential 
influence on peri-implant tissue stability both in cases where bone 
regeneration is performed and in cases where it is not performed.

7  |  THE IMPAC T OF PATIENT-REL ATED 
FAC TORS

Although overall bone regeneration modalities can be considered 
predictable and effective,246 treatment outcomes can potentially be 
challenged by multiple patient-related factors. A recent retrospec-
tive analysis on 5404 implants placed simultaneously with GBR indi-
cated that among patient-related factors, gender (i.e., male patient), 
periodontal status (i.e., periodontitis), maxillary posterior region, as 
well as age at the time of implant placement are risk factors for im-
plant loss.247

7.1  |  History of periodontitis, compliance and  
oral hygiene

As clearly indicated in the recent European Federation of 
Periodontology S3-level treatment guidelines, clinicians should not 
perform periodontal as well as implant surgeries in patients not 
practicing and maintaining adequate levels of self-performed oral 
hygiene.248,249 As a matter of fact, step 1 of periodontal therapy, 
which aims at guiding behavior change by motivating the patient to 
undertake successful removal of supragingival dental biofilm and 
risk factor control is a prerequisite before undertaking any further 
step of therapy. Inadequate plaque control may negatively affect any 
type of oral surgery, as bacterial plaque induces gingival inflamma-
tion, which can interfere with osseous formation and increase the 
risk of biomaterial infection.

There is almost no literature investigating whether history 
of periodontitis can directly influence the outcomes of bone 
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regeneration simultaneous to dental implant placement. One RCT 
specifically focused on studying the effect of loading (immediate 
vs. conventional) on implants placed in concomitance with bone re-
generation performed with an allograft and a collagen membrane in 
patients previously treated for periodontitis.235 The study showed 
successful implant stability, radiographic bone gain and high survival 
and aesthetic outcomes with both loading protocols in this category 
of patients. Another prospective study reported on the outcomes of 
implants placed into bone regenerated through titanium-reinforced 
e-PTFE membranes (staged regeneration) in patients previously 
treated for generalized aggressive periodontitis.250 While a 100% 
implant survival rate was documented at 3 years, these patients 
showed a higher attachment loss and bone loss when compared 
to healthy patients receiving dental implants. Nevertheless, the 
10–20-year follow-up of this study showed encouraging outcomes, 
with no implant loss and only a small percentage of implants that 
developed peri-mucositis (28%), probably owing to the strict sup-
portive care regime followed by the patients.251

While it is likely that bone regenerative procedures in patients 
with a history of periodontitis can be as successful as in patients 
without a history of periodontitis, there is a large body of evidence 
that implants placed in patients treated for periodontal disease 
are associated with a higher incidence of biological complications 
and lower long-term success and survival rates than those placed 
in periodontally healthy patients.252,253 Moreover, periodontitis-
associated alveolar bone resorption may lead to significant alveolar 
atrophy and potentially to more challenging defects that may not 
always allow the placement of dental implants simultaneous to bone 
regeneration, but may require a staged implant placement.

Considering the aforementioned, the long-term stability of bone 
regeneration simultaneous to implant placement in patients previ-
ously treated for periodontitis may not be so obvious. In these pa-
tients, the adherence to supportive care is crucial to enhance the 
long-term outcomes of implant therapy, including the stability of 
peri-implant regenerative procedures.

As recommended in the EFP S3 level clinical practice guide-
line for the prevention and treatment of peri-implant diseases,254 
it is recommended that a patient-centered supportive peri-implant 
care protocol is implemented, which should include the following 
components:

•	 Interview (medical, social, and oral history update, risk assess-
ment, patient feedback).

•	 Assessment of oral situation, including peri-implant tissue health, 
prosthetic components and patient competence to undertake 
oral hygiene.

•	 Reinforce risk factor control (e.g., smoking, oral dryness, glycae-
mic control).

•	 Professional intervention: individualized oral healthcare plan, in-
cluding oral hygiene coaching and professional mechanical plaque 
removal of the entire dentition/implants.

•	 Determination of next recall interval tailored according to pa-
tient-, implant-, and restoration-based risk factors.

7.2  |  Systemic conditions and smoking

Besides underlying medical conditions (e.g., serious cardiovascular 
diseases or cancer) that can place the patients at risk during surgery 
irrespectively of the nature of the intervention, different diseases 
that have a direct/indirect impact on bone and soft tissue healing 
may potentially affect the outcomes of bone regenerative procedures 
performed as part of implant rehabilitations. The increasing demand 
for implant-based treatments together with the demographic shift to-
ward an ageing population have resulted in a growing body of litera-
ture dealing with the impact of systemic conditions on the success/
survival of implant rehabilitations.255 While the majority of the stud-
ies have focused on the impact of systemic conditions on osseoin-
tegration and implant loss, very limited studies have focused on the 
impact that the underlying medical conditions may have when regen-
erative procedures are performed together with implant placement.

7.2.1  |  Diabetes mellitus

Diabetes mellitus has been associated with the occurrence of a se-
ries of complications on the skeletal system collectively referred to 
as “diabetic bone disease” or “diabetic osteopathy”.256 The hyper-
glycaemic wound healing milieu and the accumulation of advanced 
glycation end-products (AGEs) have been directly implicated in the 
impaired osteogenic potential of diabetic bone.257

Pre-clinical studies suggested that GBR treatment allows the re-
generation of critical size defects, as well as de novo bone formation 
even in the presence of uncontrolled diabetes, although less predict-
ably compared with the healthy status or controlled diabetes.12,258 
Impaired peri-implant bone formation and mineralization, as well 
as impaired regeneration of peri-implant dehiscence defects were 
also reported in streptozicin-treated diabetic pigs.259,260 With the 
help of microarray gene expression analysis our group tried to shed 
light on the molecular mechanisms behind the negative impact of 
hyperglycemia on bone regeneration. Remarkably, we showed that 
uncontrolled diabetes is associated with a delayed and prolonged in-
flammatory response and with a downregulation of key genes (e.g., 
bone morphogenetic protein 4, latent transforming growth factor 
beta binding protein 4, thyroid hormone receptor alpha and CD276 
antigen) and pathways (e.g., Wnt) implicated in the osteogenesis 
process.12 This is in agreement with another pre-clinical study that 
suggested an increased expression of pro-inflammatory cytokines in 
diabetic rats during osseous healing.261 Interestingly, this study and a 
subsequent study from the same group262 also showed that by using 
hydrophilic micro-rough titanium surfaces it was possible to suc-
cessfully compensate for the compromised M2 macrophage func-
tion in type 1 and 2 diabetes by attenuating the pro-inflammatory 
response and restoring macrophage homeostasis. This is in line with 
another experimental study that showed that substantial de novo 
bone formation can be achieved underneath micro-rough titanium 
domes with a hydrophobic and hydrophilic surface also in case of 
uncontrolled diabetes.263
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Only limited clinical studies have investigated the impact of di-
abetes on bone regenerative procedures performed during implant 
rehabilitations.

A prospective study following up for 1–12 years on 45 patients 
with type 2 diabetes mellitus showed similar survival rates of im-
plants placed following conventional protocols or advanced proto-
cols involving different types of regenerative procedures (including 
sinus augmentation, immediate loading, and GBR).264 Remarkably, 
HbA1c was the only multivariate independent factor affecting the 
complication rate. Likewise, a recent retrospective study also sug-
gested that simultaneous horizontal GBR is not associated with in-
creased failure rates when it is performed in patients with controlled 
type 2 diabetes mellitus.265

7.2.2  |  Osteoporosis

While it is still controversial whether osteoporosis has a detrimen-
tal effect on the jawbones, growing evidence from pre-clinical 
and clinical studies seems to suggest a correlation between bone 
density measured at different systemic skeletal sites and at the 
jawbones,266–275 and that osteoporosis is associated with a reduced 
bone quality and increased cortical porosity in the jaws.276–281 As 
such, a review has suggested that osteoporotic bone should be re-
garded as equivalent to Type IV according to Lekholm and Zarb282 
classification and that clinicians may consider a longer healing period 
for implant osseointegration before prostheses insertion in patients 
with osteoporosis.

Despite pre-clinical studies overall suggest a lower osseointe-
gration rate and reduced mechanical properties in osteoporotic 
bone,283 clinical evidence is far less robust.284 The efficacy of dental 
implants in osteoporotic patients has been assessed in prospective 
case–control studies and overall they support the applicability of 
implants in osteoporotic patients, even for immediate loading.285 
Therefore, nowadays a diagnosis of osteopenia or osteoporosis is not 
considered an absolute contraindication to dental implants.286–291 
Tadinada et al.292 also showed successful buccal bone regeneration 
9 months following grafting of peri-implant dehiscence defects (with 
DBBM) in 10 osteoporotic women with the use of CBCT scans.

Nevertheless, there are data coming mainly from retrospective 
studies speculating that osteoporosis may negatively impact on 
large bone reconstructions, such as in pre-prosthetic graft surgeries 
or sinus augmentation.284,293–298

Pre-clinical studies also suggested that osteoporosis might nega-
tively impact on bone regeneration. In particular, few studies reported 
reduced regeneration of calvarial critical size defects treated with 
different grafts, together with a reduced expression of osteoblast-
specific genes (such as RUNX 2, Col I and OC) and an altered expres-
sion of estrogen receptors and adipogenic markers.299,300 Moreover, 
in a study evaluating the healing of autologous bone grafts fixed to 
the mandibular ramus of healthy and osteoporotic-like rats, histo-
logical analysis showed differences in bone quality, since osteopo-
rotic rats showed larger quantities of medullary spaces both in the 

regenerated bone and receptor bed.301 Likewise, Li et al.302 investi-
gated the influence of osteoporosis on autologous iliac crest grafts 
around dental implants in rabbits. Although osteoporosis did not 
delay osseointegration, it was associated with more graft resorption, 
decreased cancellous bone volume, trabecular thickness, trabecu-
lar number, and BIC, as assessed by micro-CT. These results were 
confirmed in the same model in another study, which suggested 
that experimental osteoporosis not only induced resorption of host 
bone, as demonstrated by bone mineral density and histology obser-
vations in the rabbit femurs, but also accelerated resorption of the 
autologous graft and delayed its healing.303

In a study in osteoporotic rabbits, our group also indicated that 
antiresorptive medications can negatively impact on the bone re-
generation process, as we should anticipate approximately 21% and 
19% less BIC in bisphosphonate-treated osteoporotic animals as 
compared to healthy and untreated osteoporotic animals, respec-
tively.304 On the contrary, few pre-clinical studies demonstrated 
that implant topography and hydrophilicity can compensate the del-
eterious impact of osteoporosis on early osseointegration.276,304,305

Our group was the first to assess from a molecular (proteomic) 
point of view the proteins and signaling pathways expressed during 
bone regeneration in condition of health and osteoporosis and we 
showed that osteoporosis is associated with a tendency for an en-
hanced inflammatory and stress response and a delayed expression 
of pathways involved in osteoblast differentiation and osteogene-
sis.14 Since hydrophilic micro rough (SLActive) titanium surfaces are 
able to modulate inflammatory and osteogeneis-related pathways, 
it is  possible to speculate that such surfaces might be particularly 
beneficial in osteoporotic patients, where the same pathways are 
negatively affected.306

Finally, if osteoporotic patients are treated with antiresorptive 
drugs, then clinicians should also be aware of the potential risk of 
triggering a medication-related osteonecrosis of the jaw (MRONJ) 
through the implant surgery and associated bone regenerative pro-
cedure.307 It is, therefore, important that osteoporotic patients tak-
ing antiresorptive medications who are undergoing invasive surgical 
procedures, including implant placement associated with bone re-
generation, are adequately informed of the risk, albeit small, of de-
veloping MRONJ and that clinicians take all necessary precautions 
to make the surgeries less invasive as possible and promote healing 
for primary closure.308

7.2.3  |  Smoking

It is well established that smoking has a detrimental effect on 
wound and bone healing owing to its local and systemic action. 
Locally, the thermal trauma is the principal consequence of cig-
arette smoking. Heat can cause modifications of the membrane 
integrity, thus altering the cellular osmotic balance and causing 
edema and activation of the inflammatory process.309 Besides the 
thermal injury, many irritants, toxins, and carcinogens found in cig-
arette smoke can also cause intraoral pH changes, mucosal drying, 
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nicotinic stomatitis and keratosis. At a systemic level, smoke and 
its principal toxic component nicotine have an immunosuppres-
sive effect on both the innate and adaptive immune responses. 
They are able to develop a constitutive inflammatory status, re-
duce tissue perfusion, impair the proliferation and differentiation 
of osteoblasts, fibroblasts, and other cells involved in the healing 
process, and can also modulate the expression of genes that are 
crucial for bone metabolism.310–314

Remarkably, smoking has also a harmful effect on vascularization. 
Nicotine increases platelet adhesiveness and this can lead to the for-
mation of microclots, to the reduction of microvascular perfusion, 
and eventually ischemia.315–317 As angiogenesis and an ample blood 
supply are mandatory for graft revascularization and integration and 
eventually for the long-term success of bone regeneration, it is rea-
sonable to assume that smoking should be considered a risk factor 
for bone regenerative procedures, with heavy smokers (more than 10 
cigarettes a day) carrying the highest risk for surgical complications.

Few systematic reviews clearly indicated that the rates of 
implant failure, postoperative infections, and peri-implant cr-
estal bone loss are significantly higher in smokers compared with 
non-smokers.318,319

In a prospective controlled study with 22–24 years of follow-up, 
Jung et al.320 compared the performance of implants placed with 
simultaneous GBR using resorbable or non-resorbable membranes 
to implants placed in pristine bone without bone regeneration. The 
study showed that smoking significantly impaired implant survival 
rates. Few studies on staged and simultaneous bone augmentation 
have also suggested an increased risk of complications (e.g., mem-
brane exposure, signs of local inflammation) in smokers321,322 and a 
5-year retrospective study indicated that smoking significantly in-
creased the risk of implant failure both in implants placed with GBR 
and in implants placed in pristine bone.323

In summary, although the patient-related factors described 
above are not considered as an absolute contraindication for 
implant-associated bone regeneration procedures, it is clear that 
they can play a role on the overall treatment success and risk of com-
plications. Hence, patient selection, control of underlying medical 
conditions and concomitant risk factors and, whenever necessary, 
consultation with the patient's physician are recommended.

8  |  RISK OF PERIIMPL ANTITIS IN 
GBR-TRE ATED SITES

Despite the fact that dental implants in conjunction with augmenta-
tion procedures are well-established, there is limited knowledge on 
the incidence of peri-implantitis in regenerated compared to pristine 
sites. However, it might be speculated that regenerated bone (par-
ticularly when bone replacement grafts are used) might offer a locus 
minoris resistentiae to the dysbiotic biofilm involved in the develop-
ment of peri-implantitis.

While a review by Salvi et al.324 failed to identify differences in 
the occurrence of biological complications in pristine and augmented 

bone sites, a recent pre-clinical study in beagle dogs where a ligature-
induced peri-implantitis model was applied on implants placed in 
pristine bone and on implants placed with simultaneous bone regen-
eration (DBBM combined with a collagen membrane) showed small 
differences in bone loss between the two sites.325 In particular, the 
size and vertical dimension of the peri-implantitis lesions were larger 
at augmented sites than at pristine sites. Remarkably, implants with 
non-modified (turned) surfaces exhibited smaller amounts of bone 
loss and smaller dimensions of peri-implantitis lesions than implants 
with modified surfaces (hydrophobic or hydrophilic). Conversely, 
in another study in dogs, Sato et al.326 suggested a similar degree 
of bone resorption when peri-implantitis was induced in implants 
that had previously been grafted with either an autograft or DBBM 
as compared to implants placed in pristine bone. While these pre-
clinical studies provide useful proof of principle data on the inci-
dence of peri-implantitis in regenerated bone, their findings may not 
fully reflect the complexity and variability of outcomes in human pa-
tients, hence their results should be interpreted with caution.

In a 4-year prospective study, Schwarz et al.327 investigated the 
impact of residual defect height following bone augmentation using 
DBBM and a collagen membrane in dehiscence-type defects on the 
stability of peri-implant health. The study suggested that implants 
exhibiting a residual defect height >1 mm following GBR simulta-
neous to implant placement are at a higher risk of developing peri-
implant disease.

According to the 6th ITI Consensus Conference and based on 1 
RCT, 1 case–control study and 4 case series studies, patients with 
implants placed in pristine sites have a prevalence of peri-implant 
mucositis of 22.4% (95% CI: 6%–38%) compared with a prevalence 
of 19.6% (95% CI: 0%–40%) for patients with implants in augmented 
sites.328 It was also highlighted that for patients presenting implants 
in augmented sites, the prevalence of peri-implantitis and implant 
loss is overall low over the medium to long term. However, it is of ut-
most importance for these patients (as well as for patients receiving 
implants in pristine sites) to be enrolled in regular supportive care 
progras.254

Special consideration should be given to periodontally suscepti-
ble patients with implants placed in augmented sites.252

9  |  CONCLUSION

The success and predictability of bone regeneration procedures 
associated with dental implants are related to the presence of os-
teoprogenitor cells, creation/maintenance of space with/without a 
scaffold, adequate blood supply, mechanical stability, and signaling 
molecules that guide the maturation of the deposited bone matrix 
(Figure 2). Despite adhering to these key principles, a certain vari-
ability in the regenerative outcome can be observed among different 
patients.

In the past years, pre-clinical and clinical studies have started 
to unravel which are the main biomaterial-related, implant-
related, surgery-related, prosthesis-related, and patient-related 
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factors that can play a role on the success and long-term stabil-
ity of bone regenerative procedures (Figure 1). Nevertheless, our 
knowledge is still limited in this respect and future studies are 
needed for the optimization and fine-tuning of osseous regenera-
tion, particularly in challenging scenarios. Ultimately the goal will 
be to optimize case selection and at the same time to tailor the 
regenerative procedure based on the different specific local and 
systemic factors.

The continuous evolution in terms of implant design and 
surfaces, together with the refinement of less invasive surgical 
techniques are helping make bone regenerative procedures more 
predictable. At the same time, considering the complexity of the 
bone regeneration process, combined therapies that incorporate 
cells, signals, and a scaffold are gaining increasing attention, as 
compared to single biomaterials. In this respect, it is likely that in 
the future bone tissue engineering will dramatically change our 
approach to bone regeneration in implant dentistry by progres-
sively replacing traditional barriers and grafts with osteoinductive 
scaffolds containing osteogenic cells and osteoinductive factors 
with adequate mechanical properties to support the organiza-
tion and maturation of newly formed bone, as well as to promote 
vascularisation. The tissue engineering field is progressing at an 
incredibly fast rate and a promising research line is related for 
instance to the development of biomaterials that can modulate 
various events during bone tissue regeneration such as immune 
response, osteogenesis/osteoclastogenesis, and infection or in-
flammation.329 Another interesting possibility is to modify the 
synthetic biomaterial substrates with biological properties, such 
as anti-inflammatory drugs or cytokines, or to modify the bioma-
terial surface chemistry so it can influence the protein adsorption 
and further downstream signaling processes with the immune 
cells, including macrophages.329

Despite the progresses made so far, research is still needed 
to address fundamental challenges related for instance to the se-
lection of the most effective cells, scaffolds, and signaling mole-
cules, and to address important gaps on our current knowledge 
of the cascade of events taking place during bone formation. 
Moreover, an unsolved challenge currently faced by tissue engi-
neering is a better understanding of the role that the microen-
vironment plays on regenerative outcomes.330 In this respect, 
a close interplay between immune and skeletal systems has 
emerged (osteoimmunology), therefore it is crucial to understand 
how the biomaterial-immune cell interactions can contribute/in-
fluence bone regeneration. In the future, the goal for engineered 
regenerative constructs should be not only to form bone, but 
to make it function in an explicit manner in the patient-specific 
microenvironment.

In order to reach the ultimate goal of optimizing bone regenera-
tion and controlling for factors that can have a negative impact on it, 
it is clear that the collaborative and joint efforts of scientists, engi-
neers, and surgeons is needed.

Advances in “omics” technologies offer new perspectives 
to prompt our understanding of the biology underpinning bone 

regeneration in health and medically compromised conditions and 
in the future, they will likely help identify new therapeutic targets to 
improve regenerative outcomes (for instance by using smart bioma-
terials) also in compromised conditions.306

Since the limited available studies do not allow to make ro-
bust conclusions regarding the possible impact of biomaterials 
and implant surfaces on the risk of peri-implantitis occurrence 
and progression,331 future studies are warranted to shed light on 
these aspects, with the aim to promote the use of biomaterials 
and implants that can actively counteract the risk of developing 
biological complications.

It is also important that future clinical studies on implant-
associated regenerative procedures will include a detailed report 
of adverse events, complications and patient-reported outcome 
measures (PROMs) together with clinical and radiographic mea-
sures, since patient perception and satisfaction about the therapy, 
as well as risk of complications are important factors that need to be 
taken into account when selecting between different regenerative 
procedures.332

Finally, it is important to highlight that regardless of the continu-
ous progresses in terms of biomaterials, implant surface and surgical 
technique, patients are required to adhere to strict supportive care 
programs and comply with a high standard of oral hygiene (for re-
view see,333), as this is a prerequisite for the long-term success of any 
regenerative procedure).
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