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Abstract  Surgical placement of dental implants is governed by the prosthetic 
design and the morphology and quality of the alveolar bone. Often, implant place-
ment may be difficult, if at all possible, due to alveolar ridge aberrations. In con-
sequence, prosthetically dictated implant positioning commonly entails bone 
augmentation procedures. We herein discuss the unique biologic potential, the 
clinical relevance, and perspectives of bone morphogenetic protein (BMP) tech-
nologies (focus on rhBMP-2) for alveolar bone augmentation. We also address 
merits and short-comings of current treatment protocol including bone biomateri-
als and guided bone regeneration (GBR). In perspective, our studies suggest that 
BMPs have an unparalleled, dose-dependent potential to augment alveolar bone 
and in turn support dental implant fixation and functional loading. Inclusion of 
BMPs for alveolar augmentation to facilitate dental implant fixation may thus not 
only enhance predictability of existing clinical protocol but radically change cur-
rent treatment paradigms making conventional “grafting” and GBR procedures 
altogether obsolete.
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1 � Introduction

Prosthetic rehabilitation of the edentulous or partially edentulous patient presents 
considerable clinical as well as patient-centered challenges. Alveolar ridge aberra-
tions, a sequel to bone remodeling following tooth extractions, periodontal disease, 
resective surgery, or traumatically induced or of congenital origin must be mastered 
in addition to prosthetic technical challenges. Patient expectations regarding esthetic 
and functional outcomes as well as expectations of a minimally invasive, painless, 
and rapid completion of the prosthetic rehabilitation must equally effectively be 
mastered. As bone-anchored (osseointegrated) dental implant-based prosthetic reha-
bilitation supported by favorable long-term survival rates (Albrektsson et al. 1988; 
Adell et al. 1990; Henry et al. 1996; Lekholm et al. 1999) has become a preferred 
approach, surgical augmentation of the deficit alveolar ridge and adjoining mucosal 
tissues has increasingly become a required addition as much as dental implant 
installation in itself represents a surgical event. In perspective, it is estimated that 
approximately 12  million dental implants are sold/placed annually worldwide of 
which 2 million units in the U.S. alone (iData Research Inc.) indicating a substantial 
need for patient-centered, clinically-relevant, and evidence-based routines for dental 
implant surgery and alveolar augmentation.

Current surgical protocol includes inlay/onlay access flap procedures for alveolar 
preservation and horizontal or vertical alveolar ridge augmentation (Simion et al. 2007; 
de Freitas et al. 2014a). Modified Caldwell-Luc and transalveolar osteotomy protocols 
have been introduced to gain access and augment the subantral space to increase the 
vertical dimension of the alveolar base for implant anchorage in the posterior maxilla 
(Boyne and James 1980; Summers 1994). As these procedures have gained general 
acceptance, a number of autogenous bone preparations, cadaver-sourced or synthetic 
bone biomaterials, as well as membranes for guided tissue/bone regeneration as stand-
alone protocols or in combinations have been introduced for alveolar augmentation 
(Fig. 1). Controlled clinical studies examining their capacity to support alveolar aug-
mentation, dental implant osseointegration, and survival have been conducted and sub-
jected to systematic reviews (Esposito et al. 2009, 2010; Horvath et al. 2013).

Considered the gold standard or benchmark, autogenous bone preparations 
require a donor site adding undesirable morbidity to the surgical event as well as 
present limitations relative to graft volumes attenuating their clinical attraction for 
alveolar augmentation (Clavero and Lundgren 2003; Andersson 2008). While read-
ily commercially accessible, cadaver-sourced allogeneic or xenogeneic bone bio-
materials, and synthetic biomaterials, should not be expected to support osteogenic 
bone formation as discerned from an expanding portfolio of histological evalua-
tions (Pinholt et al. 1992; Caplanis et al. 1997; von Arx et al. 2001; Pöhling et al. 
2006; Hong et  al. 2014). As an example, such studies unequivocally demonstrate 
that a bovine bone mineral, a biphasic calcium phosphate, and a ß-tricalcium phos-
phate biomaterial delay, if not obstruct, osteogenic bone formation rendering them 
unattractive surrogates for autogenous bone grafts (Pöhling et al. 2006; Hong et al. 
2014). Similarly, allogeneic demineralized bone matrix (DBM) preparations appar-
ently should not be expected to enhance osteogenic bone formation, even under 
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optimal circumstances for wound healing (Caplanis et  al. 1997). In perspective, it 
appears that bone biomaterials—whether cadaver-sourced or synthetic—become 
encapsulated in dense connective tissue without projecting any meaningful bone 
metabolic activity to eventually or not undergo biodegradation (Fig. 2). Thus, pro-
jected clinical success appears limitedly, if at all, influenced by osteoconductive or 
other properties generated by implanted bone biomaterials.

The intuitive observation (Levander 1938; Lacroix 1945), the critical discovery 
(Urist 1965), and the eventual purification, cloning, and characterization of bone 
morphogenetic proteins (BMPs) (Wozney et  al. 1988; Wang et  al. 1990; Celeste 
et al. 1990; Özkaynak et al. 1990; Sampath et al. 1992; Hötten et al. 1994, 1996) 
prompted research evaluating treatment concepts using purified or recombinant 
forms of BMPs in support of local bone formation for orthopedic, spine, and in 
turn craniofacial indications (Bishop and Einhorn 2007; Hsu and Wang 2008; 
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Fig. 1   Bone grafts, biomaterials, biologics, and devices used for alveolar augmentation
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Wikesjö et al. 2009). Recombinant human BMP-2 (rhBMP-2) combined with an 
absorbable collagen sponge (ACS) carrier was approved in 2002 for spine fusion 
and long bone fracture repair by the US Food and Drug Administration, as it also 
was approved for craniofacial indications in 2007 (McKay et al. 2007).

2 � Alveolar Augmentation

Compiled over the last decades, a number of studies using clinically relevant trans-
lational models and canine, porcine, and nonhuman primate platforms includ-
ing discriminating critical-size supraalveolar peri-implant defects (Wikesjö et  al. 
2006) and clinical modeling (Hanisch et al. 1997a, b, c; Jovanovic et al. 2007; Lee 
et al. 2013a) illuminate the potential of BMPs to augment alveolar bone in crani-
ofacial settings. This text selectively focuses on advances that display the remark-
able biologic and clinical potential BMPs, in particular rhBMP-2, may bring to 
alveolar augmentation and in turn implant dentistry.

Using a discriminating onlay defect model for vertical alveolar ridge augmen-
tation, Sigurdsson and colleagues first showed that a BMP construct—rhBMP-2 
soak-loaded onto an ACS carrier—has the potential to induce clinically relevant 
bone formation (Sigurdsson et  al. 1997). Ten-mm dental implants placed 5  mm 
into the surgically reduced edentulous mandibular alveolar ridge leaving 5 mm of 
the implant residing above the alveolar crest were draped with rhBMP-2/ACS 
(rhBMP-2 at 0.4 mg/mL) or in contralateral jaw quadrants ACS soak-loaded with 
buffer (control) and then submerged underneath the mucoperiosteal flaps for primary 
intention healing (Fig. 3). The experimental sites were subject to histometric evalu-
ation following a 16-week healing interval. Sites receiving rhBMP-2/ACS displayed 

Fig.  2   Critical-size, supraalveolar, peri-implant defect treated with guided tissue/bone regen-
eration  (GBR) using an occlusive space-providing ePTFE membrane (green arrowheads), with 
or without an allogeneic demineralized bone matrix (DBM/DFDBA). Clinical panels show the 
supraalveolar defect with the ePTFE membrane, with DBM rehydrated in autologous blood, and 
with the membrane in place prior to wound closure for primary intention healing. Note limited 
regeneration of alveolar bone in absence and presence of DBM suggesting that the innate regen-
erative potential of alveolar bone is limited, and that the DBM biomaterial has limited, if any, 
osteoinductive and/or osteoconductive properties to support bone regeneration. Green lines delin-
eate the level of the surgically reduced alveolar crest. Healing interval 16 weeks. From Caplanis 
et al. (1997), figure copyrighted by and modified with permission from Quintessence Publishing
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significant bone formation intimately anchored to the implant surface reaching 
the top of the exposed dental implants. The control showed as expected limited, 
if any, bone formation. These observations should be compared with the limited 
native regenerative potential of the alveolar bone in this defect model shown fol-
lowing the use of space-providing membranes for guided tissue/bone regeneration 
also including implantation of an allogeneic demineralized bone matrix preparation 
(Caplanis et  al. 1997; Wikesjö et  al. 2004). Nevertheless, rhBMP-2/ACS-induced 
bone formation exhibited considerably variable geometry; at times only a thin layer 
of bone wallpapered the root of the threads of the bone-anchoring implant sur-
face. Apparently, the ACS carrier was ineffective to consistently support relevant 
rhBMP-2 induced bone formation also shown in parallel studies using a panel of 
rhBMP-2 concentrations (Tatakis et al. 2002; Wikesjö et al. 2003; Lu et al. 2013). 
This apparent variability in bone formation could have several geneses including 
rhBMP-2 dose and release kinetics or bioavailability, but also reflect ACS structural 
integrity, biodegradation, degree of soak-load, or any combination(s) thereof.

Several approaches have been explored in an effort to enhance the perfor-
mance of rhBMP-2/ACS for onlay indications such as alveolar augmentation. 
They have included dose-variation (Tatakis et al. 2002), the use of space-providing 
macroporous membranes or titanium mesh devices to shield the rhBMP-2/ACS 
from compressive forces reducing the potential volume for tissue to form into 
(Wikesjö et al. 2003, 2004; Lee et al. 2013b), as well as supplementing the ACS 
with bulking agents to withstand compressive forces compromising bone augmen-
tation (Barboza et al. 2000, 2004; Miranda et al. 2005; Lu et al. 2013). Whereas 

Fig. 3   Critical-size, supraalveolar, peri-implant defect implanted with rhBMP-2/ACS (0.4 mg/mL) 
or ACS without rhBMP-2 (control). Clinical panels show the supraalveolar defect with rhBMP-
2/ACS before and after wound closure for primary intention healing. The photomicrographs show 
defect sites implanted with rhBMP-2/ACS exhibiting bone formation reaching or exceeding the 
implant platform, the newly formed bone showing osseointegration to the titanium implant surface 
(high magnification insert). Control sites show limited, if any, bone formation. Green lines delineate 
the level of the surgically reduced alveolar crest. Healing interval 16 weeks. From Sigurdsson et al. 
(1997), figure copyrighted by and modified with permission from Wiley-Blackwell
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dose-variation (rhBMP-2 at 0.05, 0.1, and 0.2  mg/mL) significantly failed to 
influence rhBMP-2/ACS-induced bone formation (Tatakis et  al. 2002), the use 
of macroporous space-providing devices allowed significantly enhanced rhBMP-
2/ACS (rhBMP-2 at 0.2  mg/mL)-induced bone formation/alveolar augmentation 
compared with unshielded sites supporting the tissue engineering principle that 
the geometry/volume of new bone formation can be ascertained in the design of a 
space-providing device/matrix (Fig. 4) (Wikesjö et al. 2003, 2004).

The use of bulking agents including granular hydroxyapatite and ß-tricalcium 
combinations has likewise been shown to significantly support enhanced rhBMP-
2/ACS-induced alveolar augmentation. However, bulking agents also introduce 
compromises related to biodegradation; slowly or nonresorbable biomaterials may 
compromise the structural integrity of the newly formed bone including osseoin-
tegration of dental implants (Barboza et al. 2000, 2004; Miranda et al. 2005; Lu 
et  al. 2013) while for bioresorbable conduits the resorption process per se may 
solicit inflammatory reactions compromising bone formation and/or maintenance 
(Sigurdsson et al. 1996).

Fig.  4   Critical-size, supraalveolar, peri-implant defects treated with rhBMP-2/ACS (0.2  mg/
mL), a porous, space-providing ePTFE membrane for guided tissue regeneration, or rhBMP-
2/ACS combined with the porous, ePTFE membrane. The clinical panels show the supraalveolar 
defect with rhBMP-2/ACS and with the porous ePTFE membrane. Note how rhBMP-2-induced 
bone fills the space provided by the membrane (green arrowheads) whereas rhBMP-2/ACS alone 
provides very irregular bone formation (top left). The ePTFE membrane alone (bottom left) pro-
vides limited, if any, regeneration of alveolar bone. Green lines delineate the level of the surgi-
cally reduced alveolar crest. Healing interval 8 weeks. From Wikesjö et al. (2003, 2004), figure 
copyrighted by and modified with permission from Wiley-Blackwell
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3 � Clinical Modeling

Several studies have used clinical modeling as a proxy to illuminate potential util-
ity of rhBMP-2/ACS in clinical settings, that is evaluating rhBMP-2/ACS using 
typified clinical defects applied to large animal, usually canine, porcine or nonhu-
man primate platforms. Such studies have used alveolar saddle-type defects (Hunt 
et al. 2001; Jovanovic et al. 2003, 2007), chronic post-extraction defects (Barboza 
et al. 2000, 2004), dental implant dehiscence defects (Hanisch et al. 2003), chronic 
peri-implantitis defects (Hanisch et  al. 1997a, b), and sinus augmentation for 
extended dental implant bone anchorage in the posterior maxilla (Hanisch et  al. 
1997c; Lee et al. 2013a).

Comparing rhBMP-2/ACS (rhBMP-2 at 0.20  mg/mL)-induced bone formation 
with that of the innate regenerative potential in saddle-type defects using a guided 
tissue regeneration membrane shielding the defect site from competing mucosal 
ingress, Jovanovic and coworkers showed that rhBMP-2/ACS outperformed the 
membrane predicate benchmark (Jovanovic et  al. 2007). Defect sites receiving 
rhBMP-2/ACS showed complete to almost complete defect resolution whereas sites 
receiving the membrane commonly experienced exposures and compromised wound 
healing/regeneration. In turn, sites receiving an rhBMP-2/ACS-membrane combina-
tion also became subject to exposures and compromised healing. In parallel studies, 
Jovanovic et  al. (2003) showed that the geometry/volume of induced bone forma-
tion allowed placement  and dental implant osseointegration allowing long-term 
(12 months) functional loading comparable to that in the adjoining resident bone.

Chronic post-extraction alveolar defect sites were used in other studies to eval-
uate rhBMP-2/ACS (rhBMP-2 at 0.40  mg/mL) combined with various bulking 
agents including hydroxyapatite, bioactive glass and demineralized/mineralized 
bone matrix (Barboza et al. 2000, 2004). Wrapped into the ACS matrix slowly or 
nonresorbable adjuvants supported “clinically relevant augmentation however, the 
quality of bone is compromised” questioning the relevance of at least these com-
mon biomaterials for sites intended for osseointegration of dental implants.

In still other studies, Hanisch et al. (1997a, b) using a nonhuman primate platform 
evaluated rhBMP-2/ACS as a stand-alone therapy for resolution of chronic peri-
implantitis defects (rhBMP-2 at 0.43  mg/mL), peri-implantitis representing a bio-
film-induced inflammatory lesion progressively depriving dental implants from their 
alveolar support. rhBMP-2/ACS supported significant resolution of the advanced 
chronic peri-implantitis defects, mean defect fill approximating 77 % of the 3.4 mm 
peri-implant defect versus 24 % for the sham-surgery control. Importantly, the newly 
formed bone osseointegrated to a titanium implant surface that had been exposed to 
a biofilm-induced inflammatory lesion over 12  months, osseointegration reaching 
40  % following a 16-week healing interval. These singularly unique observations 
become even more critically important considering the increasing awareness of peri-
implantitis and the hereto absence of effective clinical solutions.

One main clinical indication for bone augmentation in implant dentistry 
includes augmentation of the maxillary sinus to extend the alveolar base coronally 
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to allow placement and anchorage of dental implants for prosthetic reconstruction 
in the posterior maxilla. Unlike alveolar onlay grafts, maxillary sinus augmenta-
tion is considered an inlay indication, implanted graft materials secured within 
the sinus antral walls without interference from local environmental factors such 
as for alveolar onlay indications. Hanisch et al. (1997c) evaluated rhBMP-2/ACS 
(rhBMP-2 at 0.43  mg/mL) for maxillary sinus augmentation using a nonhu-
man primate platform. Following a staged protocol, dental implants were placed 
3 months following implantation of the rhBMP-2/ACS construct into the maxillary 
sinus and allowed to osseointegrate for 3 months. Sites receiving rhBMP-2/ACS 
showed a two-fold mean increase in vertical bone augmentation compared with 
the ACS carrier control (6 vs. 2.6 mm), newly formed bone exhibiting the same 
density and osseointegration as the adjoining resident bone. This study first pro-
vided the evidence of clinically relevant bone augmentation by rhBMP-2/ACS in 
maxillary sinus serving as a baseline for clinical evaluations and eventual regula-
tory approval of this indication.

Autogenous cancellous bone has long been regarded the gold standard for 
bone grafting due to its content of bone forming cells and serving as a matrix for 
bone growth. Lee et  al. (2013a) compared bone formation/osseointegration fol-
lowing sinus augmentation using rhBMP-2/ACS (rhBMP-2 at 0.43 mg/mL) ver-
sus a particulated fresh autogenous cancellous bone graft harvested from the iliac 
crest using a Yucatan mini-pig platform. This study used a protocol placing den-
tal implants in conjunction with the augmentation procedure rather than using 
a staged protocol. Histologic evaluation following an 8-week healing interval 
revealed significant augmentation of the maxillary sinus following implantation 
of rhBMP-2/ACS covering most of the dental implant bone-anchoring surfaces 
compared with irregular bone formation including active resorption in sites receiv-
ing the autogenous bone graft. Notably, the rhBMP-2/ACS-induced bone exhib-
ited significantly greater density compared with that of the autogenous bone graft 
(52  % vs. 33  %). The observations in this study imply significant clinical time-
savings using the rhBMP-2/ACS technology due to the augmentation protocol can 
be used in parallel with implant placement with superior outcomes without need 
to access a donor site and associated morbidity; greater bone density of predica-
ble geometry without evidence of osteoclastic resorption overall suggesting that 
rhBMP-2/ACS appears a realistic and effective alternative to autogenous bone 
grafts in patients requiring maxillary sinus augmentation and should thus be con-
sidered the new standard for this indication.

4 � Alternative Carrier Technologies

Ideal delivery systems for growth factors/BMPs for alveolar augmentation should 
meet several criteria conceptually critical to successful regeneration. They should 
be injectable for ease-of-use implantable and minimally invasive approaches; 
they should be space-providing allowing structurally integrity/wound stability for 
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a regenerate to form also in noncontained sites (onlay indications); they should 
be macroporous for rapid ingrowth of cells and vascular support from adjoining 
tissue resources; they should allow appropriate release/bioavailability of the bio-
logic; and they should feature a biodegradation profile/rapid clearance allowing 
the regenerate uneventful maturation (Herberg et al. 2008).

Only few rhBMP-2 delivery systems exhibiting structural integrity have been 
evaluated in discriminating craniofacial models. An early proof-of-principal report 
describes the application of rhBMP-2 (rhBMP-2 at 0.2 mg/mL) in an allogeneic 
DBM/fibrin clot construct to unsupported augment difficult to treat horizontal 
alveolar defects using a canine platform (Fig. 5) (Sigurdsson et al. 2001). Ten-mm, 
dental implants were placed into the rhBMP-2-induced alveolar ridge at 8 and 
16  weeks. Block biopsies for histometric analysis were collected at 24  weeks. 
Roughly 90 % of the bone-anchoring implant surfaces were invested in rhBMP-
2-induced bone leaving not more than the apex of the implants interfacing resi-
dent bone; all dental implants showing a high degree (~55 %) of osseointegration. 
There were no significant differences in bone density between rhBMP-2-induced 
and resident bone. However, the use of cadaver-derived biomaterials such as the 
allogeneic demineralized bone matrix may with difficulty receive public accept-
ance for elective procedures in preference for synthetic carrier technologies.

A subsequent study thus evaluated a synthetic calcium phosphate cement 
(α-BSM®, ETEX Corporation, Cambridge, MA) as a candidate carrier for rhBMP-2 
using the critical-size supraalveolar defect model (Fig.  6) (Wikesjö et  al. 2002). 
Block biopsies for histometric analysis collected following a 16-week healing inter-
val showed that rhBMP-2/α-BSM® (rhBMP-2 at 0.40 and 0.75  mg/mL) induced 

Fig.  5   Surgically created horizontal alveolar ridge defect implanted with rhBMP-2 combined 
with allogeneic DBM rehydrated in autologous blood. Clinical panels show the rhBMP-2 con-
struct placed onto the surgically reduced alveolar ridge prior to wound closure for primary inten-
tion healing. Endosseous dental implants were placed into the rhBMP-2 induced alveolar ridge 
at 8 and 16 weeks. The animals were euthanized at 24 weeks. Left and right photomicrographs 
show implants placed at 8 and 16 weeks, respectively. Approximately 90 % of the bone-anchor-
ing surface of the implants was housed in rhBMP-2 induced bone. There was no significant 
difference in bone density between rhBMP-2 induced and the contiguous resident bone. Also 
osseointegration (approximately 55 %) was similar in induced and resident bone irrespective of 
whether the implants were placed at week 8 or 16. From Sigurdsson et al. (2001), figure copy-
righted by and modified with permission from Quintessence Publishing
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substantial and clinically relevant augmentation of the alveolar ridge while control 
sites receiving α-BSM® without rhBMP-2 exhibited limited, if any, new bone for-
mation. Vertical alveolar augmentation comprised almost the entire 5-mm exposed 
implants; the newly formed bone density approximating 60  %, cortication, bone–
implant contact approximating 27  %, and limited α-BSM® residuals. Clearly, this 
calcium phosphate cement technology presents considerable promise for a number 
of indications in the craniofacial skeleton since the α-BSM® may easily be shaped 
to desired contour and sets to resist compression to provide space for rhBMP-2-in-
duced bone formation. Moreover, the α-BSM® is injectable for ease-of-use and 
may well prove useful for augmentation of the maxillary sinus in conjunction with 
placement of dental implants pin-pointing bone formation at the implant body using 
either a modified Caldwell–Luc or transalveolar osteotomy approach.

5 � rhBMP-2 Coated Dental Implants

Conceptually, dental implants coated with a bone inductive factor may stimulate 
local bone formation and osseointegration (Hall et al. 2007). This hypothesis has 
engaged our laboratories in a series of studies with the intent to develop a dental 
implant coated with rhBMP-2. Initial in vitro retention assays evaluating a panel 
of dental implant surface technologies demonstrated that an anodized titanium sur-
face with open pores appeared the most effective vehicle for rhBMP-2 (Hall et al. 
2007). Subsequent in vivo evaluations of rhBMP-2-coated titanium disk implants 
inserted into the ventral thoracic region in rats showed significant bone formation 
within a 14-day healing interval engaging the anodized titanium disk implants 

Fig.  6   Critical-size, supraalveolar peri-implant defect treated with rhBMP-2 in a calcium 
phosphate cement (α-BSM®) or α-BSM® without rhBMP-2 (control). Clinical panels show the 
supraalveolar peri-implant defect before and after application of α-BSM®. Photomicrographs 
show representative observations for jaw quadrants receiving rhBMP-2/α-BSM® at 0.4 mg/mL. 
Note substantial new bone formation at sites treated with rhBMP-2/α-BSM® compared to the 
control (far right) exhibiting limited, if any, evidence of new bone formation. The rhBMP-2-in-
duced bone exhibits similar trabeculation, osseointegration, and cortex formation as the contigu-
ous resident bone. Green arrows delineate the apical extension of the supraalveolar peri-implant 
defects. Healing interval 16 weeks. From Wikesjö et al. (2002), figure copyrighted by and modi-
fied with permission from Wiley-Blackwell
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(Hall et  al. 2007). Studies evaluating rhBMP-2-coated anodized screw-type den-
tal implants placed into the edentulated posterior mandible (Type II bone) in dogs 
(Wikesjö et  al. 2008a) or into the edentulated posterior maxilla (Type IV bone) 
in nonhuman primates (Wikesjö et  al. 2008b) showed robust bone formation in 
a dose-dependent order. Collectively, these initial proof-of-concept studies using 
qualified ectopic and orthotopic small and large animal models demonstrate that 
rhBMP-2 can be successfully delivered to induce local bone formation and osse-
ointegration using a dental implant as a carrier.

Subsequent studies focused on indications for the rhBMP-2-coated implant 
including alveolar augmentation using the critical-size supraalveolar peri-implant 
defect model (Wikesjö et  al. 2008c; Leknes et  al. 2008). Anodized screw-type 
dental implants soak-loaded with rhBMP-2 at 0.75, 1.5, and 3.0  mg/mL were 
evaluated following an 8-week healing interval. Jaw quadrants receiving con-
trol implants showed limited new bone formation whereas implants coated with 
rhBMP-2 at 0.75 and 1.5 mg/mL showed clinically relevant bone formation/alveo-
lar augmentation reaching the implant platform (Fig. 7). The quality of the newly 

Fig.  7   Critical-size, supraalveolar peri-implant defect including dental implants coated 
with rhBMP-2 at 0.75  mg/mL following placement and wound closure, and healing at 4 and 
8  weeks. Radiographs show bone formation reaching the implant platform at 4 and 8  weeks. 
Photomicrographs show bone formation with an established cortex reaching or exceed-
ing the implant platform. Green arrows delineate a 5 mm notch placed level with the resident 
alveolar bone. From Wikesjö et  al. (2008c) and Leknes et  al. (2008), figure copyrighted by 
Wiley-Blackwell
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formed bone approximated that of the adjoining mature resident bone including 
cortex formation within 8  weeks. In contrast, implants coated with rhBMP-2 at 
3.0  mg/mL showed sparsely trabecular immature bone formation exceeding the 
implant platform without cortication. These studies evaluating rhBMP-2 coated 
dental implants using the critical-size supraalveolar peri-implant defect model thus 
reveal an inverse relationship between rhBMP-2 concentration/dose and induced 
bone formation/maturation. Whereas lower rhBMP-2 concentrations support 
clinically relevant vertical/horizontal alveolar augmentation, the higher concen-
tration apparently extends/delays bone formation/maturation. These studies also 
imply that rhBMP-2-induced bone formation benefits from space provision, the 
lingual aspects of the implants exhibiting a wider alveolar base generally display 
more robust bone formation than corresponding buccal surfaces, important to the 
clinical surgical management.

6 � Alveolar Augmentation in Clinical Settings

rhBMP-2 soak-loaded onto the ACS carrier has met increasing yet guarded accept-
ance for the management of craniofacial indications including alveolar augmenta-
tion for implant dentistry. We recently conducted a systematic review of the field; 
some of our major findings summarized herein (de Freitas et al. 2014b). To date, 
relatively few clinical trials have been conducted to evaluate the on-label clini-
cal efficacy and safety of rhBMP-2/ACS or its off-label use combined with other 
biomaterials for alveolar ridge augmentation. Interpretation of the results is con-
voluted by the use of varying rhBMP-2 concentrations, and a wide absolute dose 
range for the same indication. Whereas rhBMP-2 concentrations at 0.43, 0.75, and 
1.5 mg/mL have been tested in experimental clinical settings, the only US. Food 
and Drug Administration-approved and commercially available concentration to 
date is rhBMP-2 at 1.5 mg/mL. rhBMP-2/ACS kits are commercially available in 
sizes ranging from 0.7 to 8.0 cc including rhBMP-2 doses ranging from 1.05 to 
12.0 mg, respectively, allowing the clinician to tailor the rhBMP-2 dose applied 
to the surgical site by increasing the number of rhBMP-2 soak-loaded ACSs. For 
simplicity, we chose to only present results related to the commercially available 
product in Table 1, i.e., rhBMP-2/ACS at the 1.5 mg/mL concentration.

Maxillary sinus augmentation using rhBMP-2/ACS as a stand-alone therapy 
has been evaluated in three studies using rhBMP-2 concentrations at 0.43, 0.75, 
and 1.5 mg/mL (Boyne et al. 1997, 2005; Triplett et al. 2009). All surgeries were 
performed using a lateral window modified Caldwell–Luc approach. The mean 
rhBMP-2 dose ranged between 2.9 and 20.8 mg per site complicating interpreta-
tion of the results. Nevertheless, implantation of rhBMP-2/ACS yielded clinically 
meaningful bone augmentation ranging between 7.8 and 10.2  mm. No consist-
ent differences in bone formation could be observed among rhBMP-2 concentra-
tions and no specific analysis was performed regarding dose variations. Compared 
with autogenous bone graft, rhBMP-2/ACS yielded 1.6  mm (95  %CI: 0.5–2.7) 
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Table  1   Summary of randomized clinical trials assessing the radiographic effect of rhBMP-
2/ACS at 1.5 mg/mL for sinus and alveolar ridge augmentation

Study and 
indication

Main outcome Main results

Boyne et al. 
(2005)

CT scans Autogenous 
bone graft 
(n = 13)

rhBMP-2/ACS 
(n = 17)

Sinus 
augmentation

New bone 
height and width 
at 6 months 
post-surgery

New bone height 
(mm)

11.3 ± 4.2 10.2 ± 4.7

New bone width 
at subcrestal 
level (mm)*

4.7 ± 2.8 2.0 ± 2.4

New bone width 
at mid-crestal 
level (mm)

10.2 ± 3.0 7.8 ± 3.9

New bone width 
at apical crestal 
level (mm)

10.6 ± 3.2 10.8 ± 4.6

Triplett et al. 
(2009)

CT scans Autogenous 
bone graft 
(n = 78)

rhBMP-2/ACS 
(n = 82)

Sinus 
augmentation

Bone height 
gain at 6 months 
post-surgery

Sites with 
≤4 mm at 
baseline (mm)*

12.7 ± 6.0 10.4 ± 5.0

Sites with 
≤6 mm at 
baseline (mm)*

12.1 ± 5.8 9.7 ± 4.7

Overall new 
bone height 
(mm)*

9.5 ± 4.1 7.8 ± 3.5

Fiorellini et al. 
(2005)

CT scans No treatment 
(n = 20)

rhBMP-2/ACS 
(n = 20)

Alveolar ridge 
preservation 
post-extraction

New bone 
height and width 
at 4 months 
post-surgery

New bone height 
(mm)

−1.2 ± 1.2 −0.02 ± 1.2

New bone width 
at subcrestal 
level (mm)

0.6 ± 2.6 3.3 ± 2.5

New bone width 
at mid-crestal 
level (mm)

1.6 ± 2.5 3.97 ± 2.5

New bone width 
at apical crestal 
level (mm)

1.7 ± 2.1 2.7 ± 1.4

de Freitas et al. 
(2013)

CBCT scans Autogenous 
bone graft 
(n = 12)

rhBMP-2/ACS 
(n = 12)

(continued)
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less bone formation (de Freitas et al. 2014a); yet both treatments allowed implant 
placement. Radiographic bone density at 4–6  months post-surgery was signifi-
cantly greater for the autogenous bone graft, whereas a reversal was observed after 
implant loading; rhBMP-2/ACS yielding the greater bone density.

rhBMP-2/ACS has also been evaluated for preservation of the alveolar ridge 
following tooth extractions, an inlay application. In a randomized clinical trial, 
Fiorellini et al. (2005) demonstrated that surgical implantation of rhBMP-2/ACS 
at the commercially available 1.5 mg/mL concentration maintained the height of 
the alveolar ridge (mean ± SD: 0.0 ± 1.2 vs. −1.2 ± 1.2 mm), while also yield-
ing a wider alveolar ridge at the sub- (3.3 ± 2.5 vs. 0.6 ± 2.2 mm) and mid-crestal 
(4.0 ±  2.5 vs. 1.6 ±  2.5  mm) levels compared with untreated tooth extraction 
sockets. The mean rhBMP-2 dose per site was 1.9 mg; a dose–effect relationship 
was reported.

Recently, de Freitas et  al. (2014a) reported a study evaluating application 
of rhBMP-2/ACS for alveolar ridge augmentation—onlay application—in the 
atrophic anterior maxilla. This randomized clinical trial compared rhBMP-2/ACS 
(rhBMP-2 at 1.5 mg/mL) and the “gold standard” autogenous bone graft for hori-
zontal augmentation. The surgical protocol also included the placement of a cus-
tomized titanium mesh device to provide for space provision, wound stability, and 
conditions for primary intention healing. At the subcrestal level, rhBMP-2/ACS 
yielded significantly greater radiographic horizontal bone augmentation compared 
with autogenous bone graft (1.5 ± 0.7 vs. 0.5 ± 0.9 mm); no differences between 
treatments were observed at the mid- and apical crestal levels. Whereas the sample 
size in this study was limited (n =  24), the authors were still able to conclude: 
“rhBMP-2/ACS appears a realistic alternative for augmentation of the edentulous 
atrophic anterior maxilla.”

Some of the studies have included histological evaluations of core biopsies 
obtained in conjunction with dental implant placement (Boyne et al. 2005; Triplett 
et  al. 2009; Kao et  al. 2012; de Freitas et  al. 2014b). General histological find-
ings demonstrate limited or no residual ACS, woven and lamellar bone including 

*p < 0.05; **p < 0.01
NS not significant, CT computed tomography, CBCT cone-beam computed tomography

Table 1   (continued)

Study and 
indication

Main outcome Main results

Horizontal ridge 
augmentation

New bone width 
at 6 months 
post-surgery

New bone width 
at subcrestal 
level (mm)

0.5 ± 0.9 1.5 ± 0.7**

New bone width 
at mid-crestal 
level (mm)

2.9 ± 0.9 2.9 ± 0.8NS

New bone width 
at apical crestal 
level (mm)

1.8 ± 1.1 1.7 ± 0.9NS
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a cell-rich fibrovascular marrow, limited number of osteoblasts and osteoclasts, 
and no or limited inflammatory infiltrates. These findings validate the preclinical 
results described earlier in this chapter.

Safety is always a major concern regarding the clinical use of biologics and this 
has become particularly true for rhBMP-2/ACS. Adverse effects related to on- and 
off-label rhBMP-2/ACS use for spine surgery have gained considerable attention 
and publication of independent reviews of earlier publications and data disclosure 
under the Yale Open Data Access (YODA) project (Carragee et  al. 2012; Laine 
et  al. 2013; Resnick and Bozic 2013). Safety data for application of rhBMP-
2/ACS in craniofacial settings are mostly limited to that reported in industry-
sponsored studies. Frequent post-surgery events include transient oral and facial 
erythema, edema, sensory loss and pain; some subjects experiencing significant 
facial swelling, findings in agreement with anecdotal reports from clinicians using 
rhBMP-2/ACS. rhBMP-2 antibody formation appears a rare event (<3  %) with 
most individuals exhibiting antibodies to bovine type I collagen used in the carrier 
(23 %) (Boyne et al. 1997, 2005; Fiorellini et al. 2005; Triplett et al. 2009). As evi-
denced by an increasing off-label use of rhBMP-2/ACS for craniofacial applica-
tions, safety concerns are likely to heighten.

The debate generated by the YODA project is critical for the future use of 
biologics in general and BMPs in particular. However, extrapolating findings 
and conclusions from orthopedic settings to craniofacial applications is unwar-
ranted. Whereas the use of autogenous bone grafts for posterolateral spine pro-
cedures may not need a second surgical/donor site, this is rarely the case for 
craniofacial applications. Intraoral sites yield limited amounts of autogenous 
bone, generally constrained to cortical bone, and access to extraoral donor sites 
incurs increased costs and morbidity that is not usually expected for outpatient 
procedures like implant dentistry. Thus, any biologics intended for bone aug-
mentation in craniofacial settings does not need to surpass the clinical efficacy 
offered by autogenous bone grafts as long as treatment complexity and morbid-
ity are reduced.

In conclusion, rhBMP-2/ACS appears a promising alternative to autogenous 
bone grafts and other biomaterials for alveolar ridge augmentation also includ-
ing the maxillary sinus. Safety reports do not appear to represent major con-
cerns for the proposed indications. Further research and development is needed 
for dose and carrier optimization. Caution should be exercised since most clini-
cal data available are derived from few randomized clinical trials of limited 
follow-up.
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