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Abstract: Alveolar ridge bone resorption is a biologic phenomenon that occurs following
tooth extraction and cannot be prevented. This paper reviews the vertical and horizontal ridge
dimensional changes that are associated with tooth extraction. It also provides an overview
of the advantages of ridge preservation as well as grafting materials. A Medline search
among English language papers was performed in March 2015 using alveolar ridge
preservation, ridge augmentation, and various graft types as search terms. Additional papers
were considered following the preliminary review of the initial search that were relevant to
alveolar ridge preservation. The literature suggests that ridge preservation methods and
augmentation techniques are available to minimize and restore available bone. Numerous
grafting materials, such as autografts, allografts, xenografts, and alloplasts, currently are
used for ridge preservation. Other materials, such as growth factors, also can be used to
enhance biologic outcome.
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1. Introduction

Alveolar ridge resorption refers to the bone remodeling that occurs following tooth extraction.
Araujo et al. [1] found that the coronal aspect of buccal bone was often comprised only of bundle bone
and hypothesized that bone resorption would occur after tooth extraction. Other authors proposed that
surgical trauma during extraction results in the separation of the periostium from the underlying bone,
causing vascular damage and an acute inflammatory response, which mediates bone resorption [2,3].
In this review, we address bone resorption in human extraction sockets.

Alveolar ridge resorption following tooth extraction may lead to esthetic and functional defects.
The defects can be so severe that implant placement can be difficult or impossible without using
augmentation procedures [4,5]. Those defects also can interfere with the use of removable dentures.
Leblebicioglu et al. [6] have shown that ridge height loss is greater in mandibular than maxillary sites,
and ridge width loss is greater on the buccal plate in both the mandibular and maxillary sites. Thinner
buccal plates also appear to be associated with more post-extraction resorption [6]. Other studies have
shown that elevating a full mucoperiosteal flap may be associated with bone loss following tooth
extraction [7], resulting in approximately 0.6 mm of crestal bone loss [3].

Following an extraction, bone resorption occurs in two phases. In the first phase, the bundle bone that
anchors the tooth in the alveolar process through Sharpey’s fibers is rapidly resorbed and replaced with
newly formed immature woven bone [8—10]. Woven bone then starts to be replaced with mature lamellar
bone that fills with mature bone in about 180 days. In the second phase, the periosteal surface of the
alveolar bone remodels through an interaction between osteoclastic resorption and osteoblastic
formation, leading to an overall horizontal and vertical tissue contraction [10]. One aim of this review is
to discuss the vertical and horizontal ridge dimensional changes and healing of the extraction sockets.
It also provides an overview of the advantages of ridge preservation procedures and the grafting materials
that can be used for this purpose.

2. Methods

An electronic search using the PubMed database of the U.S. National Library of Medicine, National
Institutes of Health, was performed in March 2015. In addition, a manual search of the Journal of
Periodontology, Journal of Clinical Periodontology, The International Journal of Periodontics and
Restorative Dentistry, The International Journal of Oral and Maxillofacial Implants, and Clinical Oral
Implant Research also was conducted. Key search words included alveolar ridge preservation, ridge
augmentation, autografts, allografts, alloplasts, xenografts, and growth factors. All available publication
years were searched, although papers published in the last 10 years were given greater consideration.

3. Dimensional Changes after Extraction

The vertical linear extent of alveolar bone resorption occurs primarily during the first 3—6 months
following extraction [8,11]. The buccal plate of bone is the most affected because its crestal portion is
comprised solely of bundle bone. It is also generally thinner than the lingual plate, about 0.8 mm at the
anterior teeth and 1.1 mm at the premolar teeth [8].
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In his re-entry study three months after extraction with no ridge preservation of maxillary anterior
teeth [12], Aimetti observed a mean vertical reduction of 1.2 + 0.8 mm at the buccal aspects of the edentulous
ridge, a 0.9 = 1.1 mm loss at the palatal aspects, and a 0.5 + 0.9 mm loss at the interproximal sites, all
determined with an acrylic stent. Using a parallel radiographic technique with an occlusal bite block,
Moya-Villaescusa and Sanchez-Pérez [13] demonstrated no statistically significant differences in vertical
dimensional change between single (4.16 mm loss) and multi-rooted teeth (4.48 mm loss) three months
after extraction with no ridge preservation [8].

In three different re-entry studies six months after extraction with no ridge preservation (control
groups) [14-16], measurements were made of the external and internal vertical bone loss of anterior or
premolar teeth. External vertical bone loss measurements (e.g., the distance from the coronal aspect of
a titanium pin embedded in the buccal plate to the coronal border of the buccal bony wall) were
—0.86 £ 0.14 mm [14], —1.5 £ 0.26 mm [15], and —1.00 £ 2.25 mm [16], respectively. Internal vertical
measurements (e.g., distance from the most apical end of the socket to the coronal border of the buccal
bony wall) were —2.71 + 0.89 mm [14], —3.94 £ 0.35 mm [15], and —4.00 £ 2.33 mm [16], respectively.
In a consensus report by Himmerle ez al. in 2012 [17], mean vertical bone loss was reported to be 1.24 mm.
In their controlled clinical trial, Barone et al. showed a vertical bone resorption of 1 + 0.7 mm,
2.1 0.6 mm, 1 £ 0.8 mm, and 2 + 0.73 mm at the mesial, vestibular, distal, and lingual sites, respectively.

In the same re-entry studies, horizontal bone resorption was reported to be —4.43 £ 0.65 mm [14],
4.56 £ 0.33 mm [15], and —3.06 = 2.41 mm [16]. In general, horizontal bone resorption is far greater
than the mean vertical resorption over 3—7 months [8]. Similarly, Himmerle et al. [17] reported a mean
horizontal bone loss of 3.8 mm, and Barone ef al. [18] showed a horizontal bone resorption of
3.6+ 0.72 mm.

4. Extraction Socket Healing

Wound healing in the extraction sockets occurs through a number of processes, including hematoma
and clotting, formation of granulation tissue, re-epithelialization, replacement of granulation tissue with
connective tissue, and bone formation. In the first few minutes after tooth extraction, a blood clot
consisting of erythrocytes and platelets that are trapped in a fibrous matrix forms within the extraction
socket. Granulation tissue, a new connective tissue that is highly vascularized, then starts to form after
48 h and is completed by day seven. The granulation tissue is totally replaced by connective tissue in
about 30 days. Concurrently, re-epithelialization starts after four days and is completed around six
weeks, depending on the site of the extracted tooth. After six weeks, osteogenic cells from the apical
aspects and the walls of the socket migrate into the developing granulation tissue, differentiate into
mature osteoblasts, and initiate bone deposition that will be completed in 4—6 months [10,19].

5. Ridge Preservation
Advantages

It is well established that post-extraction ridge preservation can be beneficial prior to implant
placement [4,19].
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Although one study has shown that ridge preservation does not completely prevent bone loss, it aids
in reducing the extent of that loss [20]. In a systematic review, Vittorini ef al. [21] concluded that ridge
preservation has a slight advantage over no treatment due to less horizontal and vertical bone loss. In
their meta-analysis [21], they noted that following tooth extraction, it is preferable to perform ridge
preservation at esthetic areas where the buccal bone thickness is less than 1.5 to 2 mm when several teeth
are extracted or when anatomical structures such as the maxillary sinus and mandibular canal are located
in immediate proximity.

In a clinical and histological human study on maxillary and mandibular anterior teeth, lasella ef al. [22]
found a significant difference in the horizontal alveolar ridge dimensional changes between extraction
with no preservation (EXT) (decreased from 9.1 + 1.0 mm to 6.4 + 2.2 mm) and ridge preservation (RP)
(decreased from 9.2 £ 1.2 mm to 8.0 + 1.4 mm) using freeze-dried bone allograft and collagen membrane,
favoring preservation (a difference of 1.6 mm). Also, a significant difference was observed in the vertical
dimension. For the RP group, there was a gain of 1.3 = 2.0 mm vs. a loss of 0.9 = 1.6 mm for the EXT
group (a difference of 2.2 mm). Barone et a/ [18].found that an alveolar ridge preservation technique
with collagenated porcine bone and a resorbable membrane was able to limit the vertical changes after
tooth extraction. In that study, the control group showed vertical bone resorption of 1 = 0.7 mm, 2.1 +
0.6 mm, 1 = 0.8 mm, and 2 + 0.73 mm at the mesial, buccal, distal, and lingual sites, respectively, vs.
0.3+ 0.76 mm, 1.1 £ 0.96 mm, 0.3 £+ 0.85, and 0.9 £ 0.98 mm at the mesial, buccal, distal, and lingual
sites in the test group, respectively. Also, ridge preservation demonstrated better efficacy in the horizontal
dimension (3.6 + 0.72 in control vs. —1.6 & 0.55 mm in test sites). Aimetti et al. [12] also found less
vertical and horizontal changes when ridge preservation was performed using calcium sulfate hemihydrate
than extraction with no preservation. Ultimately, the indications for ridge preservation include maintenance
of the existing hard and soft tissues of the alveolar ridge, and to simplify subsequent treatment (such as
implant or denture placement).

6. Materials Used for Ridge Preservation

A variety of materials are available for post-extraction ridge preservation. For optimal results,
all grafts require an adequate blood supply, a form of mechanical support, and osteogenic cells supplied
by the host, graft material, or both [23]. Graft materials should have some osteogenic, osteoinductive, or
osteoconductive properties. Osteogenic grafts supply viable osteoblasts that form new bone. Osteoinductive
grafts stimulate the host mesenchymal cells to differentiate into osteoblasts that eventually form new
bone. Osteoconductive grafts act as a scaffold or lattice for the surrounding cells to infiltrate and migrate
through the graft.

6.1. Autogenous Bone

Autogenous bone is transferred from one position to another within the same individual. Autografts
are biocompatible and have the potential to form new bone through osteogenesis, osteoinduction, and
osteoconduction [24-28] However, autogenous bone grafts present several disadvantages, such as
a limited amount of material, donor site morbidity, unpredictable bone quality, and post-operative
discomfort [26]. Autogenous grafts can be cortical, cancellous, or cortico-cancellous. Cancellous autogenous
bone is generally preferred, as it is rapidly re-vascularized and integrated into the acceptor site [27].
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Cortical bone autografts are associated with a greater rate of apposition replacement and bone matrix
resorption that can form foci of necrotic tissue [27]. Autogenous bone can be obtained from intra-oral or
extra-oral sites and can be used in block or particulate forms [28]. Potential intra-oral donor sites
frequently include the maxillary tuberosity, edentulous ridges, and exostoses for particulate autografts,
while the chin and rami are common for block grafts [28]. Autogenous bone can be used alone or
combined with other bone substitutes to form composite grafts [12,17]. Potential extra-oral sites include
the iliac crest (most common), rib, and tibia. However, harvesting the bone from extra-oral sites has
several disadvantages, including the need for hospitalization, prolonged recovery times, and graft
sequestration [17].

6.2. Bone Substitutes

Several types of bone substitutes are commercially available, including allografts (from genetically
similar members of the same species), xenografts (from other species), and alloplasts (of synthetic
origin) [20,29,30]. Bone substitutes ideally should be able to form new bone and be biocompatible,
completely resorbable, non-antigenic, non-carcinogenic, inexpensive, and pose no risk of disease
transmission. They should also be space-maintaining, and have a similar composition, particle size, and
resorption rate as human bone [23,31].

6.2.1. Allografts

Allografts can be fresh-frozen, freeze-dried, or demineralized freeze-dried. The use of freeze-dried
bone allografts (FDBA) and demineralized freeze-dried bone allografts (DFDBA) has reduced the
problem of immunogenicity that was associated with fresh-frozen bone. They are the most common
allografts used currently for ridge preservation [28].

FDBA revascularization occurs through integration/replacement (creeping substitution) at the
recipient site and the formation of connective tissue areas. Small particles of the allograft may remain
for several months to a year before they are completely resorbed [27,28]. Whittaker et al. [32] showed
that allografts have both osteoinductive and osteoconductive properties, while other studies [33] claimed
that allografts have only osteoinductive properties. Al-Ghamdi et al. [28] suggested that FDBA is only
osteoconductive, while DFDBA can be both osteoconductive and osteoinductive. DFDBA also showed
more vital bone and less residual grafting material compared to FDBA when placed in extraction sockets
19 weeks after extraction [34]. Studies comparing cortical and cancellous FDBA demonstrated no
significant differences in the percentage of new bone formation at extraction sites [35].

The extent of allograft osteoinductivity depends on the donor age and the amount of bone morphogenetic
proteins (BMPs) present in the graft. Grafts obtained from younger donors generally have more BMPs
and are more osteoinductive [28]. FDBA and DFDBA have been widely used for regenerative therapy
and ridge preservation [36]. In a histological study [36], Yukna and Vastardis compared bone regeneration
with FDBA or DFDBA and noted more regeneration with FDBA. Dahlin [37] also showed that the
reconstruction of atrophic maxillaec with DFDBA, combined with guided bone regeneration (GBR
technique), could be performed with similar treatment outcomes to autologous bone obtained from the
iliac crest.
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To avoid disease transmission from allografts, several chemical and physical processing techniques
have been used. Chemical treatment with agents, such as 5% peracetic acid, 0.1% ethylenediaminetetraacetic
acid, or 0.1% sodium dodecylsulfate, can alter the bone structure but may not sufficiently inactivate
pathogens. Physical treatment, such as ultrasonication, may alter the microcrystal structure of bone
mineral and denature organic components. With FDBA and DFDBA, more satisfactory results have been
obtained through lyophilization, but cellular debris might remain after this treatment that could interfere
with healing [28]. Tutoplast™ processing uses a multi-step preservation and sterilization process to
remove tissue antigenic properties and is reported to inactivate pathogens without changing the structure,
biomechanics, and convertibility of the tissues [28].

6.2.2. Xenografts

Xenografts are derived from a variety of sources, including bovine, porcine, equine, and coralline,
and are generally biocompatible and structurally similar to human bone [38]. Xenografts are
osteoconductive and less frequently associated with the formation of interposition areas of connective
tissue, but are not osteoinductive in humans [38].

Bovine xenografts are the most commonly used [39]. They contain similar hydroxyapatite content to
that of human bone, which allows the graft to revascularize and be replaced by new human bone [38].
Xenografts originally were used to treat periodontal infrabony defects and generally resulted in new
attachment and cementum formation when compared to ungrafted sites [38]. Bovine bone is associated
with a 20%-40% retention of the graft after six months, as well as after three years, following
placement [39]. The slow substitution rate allows long-term space maintenance. Other histological
studies show good integration of bovine xenograft particles with newly formed bone filling the
interparticulate space, forming direct contacts with the grafting material [23]. Methods to reduce
antigenicity are similar to those used to process allografts [27].

Kotsakis et al. [40] compared the primary stability of implants placed in extraction sockets receiving
either anorganic bovine bone (BOV) (n = 12) or calcium phosphosilicate putty (PUT) (n = 12). They
showed that PUT can be more suitable for achieving primary stability for implants placed 5—6 months
after ridge preservation.

Heterologous equine bone (DEB) (OX®, OsteoXenon®, Vicenza, Italy) in block or particulate forms
has recently been introduced [41]. With DEB, antigenic materials are enzymatically degraded at low
temperatures (<37 °C) to preserve type I collagen. This might allow enhanced bone regeneration, as type
I native collagen activates both osteoblast and osteoclast adhesion and differentiation, as well as growth
factor release [42]. In addition, the collagen gives the material an elasticity that makes it easier to shape
and fit into a defect.

One study showed that DEB was less than ideal for crestal bone reconstruction [33]. In this study,
there was a very high complication rate using both block and particulate forms. Block grafts had a greater
than 50% failure rate in the immediate post-operative period, while GBR and sinus augmentation had
a greater than 25% rate of infections and resorption, as well as late failures (after-implant placement).
In a case series, other authors [42] showed comparable bone regenerative results at six months for
bovine- and equine-derived xenografts for maxillary sinus augmentation.
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6.2.3. Alloplasts

Alloplasts are synthetic bone substitutes that act as a biologic filler with limited periodontal regeneration
when used in treating periodontal bone defects [38]. They are osteoconductive bone substitutes [23,38].
As they are completely synthetic, they do not require a donor site, are available in unlimited quantities,
and do not pose a risk of disease transmission [23,38]. The manufacturer also controls the particle size
and interparticulate spaces, and typically makes them resemble natural bone [23].

The original alloplast material was Plaster of Paris, which is non-inflammatory, nonreactive, and
encouraged bone healing in a contained lesion. All of the bio-ceramics are non-immunogenic, and are
available in an unlimited supply [43].

Synthetic hydroxyapatite can be manufactured in different forms, including non-porous non-resorbable,
dense non-resorbable, resorbable, porous, or non-ceramic forms [38]. Hydroxyapatite resorbs slowly
over a period of years, and can be used for long-lasting ridge preservation [38].

Tricalcium phosphate, or TCP [Ca3(PO4):], is a porous, osteoconductive grafting material. TCP is treated
with naphthalene and then compacted at 1100—1300 °C to obtain a porosity diameter of 100-300 pm.
During reabsorption, it supplies calcium and magnesium ions and creates an ionic environment similar
to human bone. The ionic environment induces alkaline phosphatase activation, which is fundamental
for bone synthesis [39]. TCP occurs as a and  phases. Although both phases have excellent resorbability
and are chemically identical, they behave differently in a biologic environment. 3-TCP transforms
automatically but irreversibly into a more resorbable a-form at 1160 + 40 °C. However, B-TCP is usually
preferred as a biomaterial for its chemical stability, mechanical strength, and bioresorption properties [44].
B-TCP has been shown to be biocompatible and osteoconductive in both animal and clinical studies [31].
One study has shown unpredictable results with B-TCP because the particles become encapsulated with
fibrous tissue [38]. Other studies have suggested that because B-TCP resorbs so quickly, it loses its
space-making capacity. To address this problem, a biphasic calcium phosphate has been developed,
consisting of a homogenous 60/40 mixture of hydroxyapatite (HA) and B-TCP. B-TCP will dissolve,
providing calcium as well as space for bone formation. Meanwhile, more slowly resorbing HA maintains
the scaffold [23].

Commercially available medical grade calcium sulfate hemihydrate (CSH) is the result of the partial
dehydration of gypsum, which produces calcium sulfate hemihydrate (CaSOa4.1/2H20). Two forms are
obtained depending on the method of calcination, a-hemihydrate or f-hemihydrate. f-hemihydrate is a
fibrous aggregate of fine crystals with capillary pores, while a-hemihydrate consists of cleavage fragments
and crystals in the form of rods or prisms. The product obtained from mixing the a-hemihydrate with
water is stronger and harder than that resulting from the B-hemihydrate [45]. When implanted, it
dissolves into calcium and sulfate ions. Calcium ions then combine with phosphate ions from body fluids
to form calcium phosphate. Calcium phosphate is an osseo-conductive apatite [30] that stimulates bone
ingrowth into the defect. The newly deposited material is similar to the apatite naturally present in bone.
Calcium sulfate hemihydrate is biocompatible, biodegradable, safe, and non-toxic [43,45]. It also was
shown that calcium sulfate has angiogenic and hemostatic properties. It has been used in bone defects
secondary to trauma or tumors [46], post-extraction sites [29,47], maxillary sinus augmentation [48],
periodontal infrabony defects [49], and as a barrier in guided tissue regeneration around implants [50].



J. Funct. Biomater. 2015, 6 840

Bioactive glass is an osteoconductive bone substitute composed of sodium oxide, calcium oxide,
phosphorus pentoxide, silicon dioxide, and silica. The formation of a biologically active hydrated calcium
phosphate layer at the surface of the bioactive glass plays a key role in the formation of the bone/graft
bond [51].

6.3. Growth Factors

The incorporation of growth factors during regenerative therapy provides the opportunity to
accelerate new bone formation and ridge preservation [23]. Growth factors are the signaling molecules
that modulate cell growth and development. They play a role in cell proliferation, migration, and
extracellular matrix formation. Some of the most important growth factors involved in bone homeostasis
include platelet-derived growth factor (PDGF), transforming growth factor-f, fibroblast growth factor,
insulin-like growth factor, vascular endothelial growth factor, parathyroid hormone, and bone
morphogenetic proteins (BMPs) [23].

Two of the more extensively studied growth factors are PDGF and the BMPs, which are
osteoinductive. They can be added to allografts, xenografts, or alloplasts to convert them from
osteoconductive into osteoinductive materials by stimulating undifferentiated mesenchymal cells to
differentiate into osteoblasts that form new bone [23,52,53]. Those growth factors can be semi-purified
natural materials, such as platelet-rich plasma (PRP), platelet-rich fibrin (PRF), and enamel matrix
proteins. They also can be recombinant human proteins, such as bone morphogenetic proteins (BMPs).
The manufacturing of growth factors eliminates the issue of different concentrations of growth factors
found in natural materials. It also allows for the use of a single protein at any concentration needed.
Accordingly, BMP-2 has been developed as a recombinant growth factor and currently is used in
periodontics for ridge preservation after extraction [54] and maxillary sinus augmentation [55].
In a systematic review, de Freitas et al. [55] concluded that recombinant human BMP-2 with an
absorbable collagen sponge (ACS) carrier could be used as an alternative to autogenous bone grafts for
alveolar ridge/maxillary sinus augmentation.

Enamel matrix proteins (Emdogain (EMD), Institut Straumann AG, Basel, Switzerland) are growth
factors that are extracted from the tooth buds of piglets and suspended in a polyglycol gel. EMD contains
over 95% amelogenin, with the remainder consisting of enamelin and other proteins [23,56]. One study
showed histological evidence of regeneration in experimentally created periodontal defects in primate
models [57], while others showed that EMD may be useful for treating human angular periodontal defects
when combined with a modified Widman flap procedure [58]. Further studies have shown that EMD
also stimulates production of further growth factors, such as BMPs [56].

PRP has three- to four-fold higher concentrations of platelets than a whole blood platelet count. It is
prepared from autologous blood with a gradient density cell separator. When activated by thrombin or
collagen, platelets can release the content of their granules to initiate coagulation cascade events. The
granules release factors such as platelet-derived growth factor, transforming growth factor 3, fibrinogen,
vascular endothelial growth factor, fibronectin, von Willebrand factor, and P-selectin [45]. Currently,
PRP has become a valuable adjunct to promote healing in mandibular reconstruction, surgical repair of
the alveolar cleft, treatment of infrabony periodontal defects, and periodontal plastic surgery [59].
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The use of PRF during bone grafting offers numerous advantages. First, the fibrin clot can maintain
and stabilize the graft. Second, the fibrin network integrates into the regenerative site and facilitates
cellular migration, particularly for endothelial cells necessary for angiogenesis, vascularization, and
survival of the graft. It also helps in soft tissue maturation. During healing, platelet cytokines (PDGF,
TGF-pB, IGF-1) are released and participate in the healing process. Finally, the presence of leukocytes
and cytokines in the fibrin network regulates the inflammatory and infectious phenomena associated
with grafting [60—62].

PRF has been assessed in several other studies for its effect on healing and bone regeneration. PRF
was associated with early healing of soft tissue overlying extraction sites after the first four weeks. After
the first week, horizontal resorption on buccal aspects of extraction sites (1.07 £0.31 mm) was significantly
less than that of the ungrafted sites (1.81 + 0.88 mm) [63]. Animal studies using combination therapy
with PRF showed accelerated healing in a rabbit calvarial defect model compared to unfilled defects [64].
Moreover, the restoration of peri-implant defects in rabbit tibia using PRF in combination with silk
fibroin powder also showed promising results [64]. In two studies [65,66], PRF was used as an effective
sole-filling material during simultaneous sinus lift and implant placement. It also proved to be an effective
modality of therapy in the regenerative periodontal treatment of class Il mandibular furcations [67].

Other tissue engineering approaches include cell culture to create cell sheets from fibroblasts or
scaffolds rich in cells that can form membranes, as well as the use of stem cells and immortalized dental
follicle cells, for periodontal regeneration [23].

6.4. Composite Grafts (Bone Substitutes Plus Growth Factors)

Combining tricalcium phosphate with growth factors, such as platelet-derived growth factors (PDGF),
enhances osteogenesis [68]. Studies have shown that the combination therapy of PRP and CSH may lead
to greater vital bone volume and more rapid bone healing after three months when compared to sites
with a resorbable collagen dressing (RCD) [43,69]. Ridge augmentation and sinus grafts combining
FDBA and PRP also have been shown to provide a viable therapeutic approach for implant placement [70].
When comparing sinus augmentation using FDBA and PRP vs. FDBA and resorbable cross-linked
collagen membranes, Kassolis et al. [70,71] found a significant difference in the rate of new bone
formation with the former approach.

6.5. Barrier Membranes

One study has shown that barrier membranes minimize alveolar bone resorption regardless of
the use of additional grafting material [10]. Barrier membranes can be non-resorbable, such as expanded
polytetrafluoroethylene (¢ePTFE) and titanium [19], or resorbable, such as polypeptides (collagen) and
synthetic polymers (polylactide and polyglycolide).

Titanium is a highly reactive metal that gives rise to surface oxides that protect it from further
degradation. The surface oxides have osteoconductive properties [72]. The rigidity of titanium membranes
allows for greater stability in maintaining their role as space makers. The primary drawback associated
with using non-resorbable membranes alone is that they generally require primary soft tissue closure.
This positions the mucogingival junction more coronally, thus decreasing the width of keratinized tissue.
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It also may increase post-operative swelling and discomfort [73]. Furthermore, if the membrane becomes
exposed, there is an increased risk of graft infection, which will affect regeneration [73].

The need to limit the exposure of non-resorbable membranes has led to the formulation of resorbable
membranes (collagen, polylactide, polyglycolide) that are degraded in the human body. Those materials
have been shown to be more biocompatible and flexible, thereby reducing membrane exposure.
Non-cross-linked membranes rapidly resorb within weeks or months. Membrane availability can be
prolonged by using a double layer or by collagen cross-linking, which may be advantageous when used
in conjunction with grafts that have a low substitution rate. Studies in rat models have demonstrated
decreased tissue integration and fewer blood vessels using cross-linked collagen membranes.

Resorbable collagen membranes, which are primarily derived from bovine sources, are composed of
collagen types I and III. Membranes derived from porcine collagen also have been used (Bio-Gide,
Geistlich, Wolhusen, Switzerland). Collagen membranes require a graft material to support them.

Resorbable membranes also include acellular dermal matrix grafts (ADMG; Alloderm, Biohorizons,
Birmingham, AL, USA). Obtained from human skin, it is processed to remove the epidermis and cellular
components, which eliminates the risk of rejection and reduces the risk of disease transmission. The
material is very similar to collagen in structure.

6.6. Other Grafting Materials

One study [74] assessed the value of using RCD (CollaPlug) over the bone graft to protect the graft,
induce hemostasis by stabilizing the blood clot, stimulate platelet aggregation, enhance fibrin linkage,
and attract fibroblasts. Another author also reported the use of a polylactide and polyglycolide sponge
as a space filler following extraction [75]. Their results indicated that alveolar bone resorption may be
prevented or reduced by the use of the bioabsorbable synthetic sponge. Also, the bone that formed at
six months was mineralized, mature, well-structured with no residual material detected, and was suitable
for dental implant insertion.

7. Conclusions

Alveolar ridge resorption following tooth extraction may lead to esthetic and functional defects.
The defects can be so severe that restorative dentistry can be difficult or impossible without using
augmentation procedures [4,5]. Significant dimensional changes generally occur following extraction,
but ridge preservation procedures have the potential to limit the extent of horizontal and vertical ridge
alterations and preserves treatment options, particularly in the case of implant dentistry, where sufficient
bone support is critical. Nevertheless, there is no single technique that appears to be superior, and the
choice of materials may depend on the individual clinical situation and the restorative treatment plan.

Acknowledgments

We would like to thank Michael J. Levine, who provided advice regarding development of
the manuscript.



J. Funct. Biomater. 2015, 6 843

Author Contributions

Amal Jamjoom planned and wrote the manuscript. Robert E. assisted in manuscript editing
and development.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Araujo, M.G.; Sukekava, F.; Wennstrom, J.L.; Lindhe, J. Ridge alterations following implant
placement in fresh extraction sockets: An experimental study in the dog. J. Clin. Periodontol. 2005,
32, 645-652.

2. Staffileno, H.; Levy, S.; Gargiulo, A. Histologic study of cellular mobilization and repair following
a periosteal retention operation via split thickness mucogingival flap surgery. J. Periodontol. 1966,
37, 117-131.

3. Wood, D.L.; Hoag, P.M.; Donnenfeld, O.W.; Rosenfeld, L.D. Alveolar crest reduction following
full and partial thickness flaps. J. Periodontol. 1972, 43, 141-144.

4. Bartee, B.K. Extraction site reconstruction for alveolar ridge preservation. Part 1: Rationale and
materials selection. J. Oral Implantol. 2001, 27, 187-193.

5. Ashman, A. Ridge preservation—The future practice of dentistry. Dent. Econ. 1995, 85, 82—83.

6. Leblebicioglu, B.; Salas, M.; Ort, Y.; Johnson, A.; Yildiz, V.O.; Kim, D.G.; Agarwal, S.; Tatakis, D.N.
Determinants of alveolar ridge preservation differ by anatomic location. J. Clin. Periodontol. 2013,
40, 387-395.

7.  Vander Weijden, F.; Dell’ Acqua, F.; Slot, D.E. Alveolar bone dimensional changes of post-extraction
sockets in humans: A systematic review. J. Clin. Periodontol. 2009, 36, 1048—1058.

8. Tan, W.L.; Wong, T.L.; Wong, M.C.; Lang, N.P. A systematic review of post-extractional alveolar
hard and soft tissue dimensional changes in humans. Clin. Oral Implants Res. 2012, 23, 1-21.

9. Wang, R.E.; Lang, N.P. Ridge preservation after tooth extraction. Clin. Oral Implants Res. 2012,
23, 147-156.

10. Pagni, G.; Pellegrini, G.; Giannobile, W.V; Rasperini, G. Postextraction alveolar ridge preservation:
Biological basis and treatments. Int. J. Dent. 2012, 2012, doi:10.1155/2012/151030.

11. Schropp, L.; Wenzel, A.; Kostopoulos, L.; Karring, T. Bone healing and soft tissue contour changes
following single-tooth extraction: A clinical and radiographic 12-month prospective study. Int. J.
Periodontics Restor. Dent. 2003, 23, 313-323.

12. Aimetti, M.; Romano, F.; Griga, F.B.; Godio, L. Clinical and histologic healing of human extraction
sockets filled with calcium sulfate. Int. J. Oral Maxillofac. Implants 2009, 24, 902-909.

13. Moya-Villaescusa, M.J.; Sanchez-Perez, A. Measurement of ridge alterations following tooth
removal: A radiographic study in humans. Clin. Oral Implants Res. 2010, 21, 237-242.

14. Lekovic, V.; Kenney, E.B.; Weinlaender, M.; Han, T.; Klokkevold, P.; Nedic, M.; Orsini, M. A bone
regenerative approach to alveolar ridge maintenance following tooth extraction. Report of 10 cases.
J. Periodontol. 1997, 68, 563-570.



J. Funct. Biomater. 2015, 6 844

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

Lekovic, V.; Camargo, P.M.; Klokkevold, P.R.; Weinlaender, M.; Kenney, E.B.; Dimitrijevic, B.;
Nedic, M. Preservation of alveolar bone in extraction sockets using bioabsorbable membranes.
J. Periodontol. 1998, 69, 1044—1049.

Camargo, P.M.; Lekovic, V.; Weinlaender, M.; Klokkevold, P.R.; Kenney, E.B.; Dimitrijevic, B.;
Nedic, M.; Jancovic, S.; Orsini, M. Influence of bioactive glass on changes in alveolar
process dimensions after exodontia. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 2000,
90, 581-586.

Hammerle, C.H.; Araujo, M.G.; Simion, M. Evidence-based knowledge on the biology and
treatment of extraction sockets. Clin. Oral Implants Res. 2012, 23, 80-82.

Barone, A.; Ricci, M.; Tonelli, P.; Santini, S.; Covani, U. Tissue changes of extraction sockets in
humans: A comparison of spontaneous healing vs. ridge preservation with secondary soft tissue
healing. Clin. Oral Implants Res. 2013, 24, 1231-1237.

Al-Hezaimi, K.; Rudek, I.; Al-Hamdan, K.S.; Javed, F.; Nooh, N.; Wang, H.L. Efficacy of using
a dual layer of membrane (dPTFE placed over collagen) for ridge preservation in fresh extraction
sites: A micro-computed tomographic study in dogs. Clin. Oral Implants Res. 2013, 24, 1152—1157.
Ten Heggeler, J.M.; Slot, D.E.; van der Weijden, G.A. Effect of socket preservation therapies following
tooth extraction in non-molar regions in humans: A systematic review. Clin. Oral Implants Res.
2011, 22, 779-788.

Vittorini Orgeas, G.; Clementini, M.; de Risi, V.; de Sanctis, M. Surgical techniques for alveolar
socket preservation: A systematic review. Int. J. Oral Maxillofac. Implants 2013, 28, 1049-1061.
lasella, J.M.; Greenwell, H.; Miller, R.L.; Hill, M.; Drisko, C.; Bohra, A.A.; Scheetz, J.P. Ridge
preservation with freeze-dried bone allograft and a collagen membrane compared to extraction
alone for implant site development: A clinical and histologic study in humans. J. Periodontol. 2003,
74, 990-999.

Darby, 1. Periodontal materials. Aust. Dent. J. 2011, 56, 107-118.

Klijn, R.J.; Meijer, G.J.; Bronkhorst, E.M.; Jansen, J.A. A meta-analysis of histomorphometric
results and graft healing time of various biomaterials compared to autologous bone used as sinus
floor augmentation material in humans. Tissue Eng. Part B Rev. 2010, 16, 493-507.

Dohan Ehrenfest, D.M.; del Corso, M.; Diss, A.; Mouhyi, J.; Charrier, J.B. Three-dimensional
architecture and cell composition of a Choukroun’s platelet-rich fibrin clot and membrane.
J. Periodontol. 2010, 81, 546-555.

Vos, M.D.; Raghoebar, G.M.; van der Wal, J.E.; Kalk, W.W.; Vissink, A. Autogenous femoral head
as grafting material for mandibular augmentation. /nt. J. Oral Maxillofac. Surg. 2009, 38, 1320-1323.
Porrini, R.; Rocchetti, V.; Vercellino, V.; Cannas, M.; Sabbatini, M. Alveolar bone regeneration in
post-extraction socket: A review of materials to postpone dental implant. Biomed. Mater. Eng. 2011,
21, 63-74.

AlGhamdi, A.S.; Shibly, O.; Ciancio, S.G. Osseous grafting part I: Autografts and allografts for
periodontal regeneration—A literature review. J. Int. Acad. Periodontol. 2010, 12, 34-38.
Guarnieri, R.; Aldini, N.N.; Pecora, G.; Fini, M.; Giardino, R. Medial-grade calcium sulfate
hemihydrate (surgiplaster) in healing of a human extraction socket—Histologic observation at
3 months: A case report. Int. J. Oral Maxillofac. Implants 2005, 20, 636—641.



J. Funct. Biomater. 2015, 6 845

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Torres-Lagares, D.; Bonilla-Mejias, C.; Garcia-Calderon, M.; Gallego-Romero, D.; Serrera-Figallo, M.A.;
Gutiérrez-Pérez, J.L. Prospective assessment of post-extraction gingival closure with bone substitute
and calcium sulphate. Med. Oral Patol. Oral Cir. Bucal 2010, 15, €774—778.

Shue, L.; Yufeng, Z.; Mony, U. Biomaterials for periodontal regeneration: A review of ceramics
and polymers. Biomatter 2012, 2, 271-277.

Whittaker, J.M.; James, R.A.; Lozada, J.; Cordova, C.; GaRey, D.J. Histological response and
clinical evaluation of heterograft and allograft materials in the elevation of the maxillary sinus for
the preparation of endosteal dental implant sites. Simultaneous sinus elevation and root form
implantation: An eight-month autopsy report. J. Oral Implantol. 1989, 15, 141-144.

Wetzel, A.C.; Stich, H.; Caffesse, R.G. Bone apposition onto oral implants in the sinus area filled
with different grafting materials. A histological study in beagle dogs. Clin. Oral Implants Res. 1995,
6, 155-163.

Wood, R.A.; Mealey, B.L. Histologic comparison of healing after tooth extraction with ridge
preservation using mineralized vs. demineralized freeze-dried bone allograft. J. Periodontol. 2012,
83, 329-336.

Eskow, A.J.; Mealey, B.L. Evaluation of healing following tooth extraction with ridge preservation
using cortical vs. cancellous freeze dried bone allograft. J. Periodontol. 2014, 85, 514-524.
Yukna, R.A.; Vastardis, S. Comparative evaluation of decalcified and non-decalcified freeze-dried
bone allografts in rhesus monkeys. I. Histologic findings. J. Periodontol. 2005, 76, 57-65.

Dahlin, C.; Johansson, A. Iliac crest autogenous bone graft vs. alloplastic graft and guided bone
regeneration in the reconstruction of atrophic maxillae: A 5-year retrospective study on
cost-effectiveness and clinical outcome. Clin. Implant Dent. Relat. Res. 2011, 13, 305-310.
AlGhamdi, A.S.; Shibly, O.; Ciancio, S.G. Osseous grafting part II: Xenografts and alloplasts for
periodontal regeneration—A literature review. J. Int. Acad. Periodontol. 2010, 12, 39—-44.
Rodella, L.F.; Favero, G.; Labanca, M. Biomaterials in maxillofacial surgery: Membranes and
grafts. Int. J. Biomed. Sci. 2011, 7, 81-88.

Kotsakis, G.A.; Salama, M.; Chrepa, V.; Hinrichs, J.E.; Gaillard, P. A randomized, blinded,
controlled clinical study of particulate anorganic bovine bone mineral and calcium phosphosilicate
putty bone substitutes for socket preservation. Int. J. Oral Maxillofac. Implants 2014, 29, 141-151.
Felice, P.; Piana, L.; Jacotti, M.; di Lallo, S.; Todisco, M.; Foschini, M.P.; Checchi, L.; Carinci, F.
Prognosis of deantigenated equine bone used for bone augmentation: A multicenter retrospective
study on early and late postsurgical complications in 81 consecutive patients. Clin. Implant Dent.
Relat. Res. 2013, doi:10.1111/cid.12115.

Nevins, M.; Heinemann, F.; Janke, U.W.; Lombardi, T.; Nisand, D.; Rocchietta, I.; Santoro, G.;
Schupbach, P.; Kim, D.M. Equine-derived bone mineral matrix for maxillary sinus floor augmentation:
A clinical, radiographic, histologic, and histomorphometric case series. Int. J. Periodontics
Restor. Dent. 2013, 33, 483-439.

Kutkut, A.; Andreana, S.; Kim, H.L.; Monaco, E., Jr.; Extraction socket preservation graft before
implant placement with calcium sulfate hemihydrate and platelet-rich plasma: A clinical and
histomorphometric study in humans. J. Periodontol. 2012, 83, 401-4009.



J. Funct. Biomater. 2015, 6 846

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Hagio, T.; Yamauchi, K.; Kohama, T.; Matsuzaki, T.; Iwai, K. Beta tricalcium phosphate ceramics
with controlled crystal orientation fabricated by application of external magnetic field during the
slip casting process. Mater. Sci. Eng. C Mater. Biol. Appl. 2013, 33, 2967-2970.

Intini, G.; Andreana, S.; Margarone, J.E., III; Bush, P.J.; Dziak, R. Engineering a bioactive matrix
by modifications of calcium sulfate. Tissue Eng. 2002, 8, 997-1008.

Kelly, C.M.; Wilkins, R.M.; Gitelis, S.; Hartjen, C.; Watson, J.T.; Kim, P.T. The use of a surgical
grade calcium sulfate as a bone graft substitute: Results of a multicenter trial. Clin. Orthop. Relat. Res.
2001, 382, 42-50.

Guarnieri, R.; Pecora, G.; Fini, M.; Aldini, N.N.; Giardino, R.; Orsini, G.; Piattelli, A. Medical
grade calcium sulfate hemihydrate in healing of human extraction sockets: Clinical and histological
observations at 3 months. J. Periodontol. 2004, 75, 902—908.

Andreana, S.; Cornelini, R.; Edsberg, L.E.; Natiella, J.R. Maxillary sinus elevation for implant placement
using calcium sulfate with and without DFDBA: Six cases. Implant Dent. 2004, 13, 270-277.
Paolantonio, M.; Perinetti, G.; Dolci, M.; Perfetti, G.; Tete, S.; Sammartino, G.; Femminella, B.;
Graziani, F. Surgical treatment of periodontal intrabony defects with calcium sulfate implant and
barrier vs. collagen barrier or open flap debridement alone: A 12-month randomized controlled
clinical trial. J. Periodontol. 2008, 79, 1886—1893.

Scarano, A.; Orsini, G.; Pecora, G.; lezzi, G.; Perrotti, V.; Piattelli, A. Peri-implant bone regeneration
with calcium sulfate: A light and transmission electron microscopy case report. Implant Dent. 2007,
16, 195-203.

Hench, L.L.; Paschall, H.A. Histochemical responses at a biomaterial’s interface. J. Biomed.
Mater. Res. 1974, 8, 49—64.

Kaigler, D.; Avila, G.; Wisner-Lynch, L.; Nevins, M.L.; Nevins, M.; Rasperini, G.; Lynch, S.E.;
Giannobile, W.V. Platelet-derived growth factor applications in periodontal and peri-implant bone
regeneration. Expert Opin. Biol. Ther. 2011, 11, 375-385.

Wallace, S.C.; Snyder, M.B.; Prasad, H. Postextraction ridge preservation and augmentation with
mineralized allograft with or without recombinant human platelet-derived growth factor BB
(thPDGF-BB): A consecutive case series. Int. J. Periodontics Restor. Dent. 2013, 33, 599-609.
Wallace, S.C.; Pikos, M.A.; Prasad, H. De novo bone regeneration in human extraction sites using
recombinant human bone morphogenetic protein-2/ACS: A clinical, histomorphometric, densitometric,
and 3-dimensional cone-beam computerized tomographic scan evaluation. Implant Dent. 2014, 23,
132-137.

De Freitas, R.M.; Spin-Neto, R.; Junior, E.M.; Pereira, L.A.; Wikesjo, U.M.; Susin, C. Alveolar
ridge and maxillary sinus augmentation using thBMP-2: A systematic review. Clin. Implant Dent.
Relat. Res. 2015, 17, 192-201.

Kao, R.T.; Murakami, S.; Beirne, O.R. The use of biologic mediators and tissue engineering in
dentistry. Periodontol 2000 2009, 50, 127-153.

Hammarstrom, L.; Heijl, L.; Gestrelius, S. Periodontal regeneration in a buccal dehiscence model
in monkeys after application of enamel matrix proteins. J. Clin. Periodontol. 1997, 24, 669—677.
Heijl, L.; Heden, G.; Svardstrom, G.; Ostgren, A. Enamel matrix derivative (EMDOGALIN) in the
treatment of intrabony periodontal defects. J. Clin. Periodontol. 1997, 24, 705-714.



J. Funct. Biomater. 2015, 6 847

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Albanese, A.; Licata, M.E.; Polizzi, B.; Campisi, G. Platelet-rich plasma (PRP) in dental and
oral surgery: From the wound healing to bone regeneration. Immun. Ageing 2013, 10,
doi:10.1186/1742-4933-10-23.

Shi, B.; Zhou, Y.; Wang, Y.N.; Cheng, X.R. Alveolar ridge preservation prior to implant placement
with surgical-grade calcium sulfate and platelet-rich plasma: A pilot study in a canine model.
Int. J. Oral Maxillofac. Implants 2007, 22, 656—665.

Toffler, M.T.N.; Holtzclaw, D.; del Corso, M.; Ehrenfest, D. Introducing choukroun’s platelet rich
fibrin (PRF) to the reconstructive surgery milieu. JIACD 2009, [, 21-32.

Simonpieri, A.; del Corso, M.; Sammartino, G.; Dohan Ehrenfest, D.M. The relevance of
Choukroun’s platelet-rich fibrin and metronidazole during complex maxillary rehabilitations using
bone allograft. Part II: Implant surgery, prosthodontics, and survival. Implant Dent. 2009, 18,
220-229.

Suttapreyasri, S.; Leepong, N. Influence of platelet-rich fibrin on alveolar ridge preservation.
J. Craniofacial Surg. 2013, 24, 1088—1094.

Jang, E.S.; Park, J.W.; Kweon, H.; Lee, K.G.; Kang, S.W.; Baek, D.H.; Choi, J.Y.; Kim, S.G.
Restoration of peri-implant defects in immediate implant installations by Choukroun platelet-rich
fibrin and silk fibroin powder combination graft. Oral Surg. Oral Med. Oral Pathol. Oral
Radiol. Endod. 2010, 109, 831-836.

Simonpieri, A.; Choukroun, J.; del Corso, M.; Sammartino, G.; Dohan Ehrenfest, D.M. Simultaneous
sinus-lift and implantation using microthreaded implants and leukocyte- and platelet-rich fibrin as
sole grafting material: A six-year experience. Implant Dent. 2011, 20, 2—12.

Toffler, M.; Toscano, N.; Holtzclaw, D. Osteotome-mediated sinus floor elevation using only
platelet-rich fibrin: An early report on 110 patients. Implant Dent. 2010, 19, 447-456.

Sharma, A.; Pradeep, A.R. Autologous platelet-rich fibrin in the treatment of mandibular degree 11
furcation defects: A randomized clinical trial. J. Periodontol. 2011, 82, 1396—-1403.

Bateman, J.; Intini, G.; Margarone, J.; Goodloe, S.; Bush, P.; Lynch, S.E.; Dziak, R. Platelet-derived
growth factor enhancement of two alloplastic bone matrices. J. Periodontol. 2005, 76, 1833—1841.
Intini, G.; Andreana, S.; Intini, F.E.; Buhite, R.J.; Bobek, L.A. Calcium sulfate and platelet-rich
plasma make a novel osteoinductive biomaterial for bone regeneration. J. Transl. Med. 2007, 5,
doi:10.1186/1479-5876-5-13.

Kassolis, J.D.; Rosen, P.S.; Reynolds, M.A. Alveolar ridge and sinus augmentation utilizing
platelet-rich plasma in combination with freeze-dried bone allograft: Case series. J. Periodontol.
2000, 71, 1654—-1661.

Kassolis, J.D.; Reynolds, M.A. Evaluation of the adjunctive benefits of platelet-rich plasma in
subantral sinus augmentation. J. Craniofacial Surg. 2005, 16, 280-287.

Rakhmatia, Y.D.; Ayukawa, Y.; Furuhashi, A.; Koyano, K. Current barrier membranes: Titanium
mesh and other membranes for guided bone regeneration in dental applications. J. Prosthodont. Res.
2013, 57, 3-14.

Verardi, S.; Simion, M. Management of the exposure of e-PTFE membranes in guided bone
regeneration. Pract. Procedures Aesthet. Dent. 2007, 19, 111-117.

Wang, H.L.; Tsao, Y.P. Mineralized bone allograft-plug socket augmentation: Rationale and
technique. Implant Dent. 2007, 16, 33-41.



J. Funct. Biomater. 2015, 6 848

75. Serino, G.; Biancu, S.; lezzi, G.; Piattelli, A. Ridge preservation following tooth extraction using
a polylactide and polyglycolide sponge as space filler: A clinical and histological study in humans.
Clin. Oral Implants Res. 2003, 14, 651-658.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



